
 

Handbook on the Physics and 
Chemistry of Rare Earths 
volume 10 
High Energy Spectroscopy 
Elsevier, 1987 

 
Edited by: K.A. Gschneidner,  L. Eyring,  S. Hüfner 
ISBN: 978-0-444-87063-6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                      by kmno4 

 
 
 
 
 
 



Handbook on the Physics and Chemistry of Rare Earths, Vo,l. 10 
edited by K.A. Gschneidner, Jr., L. Eyring and S. Hüfner 
© Elsevier Science Publishers B.V., 1987 

PREFACE 

Karl A. GSCHNEIDNER,  Jr., LeRoy EYRING and Stefan H Ü F N E R  

These elements perplex us in out rearches [sic], baffie us in our speculations, and 
haunt us in our very dreams. They  stretch like an unknown sea before us - mocking, 
mystifying, and murmurin9 strange revelations and possibilities. 

Sir William Crookes (February 16, 1887) 

As part of the world-wide celebration of the 200th anniversary of the discovery of 
the rare earths by Lieutenant Carl Axel Arrhenius, the editors and publishers of this 
Handbook series are pleased to dedicate this volume to the scientists, engineers, 
technologists, industrialists, and others who have contributed to discoveries, ad- 
vancements, knowledge and applications of these materials since 1787, and have 
brought the rare earths to their imposing present-day position. 

This coherent volume on "High Energy Spectroscopy" returns to a more focused 
content as found in the first four volumes of the Handbook. The plans for this 
volume started in early 1983 as a result of a suggestion from our editorial board who 
recommended that a thorough discussion of a currently topical aspect of the physics 
and chemistry of the rare earths should occasionally be assembled as the need arose. 
This volume is the first of these volumes. Over the next six months the contents of 
this volume began to take shape, especially with the help of Professor S. Hüfner, 
who was invited to serve as a special co-editor for this volume. 

It is appropriate to point out one special feature that is important  in understand- 
ing the application of high energy probes to lanthanide compounds. The experimen- 
tal techniques, which are described in this volume, change (because of the nature of 
the measuring process) the electron number of the ion. This holds even to some 
degree for X-ray absorption (near the edge), which is the least perturbing experi- 
ment because it places a localized core electron into the delocalized conduction 
6rbital. In materials such as the free electron-tike simple metals the conduction 
electrons quite effectively screen out the perturbation produced by such a measuring 
process. In the lanthanides, the 4f electrons are highly localized and thus they 
participate much less effectively in the screening process. Actually only in metallic 
Ce and, to a lesser degree, in Pr and Nd and their compounds can one observe some 
itineracy of the 4f electrons via the techniques described in this volume. Therefore 
the ejection of a core electron in lanthanide compounds generally leaves the 4f count 
intact (with the notable exception of Ce, and Pr and Nd). While on the other hand 
the ejection of a 4f electron leads to a state differing in 4f count  from the initia[ state 
(again with the exception of Ce, and Pr and Nd). This behavior is a distinct 
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departure from that observed in the main group elements and transition metals, and 
accounts for some of the interest in studying the lanthanides and their compounds 
by high energy probes. 

The experimental study of H.G.J. Moseley in the early 1910s on the X-ray spectra 
of the elements clearly showed for the first time that only 14 4f elements could exist 
and that one element still remained to be discovered. Furthermore, the anomaly that 
14 elements with properties similar to lanthanum proved to be an extremely 
important clue in aiding Bohr and other theorists in developing out present theory 
of atomic structure. This work was probably the greatest contribution to the field of 
the rare earths (lanthanides) since their discovery in 1787. 

As pointed out in J. Röhler's chapter (71) high energy spectroscopy has been used 
as a research tool to understand the chemical and physical nature of materials since 
the early years of this century. Its application, other than as an analytical tool for 
detecting and measuring the concentrations of these elements in a substance, in 
studying the electronic nature the rare earths is of relatively recent origin (~ the last 
ten years). There are several reasons for this long hiatus-  the need for the modern 
high precision instruments required to obtain reliable spectra, and reliable theories 

• and powerful computational techniques to calculate the electronic structures needed 
by the experimentalists to aid in the interwetation of the measured spectra. The 
strong interaction between theorists and experimentalists is also evident in the 
content of this volume. Four of the eleven papers of volume 10 deal with various 
theoretical aspects: from the band and electronic structure calculations presented by 
Freeman, Min and Norman (chapter 65) and Herbst and Wilkins (chapter 68) to the 
approach of Gunnarsson and Schönhammer employing the Anderson Hamiltonian 
(chapter 64) and the thermodynamic techniques of Johansson and Mfirtensson 
(chapter 69). 

The experimental papers cover the various spectroscopic techniques and a few 
deal with special materials. The introductory chapter (62) by Baer and Schneider 
presents an overview of this field and helps tie the various aspects together that are 
reviewed in detail in the remaining chapters of the volume. Photoemission studies 
(UPS - ultraviolet photoemission spectroscopy, and X P S -  X-ray photoemission 
spectroscopy) on various materials are discussed by Campagna and Hillebrecht 
(chapter 63) - intermetallic compounds, by Lynch and Weaver (chapter 66)- cerium 
and its compounds, and by Hüfner (chapter 67)- chalcogenides. Other experimental 
techniques covered include BIS (bremsstrahlung isochromat spectroscopy) by 
Hillebrecht and Campagna (chapter 70), X-ray absorption and X-ray emission by 
Röhler (chapter 71) and inelastic electron scattering by Netzer and Matthew 
(chapter 72). 

July 24, 1987 
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List of symbols 

B Bandwidth Ei, Eg 
6 Total energy gain by the hy- 

bridization between f and 
band states ( 'Kondo energy') 

3 Coupling parameter between f Et(N) 
and band states 

A _, A + Minimum many-electron ener- Hf 
gies required to modify the 
population of the f shell Nf 

As,b Difference in core-level bind- P(r)  

ing energies between bulk and pc(e) 
surface atoms p~(e) 

A~o Spin-orbit splitting r~ 
ec Core-level energy r4m f 
ek Energy of a band electron 
el, (e~) Total energy difference (in the S(Et) 

presence of a core hole) be- 
tween consecutive f popu- T K = 6 / k  8 

lations when hybridization Uf¢ 
and f Coulomb energy are not Uff 
considered Vmk, V(e) 

E F Fermi energy 
E~ Adiabatic binding energy of 

the level i 

Eigenvalues for photoemission 
4f final states 

ECi = E i - Ec Eigenvalues for photoemission 
3d final states 
Total energy of the N-electron 
system 
Occupancy of the f shell in the 
ground state 
Degeneracy of the f orbital 
Radial charge density 
Core-level spectrum 
Spectrum of the split-off states 
Atomic radii 
4f radial wave function 
maxima 
Density of outer level exci- 
tations on a total energy scale 
Kondo temperature 
Core-hole 4f Coulomb energy 
f-f Coulomb energy 
Hopping matrix elements be- 
tween f and band states 

I. Introduction 

In the periodic table of the elements, the delayed occupation onset of the shells 
with an orbital quantum number I >/2 is a well-known consequence of the centri- 
fugal term of the effective potential in the radial Schrödinger equation. In the 
lanthanides, this term is responsible for the 4f localization which is the most 
pronounced among the partly occupied shells since the 4f wave functions have no 
node and correspond to the highest angular momentum. Already in the early 
Thomas-Fermi  model of the atom it has been shown (Goeppert-Mayer 1941) that 
the spatial extension of the 4f wave functions drops suddenly at the beginning of the 
lanthanide series. More recent calculations (Freeman 1980)confirm that these stares 
can approximately be considered to belong to an open inner shell with respect to the 
5s, 5p, 5d and 6s states. This situation is illustrated in fig. 1 by the radial charge 
density of these states in Gd. 

Fascinating problems are raised by the lanthanide elements when they form solids 
since their 4f states keep largely their atomic character while their binding energies 
become comparable to the band widths as a consequence of the screening by the 
extended states in which they are embedded. Smith and Kmetko (1983) have 
proposed the very useful arrangement of the 3d, 4d, 5d, 4f and 5f series shown in fig. 
2, where the localized character of these shells increases systematically upward and 
from the left to the right. The shaded area represents the border region separating 
the elements where the considered states have a predominant atomic character from 
those where they participate to the bands. The lanthanides occupy the top of this 
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table so that the 4f states of the light elements in this series have the most 
pronounced tendency to contribute to the bond by hybridization with neighbour 
atoms. The intermediate situation between localization and delocalization cor- 
responds to a rather unstable balance giving rise to spectacular manifestations 
which are the subject of intensive investigations at the present time. 

This book is devoted to lanthanide studies using high-energy spectroscopies, The 
concept of high energy is only relevant for the fact that the induced transitions can 
be assumed to occur instantaneously. The ultimate resolution of these methods is 
determined by the lifetimes of the states which are involved but is not affected by the 
high energy of the transitions, as commonly believed. In contrast to optical 
spectroscopies, in most of these methods the energy of the different electronic final 
states can be selected and for this reason they are commonly considered as very 
direct tools for probing the electronic states in solids. The spectra are implicitly 
analyzed in terms of transitions between single-particle eigenstates of a system 
containing a very large number of interacting electrons. This approach is quite 
satisfactory for describing the ionization of deep core levels or transitions involving 
only extended states, but it breaks down completely for the 4f states which belong to 

Fig. 2. Table of the elements of the 
3d, 4d, 5d, 4f and 5f series disposed 
in an order showing the systematic 
variation of the localized character 
among the partly filled d and f 
shells (after Smith and Kmetko 
1983). 
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the outermost levels by their binding energies and to the core levels by their orbital 
dimensions. In the case of a clear-cut localization of the 4f stares, this difficulty can 
be easily overcome if the single-particle energy is replaced by the screened energy 
difference between initial and final states of an atomic-like excitation. The situation 
remains very confusing for an intérmediate behaviour between localization and 
delocalization and in this case the conventional interpretations of spectroscopic data 
have led to unfounded and whimsical conclusions which have been for many years 
the subject of numerous debates in the literature. It is a very important achievement 
of recent theories to have allowed the development of model calculations predicting 
correctly all kinds of excitation spectra in such systems. They yield an unified and 
simple analysis of the data from which the numerical values of the relevant 
parameters characterizing the electronic ground state can be extracted. 

Already in the early days of the electron spectroscopies, these techniques have 
often been exploited to investigate the intriguing electronic structure of the lan- 
thanides. Since the last general review on this subject (Campagna et at. 1970), a 
tremendous number of experimental results has been accumulated, new spectros- 
copies have been developed and decisive theoretical progress has been made in the 
interpretation of the data. The first aim of this overview is to provide to scientists 
which are not familiar with the high-energy spectroscopies, the general principles of 
these techniques and the basic concepts used to analyze the spectra. Then, an 
attempt will be made to account systematically for the different aspects of the 
electronic structure resulting from the presence of the 4f states, as revealed by 
spectroscopic techniques. The conventional and established 4f manifestations which 
are commonly quoted as fingerprints of the initial state will also be briefly reviewed. 
The physical concepts will be used to guide the presentation of the various subjects 
which will be only illustrated by some relevant examples. A particular effort will be 
made to find out the merit and complementarity of the different spectroscopies 
applied to the elucidation of specific problems and the emphasis will be put on the 
fact that a credible interpretation can only result from an unified model accounting 
for all observations. In this respect Ce plays a central role since, together with Yb, it 
offers the simplest initial situation but displays many unconventional manifestations 
which have been carefully investigated and can be accounted for by many-body 
calculations. On the other hand, it is not the purpose of this overview to sketch all 
systematic behaviours of sequences of compounds nor to cover thoroughly the 
results obtained by each technique and each theoretical approach. As often as 
possible, reference will be made to the following ¢hapters of this book where these 
topics are reviewed separately. 

2. The basic concepts of high-energy spectroscopies 

The principle of the spectroscopies considered here is to expose a solid to an 
electron or photon beam of known high-energy which interacts with the N electrons 
of the system and to select the type and the energy of the emitted particles resulting 
from the transitions induced in the solid (see figs. 3 and 4). Depending upon the 
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choice of the particles and of the energy range, one can define many different 
spectroscopies which will be presented in section 3. For  the moment we shall simply 
consider that a given spectrum represents the probability distribution of the energy 
gains of the system left after a particular type of process. The essential problem is 
then to relate the measured spectra to the most suitable quantities obtained from 
theoretical descriptions of the N-electron system. 

2.1. The adiabatic energies 

The most common approaches to the electronic structure in solids are the mean- 
field theories which reduce the N-electron problem to the calculation of N single- 
particle states in the self-consistent field of the N -  1 other electrons. For  the sake of 
simplicity we will adopt here the Hart ree-Fock (HF) formalism, despite the fact that 
it is a very poor approximation for the highly correlated systems we are interested 
in. It yields for the ground state (G) N occupied single-particle eigenstates with 
energies eg. The Slater determinant composed of these orbitals represents within this 
approach the best many-electron wave function ~r/H6F(N) corresponding to the total 
energy EGF(N). With the help of such a calculation, the situation can be simply 
described by the population ng of the single-particle levels and their energy distri- 
bution is catled density of states (DOS). The same calculation can be repeated for 
any other state where the population of the levels has been modified in some 
arbitrary way. One has to anticipate that in the considered system this modification 
has only a minor influence on the single-particle eigenstates so that their initial 
labelling can be maintained to identify them in the modified state. For the simptest 
cases one obtains the energy differences: 

E ~ = E ( N - 1 ) -  EC(N)=EHv(. . . (n~-  l ) . . . n j . . . ) - E ~ v ( . . . n ~ . . . n j . . . ) ,  (1) 

E A= E(N + l) - EG(N) = EHr(... n¢... (nj + 1) . . . )  -- EHOF(... n,.. .  nj...), (2) 

ET=E*(N) - -E~; (N)=EHv( . . . (n , - -1 ) . . . (n j+  l ) . . . ) - -E~F( . . . n , . . . n ) . . . ) ,  (3) 

which are respectively the adiabatic expressions for the binding energy of the level i, 
the addition energy to the level j and the transition energy between these two levels. 
These energies are interpreted as resulting from adiabatic transitions in the sense 
that the hypothetical processes can only lead to the lowest final states. If the 
correlation is so strong that the HF or any more realistic mean-field theory is no 
longer appropriate, only the first part of these three equations remains valid. 

2.2. The Koopmans approximation 

One can take advantage of the fact that the system contains a very large number 
N of electrons if each of them is really in instantaneous interaction with many other 
electrons. In this case, the emission of one electron for example induces only a very 
small change of the self-consistent field experienced by the N - 1 electrons occupy- 
ing the 'passive' orbitals not directly involved in the emission process. In first 
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approximation one can 'freeze' (fr) these N - 1 orbitals in their initial states for the 
calculation of the final state energy: 

E/B ~,~ Efr (... (n, - 1). . .)  - E~IV(... n i . . . )  = - e i .  (4) 

In the HF formalism this energy difference corresponds precisely to the eigenvalue 
of the electron which has been eliminated from the system (Madelung 1978). Since 
the frozen final state energy is not correctly minimized, the eigenvalue -e~ always 
overestimates somewhat the HF binding energy. The first part of eq. (4) is the 
Koopmans approximation (Koopmans 1934) which is well satisfied for nearly-free 
band states and deep core levels. Extensions of this formalism to correlated states 
have been proposed (Phillips 1961, Smith and Day 1975). Strictly speaking, a single- 
particle eigenvalue can never be directly observed in any experiment, at least not in 
the usual sense, and the energy excess when compared to the exact binding energy 
E~ is commonly visualized as a relaxation energy AE[ol > 0 so that 

EB ~ - -~i  - -  AE~el, (5) 

The validity of t h e  Koopmans approximation is then simply expressed by the 
condition: 

BE[ol << - eg. (6) 

An elegant language for describing the physical meaning of the Koopmans 
approximation is provided by the density-functional formalism which shows that the 
partial derivatives of the total energy with respect to the occupation numbers are 
rigorously given by orbital eigenvalues (Janak 1978, Wiltiams and Lang 1978). This 
allows us to write the adiabatic binding energy as a Taylor expansion: 

E~ = E ( . . . ( n i  - 1) . . . )  - « ~ ( . . .  n j . . . )  = - - -  
~E ~ 1 ô2EC 

- ] -  . . . . . .  

~n~ 2 ~n~ 

1 Oei 
= - e l  + . . . . . . . .  ~i - AE~~I. (7) 

2 ôni 

The Koopmans approximation is equivalent to a limitation of this expansion to the 
first term by assuming that it is sufficient to linearize the function E C ( . . . n i . . . )  
around the population corresponding to the ground state. An approximate linear 
dependence of the energy on a small charge variation means that the mean-field 
produced by N - 1 'passive' electrons on one particular electron which is emitted is 
rather correctly simulated by a fixed potential, or, in other words, that the self- 
consistency can be considered as switched oft in the ground state. This is precisely 
the assumption made in the Koopmans final state used in eq. (4). It is a simple 
matter to express in the same language the other transitions defined by eqs. (2) and 
(3). The accuracy of this type of calculation can be improved by using the transition 
state technique (Slater 1974). 

2.3. The  sudden approx imat ion  o f  electronic processes  

In the high-energy transitions considered here, the impinging or emitted electrons 
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have a high speed. In a classical language one can say that the time interval z during 
which they interact with the system when a transition takes place is very short 
(Fano and Cooper 1968, Meldner and Perez 1971, Gadzuk and Sunjic 1975). Let us 
consider the most familiar photoemission process of an electron occupying in the 
initial state the orbital q~i. The lifetimes of the excited final states resulting from this 
process are much longer than z and for the moment we assume stationary final 
states. In the limit of ~ ~ 0, one can schematically describe the emission event as the 
sudden disappearance from the system of the electron populating the state q~/ 
(Manne and Äberg 1970). If now out attention is focussed exclusively on the N - 1 
passive electrons, their final state is just described by their initial orbitals as a 
consequence of the wave function continuity as a function of time. We notice that it 
corresponds to the final state 7~6(N - 1) assumed in the Koopmans approximation 
(eq. (4)) and that it is not an eigenstate of H ( N  - 1). Such a final state has to be 
expressed as linear combination of the eigenstates ~m(N - 1) of H ( N  - 1) with 
energies E, ,  ( N  - 1): 

~Pf~(N -- 1) - - - ~ b m ~ J m ( N  - 1), b m = ( ~ u f ~ ( N  - 1)17'~(N - 1)). (8) 
m 

The weights of the different observable final eigenstates are given by ]bin[ 2 which 
obey the sum rule ~m[b,n[ 2 = 1. The condition ensuring the validity of the sudden 
approximation can be easily derived (Schiff 1955) and it appears to be satisfied in all 
practical situations (Meldner and Perez 1971, Gadzuk and Sunjic 1975). 

In order to describe now a real photoemission process, one has to calculate the 
matrix elements resulting from the presence of a perturbing radiation field A. The 
most important term which has to be considered in the new single-particle 
Hamiltonian is h = ( e / m c ) A ( r ) p .  For a particular transition in which an electron 
occupying the orbital ~bi is emitted into a continuum state ~b~ of energy e, we shall 
retain from the general expression for the transition probability (Martin and Shirley 
1976) only the leading term: 

Pi~ oc l( ~Um(N - 1)1 ~ f r ( N  - 1))(~b~]h[~b~)[26(0) = Ibml 2 [MzS6(E2 ) (9) 

with 

f 2  = he9  - e - (E , ,  ( N  - 1) - E G ( N ) ) .  

M~~ is the usual single-particle matrix element. The sudden approximation applied 
to the photoemission process shows that as a function of ~ the ionization spectrum 
of the state q~~ contains an infinity of lines reflecting the final states of the passive 
N -  1 electrons. In conventional systems containing no localized outer levels, the 
largest overlap integral (eq. (8)) is bo corresponding to the adiabatic final state, so 
that in the sudden limit the spectra display mainly the adiabatic component. The 
mean-field approach is no longer suitable for describing f systems but the sudden 
approximation remains valid and the overlap integrals are simply expressed as 
( ~ ( N  - 1)]a[~0(N)) where a is the annihilation operator for an  electron of the 
symmetry determined by the single-particle selection rules. 

Finally, within the HF approximation, one can easily show that the mean energy 
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of the complete set of final states observed for the ionization of the level q~i is given 
by 

Ë( . . (n l  1 ) . . . )  i 2 • - = ~ l b ~ [  Ere( . . .  (ni - 1 ) , . )  = E e % . .  (n, - 1)...). ( 1 0 )  
?t l  

If this result is combined with eq. (4) one obtains 

Æ(...(n, - 1)...) - EQHv(...ni...) = --e,. ( l l)  

The center of gravity of the complete emission spectrum for the level ~ß~ determines 
precisely its eigenvalue. This result is sometimes referred to as Koopmans' theorem 
and it should be noticed that it is not equivalent to the Koopmans approximation 
(eq. (4)). 

2.4. General situation 

The HF formalism has been chosen for this preliminary discussion since it is 
traetable but it provides such a restricted set of basis functions that it yields even not 
always a realistic approach to the low correlation limit of electron gases (Hedin and 
Johansson 1969)• However, it has the didactical virtue to indicate the evolution 
trend of the spectra for increasing correlation. The discussion will also be limited 
here to photoemission, its extension to other processes is rather straightforward. In 
a nearly-free electron system, the photoemission spectrum of the band can be 
considered to reflect correctly the distribution of the ground-state eigenvalues (DOS) 
modulated by the single-particle matrix elements. When the localized character 
becomes more pronounced, as for example in the 3d metals, the relaxation energy 
which is always infinitesimal at Ev (Janak 1978), increases markedly towards the 
bottom of the band. For  this reason, when compared to a calculated DOS, the 
band-like part of the photoemission spectrum corresponding to the adiabatic final 
states is narrower and loses gradually its intensity. On the other hand, the center of 
gravity of the band excitations has to remain at its frozen energy (eq. (10)) so that 
new final states of higher energy are formed in order to satisfy this requirement. 
They can no longer be derived from the ground state by the Koopmans approxi- 
mation, in broad-band metals they involve many low-energy electron-hole pairs and 
plasmons whereas in narrow-band metals they reflect mainly excitations with 
enhanced atomic character commonly called satellites. The origin and importance of 
such satellites have been first discovered in Ni and suitable formalisms have been 
developed to account for them (Treglia et al. 1980a,b). The same kind of excitations 
occurs in the sudden emission of a core electron (Kotani and Toyozawa 1974) but 
the final state hole can deeply modify the relative energies of the outer levels. 

One can now anticipate the qualitative evolution of metallic spectra when the 
character of the considered outer states is approaching very close to a complete 
localization. The band-like contribution to the spectrum remains pinned at Ev but 
its width and intensity becomes very small while the main weight of the spectrum is 
transferred to more complex final states containing increasingly localized exci- 
tations. When this stage is reached, the usual and straightforward interpretation of 
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the spectra in terms of ground-state DOS becomes completely erroneous, The 
spectral function given by eq. (9) in our simple approach must be now calculated in 
a formalism where a suitable and realistic set of basis functions is chosen in order 
to account for the peculiarities of the considered system. For the 4f states this critical 
situation is met at the beginning of the lanthanide series and it will be discussed in 
sections 6 and 7.2. In the heavy lanthanides, the limit is reached where the local 
character of the 4f states dominates completely. Despite the definitive validity loss of 
the Koopmans approximation, the situation is again tractable. The reason is simply 
that, when the expression (9) is applied to describe the emission from a localized 4f 
shell, the huge total number of electrons which has  to be taken into account in 
general, can be reduced to the 4f electrons of a single atom. It is sufficient to 
consider the well-known atomic behaviour of the 4f shell and to account for the 
solid in which it is embedded by a renormalization of the excitation energies 
resulting from the band state screening (section 4.2). Finally, the simple approach 
presented in this section cannot account for the particular regime where two nearly 
localized f-configurations show at finite temperature many aspects of a f-count 
fluctuation. This situation will be tentatively discussed in section 7.3. 

3. Review of the electron spectroscopies 

3.1. Classification 

Electron spectroscopic methods offer many different tools for investigating the 
electronic properties of solids. They are all based on an external excitation inducing 
transitions between an initial state (which is not necessarily the ground state) and 
the accessible final states compatible with the conservation and selection laws. The 
alm of this section is to remind the reader of the different types of transitions which 
are involved in these spectroscopies and which cover the whole energy range up to 
104 eV. The resolution of the different techniques lies generally between 0.1 and 1 eV, 
only recently the fange below 100meV has become accessible. It has to be noted 
here that optical methods (Travaglini and Wachter 1984) and point contact 
spectroscopy (Bussian et al. 1982, Frankowski and Wachter 1982, Moser et al. 
1985) represent powerful alternative tools for probing the low-energy excitations in 
solids. 

Depending upon the choice of the excitation and detection mode, and of the 
parameters which are varied in the experiment, the different methods can be 
classified into outer level and core level spectroscopies. A schematic representation 
o f  the different principles of the measurements and of the electronic transitions 
involved in these spectroscopies is depicted in figs. 3 and 4. The lower part of figs. 3 
and 4 displays schematically the incident and emitted particles outside the sample. 
The experiment gives access only to these single-particle energies which allow us to 
determine the total energy difference between the ground state of the N-electron 
system and the excited stares left in this system after a particular process. In addition 
to this total energy difference shown in the upper part of figs. 3 and 4, we know also 
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the induced population changes which are indicated by different symbols. It is 
convenient in such a representation to fix the origin of the total energy scale and the 
Fermi level Ev (chemical potential) at the same position. This definition is very 
useful in metals since, when a single particle approach of the excitation is valid, the 
total final state energy represents also the single-particle eigenvalue from which the 
population has been modified (eq. (4)). The fact that the Fermi energy is the origin 
of the excitation spectrum in an extended metallic system has been proved by Janak 
(1978). This means that the relaxation energy is infinitesimal at E v. 

This definition of a common origin of single-particle and total energy scales can 
be in principle maintained in insulators. However, the Fermi level is no longer a 
meaningful reference for discussing the influence of the chemical bond on the 
different excitation energies observed in series of compounds. We shall discuss in 
section 6.2.1 the different problems related to the choice of the origin of 
excitation spectra in metals and insulators. 

Photoemission (PE) and inverse photoemission (IPE) play a central role in the 
study of the outermost states because the corresponding transitions induce the 
lowest possible population change among these states only (fig. 3). In all other 
methods (fig. 4) the information about outer states extracted from the spectra 
accounts for a local DOS around atoms with an effective nuclear charge Z + 1 
rather than for the unperturbed DOS. This difference increases when the states 
forming the considered band approach the localization limit. 

The following review of the different methods will be limited to a short pre- 
sentation of the phenomena, more detailed information about these techniques and 
further references can be found in several reviews of different authors which have 
contributed to the following books classified according to their editors: Fabian and 
Watson (1973), Azaroff (1974), Brundle and Baker (t977, 1978, 1979), Ibach (1977), 
Feuerbacher et al. (1978), Cardona and Ley (1978), Ley and Cardona (1979), Day 
(1981), Freeman and Landet (1984). Further review articles have been devoted to 
XPS (Watson and Perlman 1975), UPS (Bradshaw et al. 1975), IPE (low energy) 
(Dose 1983), surface-specific spin-sensitive spectroscopies (Dunning ~ et al. 1985) and 
to surface studies (Netzer and Matthew 1986). 

3.2. Outer level spectroscopies: photoemission and inverse photoemission 

The photoemission techniques (PE: fig. 3a, b,c,) are based on the observation of 
the energy and intensity distribution of the electrons emitted by ä sample irradiated 
by a monochromatic photon source. The spectra are then interpreted in terms of 
electronic transitions resulting from the annihilation of these photons of known 
energy. The photoemission methods can be devided into two broad categories 
defined by the photon energy range: ultraviolet photoemission (UPS) for 
hv < 100eV and X-ray photoemission spectroscopy (XPS) for hv ~ 1200-1500eV. 

This division has been historically determined by the existing photon sources but 
meanwhile the access to synchroton light sources has filled the gap between these 
two ranges. It is still meaningful within a single-particle approach to consider 
separately the situations encountered for high and low photon energies. In addition 
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to the energy conservation, the photoemission process in solids must obey k-vector 
conservation, which means that only vertical tran~itions are allowed in a reduced 
Brillouin zone scheme. The important consequence in the low-energy limit is that 
UPS probes restricted regions of the Brillouin zone determined by energy and 
momentum conservation. In the most common UPS experiment (fig. 3a), the sample 
is exposed to monoenergetic photon sources and the energy distribution curves 
(EDC's) of the emitted electrons are recorded. These are clearly related to the joint 
density of states where initial and final states are on an equal footing and both 
contribute to the observed spectral feature. The continuous nature of synchrotron 
radiation allows a decoupling of initial and final density of states and a de- 
termination of the symmetries of the investigated DOS. These spectroscopies can be 
conveniently described in the language of fig. 3: if the free electron final state is kept 
constant (PE(CFS): fig. 3b) and the photon energy is varied, this technique probes 
essentially the excited many-body states, whereas if both, photon energies and 
energies of the emitted electrons are varied simultaneously by the same amount 
(PE(CIS): fig. 3c) the spectrum reflects the single-particle DOS above the vacuum 
level E v. In particular situations, when the photon energy is swept through the 
threshold excitation energy of a core level, the observed intensity of the outermost 
states may show a resonant behaviour (resonant photoemission) which can be used 
to determine the symmetry character of these stares (see section 4.5.). 

The k-vector orientation of the emitted electron in vacuum can also be measured 
(angle resolved photoemission). For  a single crystal of known orientation, the total 
momentum conservation determines, inside the solid, the final-state k vector which 
cannot be extracted completely unambiguously from the measurement as a con- 
sequence of the escape process at the surface. 

The use of polarized tight allows one to determine the polarity of the states with 
respect to a mirror plane by exploiting the symmetry selection rutes for different 
polarizations. Moreover atomic-like symmetry (l) of band stares can be identified by 
typical cross-section dependences (see fig. 6, section 4) as a function of the photon 
energy and polarization. 

In addition to the energy, symmetry and momentum, the spin orientation of the 
initial states from which the electrons are excited can also be measured in a 
photoemission experiment (Siegmann 1975, Celotta et al. 1979, Kisker et al. 1980). 
Spin-polarized angle resolved UPS spectra allow one to determine the spin-depen- 
dent energy dispersion relations which are the most detailed information about the 
electronic states that one can hope to obtain by this technique. 

The photon energy has to be increased, probably to as high as 100eV, to be sure 
that the final state is correctly approximated by free-electron state with a smooth 
DOS no longer contributing to the structures in the photoemission spectra. With 
increasing photon energy the accessible final states are distributed rather homo- 
geneously in the reciprocal space so that the influence of the k-vector conservation is 
weaker and gradually the whole Brillouin zone contributes to the observed intensity. 
In X-ray photoemission spectroscopy (XPS, h~ ~ 1500eV) a high-energy regime is 
undoubtedly reached allowing us to simpty interpret the valence band spectra as a 
superposition of the different /-projected DOS, weighted by the appropriate cross 
sections. It must be emphasized, however, that increasing correlation of the outer 
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electrons up to the localization limit leads to a breakdown of this simple one- 
electron picture (see section 2). 

When the electrons of a monoenergetic external beam penetrate into a sample, 
their interaction with the potential of the solid induces decay transitions to lower 
unoecupied states with emission of photons which are analyzed (fig. 3d, e, f, single- 
particle energy), the system being left in an excited state (fig. 3d, e, f, total energy). 
This type of spectrosocpy is called inverse photoemission (IPE), also bremsstrahlung 
isochromat spectroscopy (BIS) or short wavelength limit (SWL) (fig. 3e). It repre- 
sents the most direet method for probing the empty states straight above the Fermi 
energy. Excepting the usual screening mechanism of the additional charge, the rest 
of the eleetr0nic system remains passive in such processes. The most important 
factors determining the probability of this type of transitions are the density of the 
low-lying empty stares and the corresponding matrix elements. The intensity of the 
emitted bremsstrahlung can be considered as a measure of the final states above E F. 
The interpretation of this process as an inverse photoemission process is obvious 
(compare figs. 3a and 3e) and at Ev these two transitions are even perfectly identical. 
The analogy between PE and IPE can be pursued further. At high energies the 
corresponding techniques are XPS and BIS. In the UV range the choice of the 
parameters becomes as important as in UPS, making possible the use of CIS and 
CFS techniques. If the direction and spin polarization of the incident electrons are 
well defined, the investigation of spin-dependent dispersions of unoccupied bands 
becomes accessible (Unguris et al. 1982, Scheidt et al. 1983). 

3.3. Core level spectroscopies 

Any technique based on transitions involving core levels (figs. 4a-f) will be 
considered hefe as a core level spectroscopy even if the emphasis of the in- 
terpretation is not on the core levels. In principle all these methods allow one to 
determine the binding energies of the deep levels or energy differences between them. 
Sinee these quantities are characteristic for all atoms in the periodic table, their 
measurement yields a straightforward chemieal analysis of the sample region probed 
by the considered technique. Beyond the simplest analytical aspeet of core level 
spectroscopies, the chemical shifts of the binding energies associated with the 
reorganization of the outer charges in the solid offer a powerful tool for investigating 
the nature of bonds. 

In figs. 4a-f the excitation of the deep core level is depicted by the corresponding 
total energy of the hole state. The total energies of the final states resulting from 
recombination processes involving the outer occupied states are indicated schemati- 
cally for soft-X-ray emission and Auger electron emission (SXE: figs. 4a, b; AES: figs. 
4a, c) where in the latter the sum of the two-hole final stare has to be considered. The 
total energies involved in the population increase in the outer unoccupied levels in 
the presence of a core hole are symbolicalty indieated for soft-X-ray absorption and 
electron energy loss spectroseopy (SXA: fig. 4e; EELS: fig. 4f). X-ray photoemission 
of core levels (XPS: fig. 4d) is the most direct technique to speeifically probe deep 
levels, since the high-energy final state (single-particle energy in fig. 4) rar above E v 
can be considered as free-electron like. 
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Only in the simplest case, when the outermost states form broad bands, the 
threshold energies of X-ray emission and absorption bands can be identified with 
core level binding energies. In these situations the overall band shapes are usually 
interpreted as/-projected densities of the occupied (fig. 4b) or empty (fig. 4e) states 
selected by the dipole matrix elements compatible with the core level symmetry. In 
fact, EELS (fig. 4f) at very high energy (of the order of 100keV) and very low 
momentum transfer is equivalent to SXA and obeys the same selection rules. The 
variation of the momentum transfer and/or the decrease of the primary electrons 
energy remove this limitation to the dipole selection rules (see section 4.4). In 
general, EELS core excitation spectra are expected to reflect aspects of the un- 
occupied DOS and in simple cases the threshold energies yield in principle the 
corresponding core level binding energies. 

However, the identification of the observed threshold energies with the core level 
binding energies is not always unambiguous. Only an adiabatic transition would 
yield the energy corresponding to the definition of the binding energy (eq. (3)). 
Undoubtedly the transitions considered here have a sudden character constraining 
the final state to be a combination of all eigenstates and, for example, XPS core 
excitations in heavy lanthanides do not display at all adiabatic transitions. In many 
cases the adiabatic limit is still observed, since the lowest final states have a 
dominant weight in the spectra. A typical example of this situation is given by the 
XPS core level tines of simple metals, which reveat the electron-hole pair density of 
the extended states excited in the screening mechanism of the core holes. The 
resulting asymmetric lineshapes are very accurately described by the Doniach- 
Sunjic (Doniach and Sunjic 1970) analytic form (Wertheim and Citrin 1978). The 
adiabatic limit can be extracted by analyzing the Lorentzian shape of the low- 
binding energy flank of these lines. 

Beyond these simple manifestations of many-body excitations of the extended 
states, the strong interaction between deep holes and open and highly correlated 
outer shells gives rise to complex multiplet (see section 4) and satellite structure in 
the spectra. So far only in the simple cases of the light lanthanide solids detailed 
many-body formalisms yield a full understanding of these phenomena (see section 
6). 

Finally one should be aware that the interpretation of electron spectroscopic 
results for insulating samples raises the Very difficult question of the nature of the 
screening. Our ignorance of the exact screening mechanism in insulators should 
make us cautious in the analysis of binding energies and chemical shifts, particularly 
when metallic and insulating systems are compared (see section 6.2.1). 

3.4. Surface sensitivity and experimental conditions 

In the electron spectroscopies it is the moderate kinetic energy of the incident or 
emitted electrons involved in the transitions which determines the surface sensitivity 
of the method. The important parameter is the inelastic mean free path which for 
many different materials has the same order of magnitude and a similar energy 
dependence (Ertl and Küppers 1974). At the vacuum level it is of the order of 50 A, it 
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decreases abruptly down to a minimum value of less than 10 A somewhere between 
50 and 200eV and increases then slowly towards higher energies. The important 
consequence is that the PE  and IPE spectra recorded at moderate energies account 
only for a few atomic layers at the sample surface (see section 5). 

SXE can also be excited by photons (fig. 4a), in which case the thickness of the 
investigated surface depth is increased by a few orders of magnitude. Conventional 
SXA of thin samples has in practice no surface sensitivity when compared to the 
other methods. The detection of the photon absorption can also be performed by 
measuring the yield of the emitted electrons so that the surface sensitivity may even 
be very high if the electrons are selected in a narrow energy window at low kinetic 
energy (partial yield spectroscopy). 

The high surface sensitivity of the electron spectroscopies requires preparation of 
atomically clean sample surfaces in situ, i.e. in the vacuum vessel where the 
spectroscopic measurement is performed. Ultra-high vacuum bettet than 10 lo Torr  
is a further condition which taust be satisfied in order to keep the contamination 
below the limit of detection during the data accumulation. Very thin polycrystalline 
films deposited by evaporation on conducting substrates are suitable for many 
electron spectroscopies. The surface of bulk samples introduced in the instruments 
from a poor vacuum or an inert atmosphere needs to be cleaned. The easiest and 
most common method is to produce in situ by some mechanical action (scraping, 
filing, cutting, fracturing) a new surface. These methods obviously disturb deeply the 
crystalline state of the sample surface and are only suitable for spectroscopies which 
do not depend on the crystalline orientation. For  techniques requiring oriented 
crystal faces (e.g. angle resolved photoemission) single crystals are usually cleaved, 
but this is only possible for particular planes of crystals in which the bond has a 
sufficiently high ionic character. Since single crystals of good metals cannot be 
cleaved, they are usually cut parallel to a particular plane, electropolished and then 
cycles of ion bombardment  and heat treatments are performed in order to get rid of 
the contamination and to restore the crystalline state at the surface. 

4. Atomic aspects of the 4f stares in solids 

4.1. Characterization of the 4 f  states in solids 

The striking properties observed in many solids containing lanthanide elements 
originate always from the presence of an open 4f shell keeping largely its atomic 
character. The localization of the 4f charge inside the mean orbit of the 5s, 5p, 5d 
and 6s shells is pronounced as illustrated in fig. 1 of section 1, but as a consequence 
of their very low binding energies, the 4f states remain in principle available for the 
formation of bonds. It is the key problem in lanthanide studies to investigate which 
one of the atomic or bonding character dominates and how far they can coexist. In 
solids the 5d stares are forming bands and they determine the atomic radii ra which 
remain constant within a few per cent for all trivalent lanthanides: Since one of the 
important factors determining the strength of a bond is the Wave function overlap of 
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neighbour atoms, in fig. 1 the 4f radial charge of a nearest neighbour in Gd metal 
has been sketched. It appears clearly that the 4f-4f overlap is practically negligible 
when compared to the 4f-5d overlap (the smooth spherical distribution of the s 
states makes them not suitable for hybridization with 4f states). The well-known 
decrease of the 4f-orbit dimensions (lanthanide contraction) along the lanthanide 
series results from the inefficiency of the mutual  screening of the atomic potential 
among electrons belonging to the same shell. This systematic contraction in the pure 
metals is shown in fig. 5 as a plot of the ratio r4mf/rù (Hill plot) which scales the 4f 
wave function extension to the typical radii of the lanthanide atoms in solids. F rom 
Ce to Lu this ratio decreases by 30~o so that one has to look for sizable 
hybridization effects mainly in the light elements. The hybridization strength 
between 4f and band states varies very fast with this ratio but it needs to be 
calculated for each case since it depends also on the symmetry of the ävailable states 
and on the arrangement and number of the neighbour atoms. As a first approx- 
imation one can assume that in solids the energy eigenvalues of the atomic 4f states 
are only shifted by their Coulomb interaction with the band states. This approach 
neglects completely any mixing of the 4f wave function with states of other 
symmetries so that the concomitant charge reorganization minimizing the total 
energy of the system is ignored. For  a band calculation this approximation means 
that the presence of the 4f electrons is accounted for by including them in the 
construction of the ionic potential. The drawback of this simplification is that no 
information concerning their energy can be obtained. If one is mainly interested in 
the 4f states, one can take advantage of their localized character by using the 
renormalized a tom scheine involVing simply one Wigner-Seitz cell. This will be the 
point of view adopted in this section which has the aim to describe only situations 
where the hybridization effects can be neglected. The spectroscopic manifestations of 
the 4f states are then expected to reflect the purely atomic-like character of a f shell 
occupied by an integral number of electrons. 

4.2. Population changes within an atomic-like 4 f shell 

The most straightforward method of studying the 4f states of an open shell 
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consists in inducing directly a 4f population increase or decrease by photoemission 
or inverse photoemission, respectively. In the spectra, the structures originating from 
4f and band states appear orten in the same energy range and it is not always easy to 
make the distinction between these two types of excitation. Localized states have a 
negligible dispersion and yield generally narrow peaks, unless the final-state lifetime 
becomes too important or close multiplet structures cannot be resolved. On the 
other hand, the band spectra contain also sharp structures so that one needs some 
other characteristic behaviour to separate these two contributions. The simplest 
symptom commonly invoked to recognize tra~asitions involving direct 4f population 
changes in photoemission and inverse photoemission is based on the energy 
dependence of the single-particle photoelectric cross-sections for the different sym- 
metries. For  a qualitative discussion, the atomic cross-sections calculated in the 
dipole approximation are usually considered. This is certainly correct for 4f stares 
but may become questionable at low energy for Bloch states. As an example, fig. 6 
shows the atomic cross-section ratlos a(Ce 4f 1)/a(Sb 5p 6) and a(Ce4f 1)/a(Ta 5d 1) 
taken from the calculations of Goldberg et al. (1981). These two typical cases 
illustrate the quite general fact that at low photon energies the 4f cross-section 
increases much laster than those for other symmetries. The origin of the delayed 4f 
crosg-section onset can be simply explained: for l ~ l + 1 transitions the 4f wave 
function has a very weak overlap with the eg wave function which is pushed away 
from the atom by the very high effective potential, for l ~ l -  1 transitions the 
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1 Fig. 6. Energy dependence of two typical 
atomic cross-section ratios calculated 
from the tabulated values of Goldberg et 
al. (1981). 
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already fast oscillations of the e d wave function give rise to an important cancel- 
lation of the matrix element (Fano and Cooper 1968, Brodén et al. 1973). The 
exceptionally steep increase of a (Ce4f  1) with photon energy is due to the penet- 
ration of the eg wave function closer to the nucleus until its nodes set a limit to the 
overlap integral of the matrix element. Already by measuring with the two com- 
monly available resonance lines He I and He II, the variation of the cross-section 
ratios is sufficiently large to allow a straightforward identification of the 4f character 
(fig. 6). When synchrotron radiation is used it is possible to follow continuously the 
intensity ratio of the structures originating from states with different symmetries. 
However, the single-particle cross-sections considered here cannot account for the 
huge resonances observed when the photons reach the threshold energies for core 
level excitations. These phenomena are discussed in section 4.5. 

In order to sort out the different problems encountered in excitations of atomic- 
like 4f states, we shall assume at first that the intra-atomic couplings originating 
from the angular dependence of the 4f charge distribution and from the electron spin 
are not taken into consideration. With this simplification, all electrons of this shell 
are equivalent and each population gives rise only to a single total energy. Even in 
this atomic approach of 4f shells in solids, the energy required for a population 
change is deeply influenced by the band states in which they are embedded. The 
renormalized-atom scheine has been developed to account for this situation (Herbst 
et al. 1972, 1976, 1978, and chapter 68 of this book). In this approximation the 
problem is limited to the Wigner-Seitz cell where the 4f wave functions are 
renormalized and an atomic-like calculation is performed. Changes in correlation 
and exchange energies are taken into account on passing from free to renormalized 
atom. The decisive advantage of this scheme is that its local character offers a simple 
possibility to simulate the final states resulting from any 4f population change. The 
basic assumption which need to be made in metals is that a complete screening of 
the induced 4f charge occurs at E v inside the Wigner-Seitz cell. The important 
achievements of this scheine are to demonstrate the complete breakdown of the 
Koopmans approximation for 4f excitations and to provide for them reliable 
computed values. The relevant quantities extracted from the photoemission and 
inverse photoemission spectra S(E) are the energies A (f"-~ f"-~) and 3+ ( f " ~  
f"+l) which are visualized in fig. 7. The same spectra display also the usual band 
state excitations which can be interpreted as single-particle DOS. The assumption of 
the screening of the fù+l and f"-~ final states by a charge transfer at Ev allows us to 
decompose the processes into two steps showing that the positions of the f peaks 
referenced to Ev are the minimum many-electron energies 3 and A+ required to 
modify the population of the atomic like shell. This picture is in fact a simple 
specialisation of the general processes shown in fig. 3, the only difference is that the 
total energy scales of XPS and BIS have opposite directions in order to be 
consistent with the traditional single-particle DOS which is continuous across the 
Fermi energy (see also fig. 19 in section 6.1.). It is important to keep in mind that 
z/_ and A + are total energy differences which have no meaning in the single-particle 
language. Finally the intra-atomic Coulomb energy Uff, defined as the minimum 
energy difference involved in the population change 4 f " +  4 f " ~  4f "-~ + 4f "+~ of 
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E 

/ I Ef(N+I) 

~ ~  , ~ + : ~  ~2 "~ 

Et(N-I)[ XPS BIS 
Fig. 7. Schematic representation of XPS and BIS processes in a metal containing an open and atomic-like 
4f ~ shell. The decompositions of the 4f excitations into two steps show how the corresponding energies 
A_ and A+ are related to the position of E F observed in the experimental spectra S(E). This 
representation is equivalent to the one given in fig. 3a and e but it provides more details. The total energy 
scales Et(n  + 1) and Et(n - 1) have opposite directions as illustrated more explicitely in fig. 19a. 

two non-interact ing atoms,  can just be obtained f rom the representation of fig. 7 as 
Uff = A + + A_.  In insulators the absence of free charge carriers for the final state 
screening obscures somewhat  the interpretation of these different excitation energies. 
This problem will be discussed in section 6.2.1 (Baer et al. 1987). 

When our  unrealistic assumption of spherical symmetry  for the charge distri- 
bution of 4f electrons without  spin is removed, each popula t ion of this open shell 
gives rise to a large number  of nonequivalent  states with different total energies 
(multiplets). This is a classical problem of a tomic  physics which will only be 
sketched here in order  to define the concepts used in the analysis of the spectra. The 
different quan tum number  sets characterizing the states of  fu, fN-1 and fl will be 
simply labelled #2 s, #2 N- 1 and #21, respectively. Any state of a populat ion N and in 
particular the ground state 1#2 u)  can be expressed in a unique manner  on a basis set 
of ware  functions having the correct spin and symmetry  properties by choosing 
suitable linear combina t ions  of If N- 1 )1 f~ ) ware  functions. F o r  the sake of simplicity 
we shall write symbolically this development as 

I H N ) =  ~ Q(nU,(2N-l, f21) lnN-1)[n l  ). (12) 
r2N I«QI 

The weight of the different parent terms 1#2 N- 1 ) in the g round  state ware  function is 
given by the coefficients of fractional parentage (cfp) Q. When  the sudden approx- 
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imation (section 2.3) is applied to describe the photoemission of an atomic-like 4f 
shell, it appears immediately that the parent terms are the symmetry-allowed final 
states and that their intensities in a spectrum are given by the squared cfp (Cox 
1975). These coefficients calculated in the LS coupling scheme have been tabulated 
by Nielson and Koster (1964) and they have been used with success to analyze the 4f 
spectra of the metals (Lang et al. 1981). However, in the second half of the 
lanthanide series, the spin-orbit interaction becomes more important and the cfp 
calculated with the intermediate coupling scheme (Gerken 1983) provide a better fit 
to the data. Figure 8 shows this type of analysis for the XPS spectra of all the pure 
metals. In order to display also the configurations 4f 6 and 4f 13 the spectra of E u  3 + 

(only theory) and YbP (Wuilloud et al. 1986) have been added to this collection. The 
LS coupling scheme used in the original analysis has been replaced by the 
intermediate coupling scheme for fs to flz, further details on the fitting pro- 
cedure and adjustments necessary in solids can be found in the papers quoted pre- 
viously. 

The BIS process is very similar to the XPS process when it is expressed in the 
language of holes in an atomic shell. Taking advantage of this analogy, it is a simple 
matter to transform the previous formalism and to calculate the cfp for 4f inverse 
photoemission (Cox et al. 198t). This work has only been performed within the LS 
coupling scheme but it is not a serious drawback since the experimental peaks are 
broader in BIS than in XPS as a consequence of the shorter lifetime and the more 
important instrumental broadening. Figure 8 demonstrates the success of this 
approach for BIS (Lang et al. 1981, Laubschat et al. 1984). Since these cfp have 
never been listed in previous publications, we give them in tablé 1. Once the validity 
of this approach to atomic 4f excitations in solids is established, it becomes a very 
useful tool for identifying the ground state population of 4f shells. 

When the multiplets are taken into account, one has to refine the previous 
definitions of A_, A + and Uff which are now the energy differences between the 
lowest stares of the relevant 4f populations. For  this reason a careful analysis of the 
spectra with the cfp is important in order to extract accurately these quantities from 
the experimental data. Their systematic behaviour in the pure metals is represented 
in fig. 9 together with the renormalized-atom predictions which trace faithfully the 
experimental values. Born-Haber cycles have also been used to derive these 
promotion energies in solids from thermochemical and optical data (see chapter 69 
in this volume). As shown in fig. 9 the agreement between these different values is 
quite satisfactory. The stability of half-filled and full shells is the mechanism 
responsible for the divalence of Eu and Yb metals. For the trivalent metals the jump 
of A_ and A + reflects the large increase of the exchange energy from the 4f 7 to the 
4f 8 configuration. The 4f states of Ce which can no longer be considered as atomic- 
like will be the main subject of sections 6 and 7. In compounds, the chemical bond 
can stabilize another configuration in elements like Sm, Eu, Tm and Yb where a 
population change requires only a modest energy increase. As discussed in section 5, 
the perturbation associated with the surface can also be responsible for such 
population modifications. 
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4.3. Reaction of  an atomic-like 4 f shell to the creation of  a core hole 

W h e n  a deep  c o r e  e l ec t ron  is e m i t t e d  f r o m  a l a n t h a n i d e  a t o m  in a X P S  process ,  

the 4f  shell,  a s sumed  to  r e m a i n  pure ly  a tomic - l i ke ,  suffers a nea r ly  i n s t a n t a n e o u s  

po t en t i a l  change .  As a c o n s e q u e n c e  of  the  s u d d e n  a p p r o x i m a t i o n ,  the  in tegra l  4f  

p o p u l a t i o n  c a n n o t  be mod i f i ed  in this  t rans i t ion .  T h e  final s ta te  mus t  be  expressed  

as a d i s t r i b u t i o n  of  e igens ta tes  resu l t ing  f r o m  the  c o u p l i n g  of  the ho le  wi th  t he  

i n c o m p l e t e  4f  shell.  This m e c h a n i s m  gives  rise t o  c o m p l i c a t e d  mul t ip le t  s t ruc tu res  in 

X P S  c o r e  level  spectra .  The  m o s t  spec t acu l a r  e x a m p l e s  are  obse rved  for the  emiss ion  

of  4d s ta tes  which  h a v e  o rb i t  d i m e n s i o n s  s imi l a r  to  those  of  the  4f states.  F i g u r e  10 

shows  the  4d X P S  s p e c t r u m  of  Eu  offer ing a non t r i v i a l  bu t  sufficiently s imple  

s i t ua t ion  to  be ana lyzed  on  the  basis  of  a c a l c u l a t i o n  ( K o w a l c z y k  et al. 1974). F o r  

TABLE 1 
Intensities (Intens.) of the final states (S'L'J') of the configuration 4f "+1 arising from electron addition to  
the initial state (SLJ) of 4f", normalized to (14 n). The intensities of the multiplets J' are calculated 
within the Russel Saunders (LS) coupling scheine. Only multiplet components with normalized intensity 
>~0.1 are listed. The relative energies E are obtained from UV-absorption data (Carnall et al. 1968, 
Crosswhite et al. 1969). The states are listed in the order of increasing energy. 

Transition from 4f ° to 4f 1 Transifion frorn 4f 2 to 4f a 

La3+: Initial state 1S 0 pr3+: Initial state 3H a 
Final stares Final states 

S'L' Intens. J '  E(eV) lntens. S'L' Intens. J '  E(eV) Intens. 

2F 14 5/2 0.0 6 al 3.677 9/2 0.0 2.100 
7/2 0.282 8 11/2 0.232 1.227 

13/2 0.480 0.339 
aF 0.667 3/2 1.413 0.280 

Transition from 4f 1 to 4f 2 5/2 1.543 0.253 

Ce3+: Initial state 2F5/2 2H 1.000 9/2 1.563 0.757 
Final states 4F 7/2 1.653 0.122 

aG 1,688 5/2 2,112 0.784 
S'L' Intens. J '  E(eV) lntens, eG 0.396 7/2 2,133 0.316 

2K 1.364 13/2 2.342 1.309 
3H 4.714 4 0.0 2.571 aG 7/2 2.352 0.606 

5 0.258 1.833 9/2 2.407 0.274 
6 0.527 0.310 4D 0.635 3/2 3.494 0.279 

3F 3.000 2 0.608 1.190 5/2 3.514 0.111 
3 0.780 1.167 2I 0.263 11/2 3.533 0.243 
4 0.834 0.643 aD 1/2 3.566 0.233 

lG 1.286 4 1.195 1.286 2L 1.545 15/2 3.612 1.545 
1D 0.714 2 2.057 0.714 eH 9/2 4.022 0.134 
3p 1.286 0 2.537 0.191 ZD 0.296 3/2 4.135 0.221 

1 2.614 0.500 2F 0.470 5/2 4.758 0.347 
11 1.857 6 2.635 1.857 
3p 2 2.764 0.595 
1S 0.143 0 5.784 0.143 



TABLE 1 (cont.) 

Transit ion from 4f 3 to 4f 4 

Nd3+: Initial state 419/2 
Final states 

S'L' Intens. J '  E(eV) Intens. 

sI 3.182 4 0.0 1.713 
5 0.183 1.041 
6 0.383 0.391 

5F 0.625 1 1.525 0.279 
2 1.576 0.243 

3K 1.154 6 1.956 0.619 
3H 0.846 4 2.136 0.507 
»G 1.193 2 2.202 0.548 

3 2.251 0.422 
3H 5 2.420 0.114 
»G 4 2.490 0.192 
3G 0.454 3 2.604 0.340 
3L 1.307 7 2.761 1.225 
3M 1.462 8 3.021 1.462 
3I 0.364 5 3.449 0.222 
3F 0.414 2 3.483 0.330 
3K 6 3.633 0.400 
3H 4 4.196 0.113 

Transition from 4f 4 to 4f s 

pm3+: Initial state 514 
Final states 

S'L' Intens. J '  E(eV) Intens. 

6H 2.800 5/2 0.0 1.170 
7/2 0.128 0.978 
9/2 0,278 0.535 

11/2 0,444 0.111 
6F 0.800 l/2 0.787 0.275 

3/2 0,818 0.319 
5/2 0.878 0.164 

4G 0.692 5/2 2.217 0.347 
4F 0.405 3/2 2.329 0.288 
4G 7/2 2.476 0.139 
4I 1.000 9/2 2.539 0.390 
4M 1.462 15/2 2.552 1.462 
4I 11/2 2.610 0.123 
4L 1.307 13/2 3.039 1.176 
4K 1.154 11/2 3.116 0.781 
4L 15/2 3.173 0.131 
4K 13/2 3.338 0.171 
46  5/2 3.742 0.103 
41 9/2 4.393 0.194 
4H 0.379 7/2 5.164 0.199 
4K 11/2 5.460 0.160 
4I 9/2 7.686 0.163 

Transit ion from 4f 5 to 4f ° 

Sm3+: Initial state  6H5/2 
Final states 

S'L' Intens. J '  E(eV ) Intens. 

7F 2.333 0 0.0 0.150 
1 0.047 0.589 
2 0.130 0.909 
3 0.237 0.553 
4 0.359 0.123 

5L 1.545 6 3.150 1.545 
»H 1.000 3 3.830 0.180 

4 3.882 0.148 
5F 0.303 2 4.111 0.126 
5I 1.182 4 4.202 0.280 

5 4.265 0.147 
5K 1.364 5 4.496 1.091 

6 4.647 0.273 
»G 0.817 2 4.802 0.241 

3 4.869 0.271 
5H 3 5,671 0.325 

4 5,723 0.266 
5D 0.454 1 8,036 0,116 
»I 4 8.538 0.472 

5 8.601 0.247 

Transit ion from 4f 6 to 4f 7 

Eu3+: lnitial state 7F 0 
Final states 

S'L' lntens. J '  E(eV) Intens. 

8S 1.143 7/2 0.0 1.143 
6p 0.429 5/2 4.065 0.409 
6I 1.857 7/2 4.454 1.857 
6D 0.714 7/2 5.054 0.102 

5/2 5.095 0.612 
6G 1.286 7/2 6.103 0.612 

5/2 6.172 0.674 
6F 1.000 5/2 6.798 0.714 

7/2 6.812 0.286 
6H 1.571 5/2 7.106 0.449 

7/2 7.228 1.122 
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TABLE 1 (cont.) 

Transition from 4f 7 to 4f s 

Gd3+: Initial state 8S7/2 
Final states 

S'L' Intens. J '  E(eV) Intens. 

7F 7.000 6 0.0 1,857 

5 0.253 1.571 
4 0.409 1.286 
3 0.529 1,000 
2 0.614 0,714 
1 0.670 0.429 
0 0.698 0,143 

Transition from 4f 8 to 4f 9 

Tb3+: Initial state 7F 6 

Final states 

S'L' Intens. J '  E(eV) Intens. 

6H 3.143 15/2 0.0 2.061 

13/2 0.430 0.849 
11/2 0. 718 0.202 

6F 2.000 11/2 0.953 0.919 

9/2 1.122 0.766 
7/2 1.362 0.275 

6p 0.857 7/2 3.405 0.398 

5/2 3.535 0.459 

Transit ion from 4f 9 to 4f 1° 

Dy3+: Initial state 6H15/2 
Final states 

S'L' Intens. J '  E(eV) Intens. 

»I 2.758 8 0.0 2.130 

7 0.624 0.561 
5F 0.500 5 1.914 0.400 

4 2.298 0.100 
5G 1.266 6 2.729 0.936 

5 2.952 0.303 
5D 0,476 4 5.139 0,476 

Transition from 4f 1° to 4f ~1 

no3+:  lnitial stare 5I 8 

Final stares 

S'L' Intens. J '  E(eV) Intens. 

4I 2.545 15/2 0.0 2.129 

13/2 0,805 0.329 
4F 0.500 9/2 1.877 0.500 
4G 0.955 11/2 3.271 0.843 

9/2 3.393 0.112 

Transition from 4f 11 to 4f 12 

Er 3 +: lnitial stare 4I 15/2 

Final states 

S'L' Intens. J '  E(eV) Intens. 

3H 2.333 6 0.0 2.060 
3F 0,667 4 0,695 0.667 
aH 5 1.015 0.267 

Transition from 4f 12 to 4f ~3 

T m  3+: Initial state 3H 6 

Final stares 

S'L' Intens. J '  E(eV) Intens. 

2F 2.000 7/2 0.0 1.857 
5/2 1.234 0.143 
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tal and calculated minimum ener- 
gies A and A+ required to mo- 
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lanthanide metals. Circles: values 
from combined XPS--BIS spectra 
(Lang et al. 1981). Squares: renor- 
malized atom calculations (Herbst 
et al. 1976, 1978). Triangles: B o r n  
Haber cycles (Johansson 1979b). 
Since the 4f 1 state of Ce is not 
atomic-like, instead of A the fit- 
ted value of er (star) has been plot- 
ted (see section 6). The dashed ho- 
rizontal lines on the right-hand 
side indicate approximately where 
the ground state line is shifted for 
atoms in the indicated situations 
(see section 5). 

deeper shells the energy separation between the different terms decreases whereas 
the lifetime broadening increases, so that they are not favourable for studying 
multiplet effects. A particularly simple situation occurs for the excitation of the s 
core states which are only affected by the exchange splitting due to the unpaired 4f 
electrons and which can be used to investigate the total atomic spin (Campagna et 
al. 1979). 
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Fig. 10. XPS spectrum of the 4d level in Eu 
metal with assignment of the 4d94f v multiplet 
final states (after Kowalczyk et al. 1974). 
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The X-ray absorption edges (XAS) corresponding to core shells for which a 
transition to the empty f states (always assumed to be purely atomic-like) is dipole 
forbidden, reflect processes very similar to those observed in XPS. The excited 
electron can only occupy an empty band state of the symmetry required by the 
selection rutes so that the final state is simply a screened impurity and an occupied 
Bloch state above Ev. This description implies the questionable assumption that no 
peculiar bound state is formed around the ion. The XPS transitions are selected 
according to the kinetic energy of the emitted electron whereas the XAS intensity 
accounts for all transitions induced by each photon energy. An explicit relation 
between these two kinds of spectra can be found in section 6.2.6. In the atomic limit 
the population of the 4f states is not modified but multiplets are formed by the 
coupling with the core hole. As mentioned previously for XPS, the existence of this 
multiplet splitting is barely discerned in such XAS spectra of deep shells. This 
situation is well illustrated by the impressive similarity of the LIH absorption edges 
of the metals Sm to Lu (Materlik et al. 1983a) shown in fig. 11. These spectra could 
be successfully analysed within a one-electron approach of the empty 5d states. 
However, the leading peak called white line, is attributed to the occupation of 5d 
states by the excited electron. These states are rather localized around the ion since 
they participate in the core hole screening. Therefore this white line cannot be 
interpreted simply in terms of unperturbed DOS. 

z 
o 

co 
rn 
<~ 

._1 

Lu 

_YJ 
J 

!! 
/ 

ù ~  I I I I 
0 ZO ~0 60 

ENERGY (eV) 
Fig. 11. Systematic behaviour of the LII I absorption edges in the 
metals Sm to Lu (after Materlik et al. 1983a). 



H I G H - E N E R G Y  SPECTROSCOPY OF L A N T H A N I D E  MATERIALS 29 

4.4. Transitions f rom a core level to an atomic-like f shell 

Excited stares with one core hole and one additional electron in the 4f shell can be 
easily studied by threshold spectroscopies like XAS and EELS. As an example, the 
simplest case of La will be briefly considered here, a more complete presentation of 
this subject can be found in chapters 71 and 72 of this volume and in the recent 
papers of Thole et al. (1985). In La the 4f wave functions have the largest extension 
of the whole lanthanide series but in the pure metal considered here the small 
hybridization parameter and the important energy separation of the relevant 4f 
populations prevent them from a sizable mixing (see section 6.2.2). Only for this 
reason the spectra discussed below account mainly for nearly pure f0_, fl tran- 
sitions. In order to populate by an X-ray absorption the initially empty 4f shell of 
La, the single-particle dipole selection rules require to promote an electron from a d- 
symmetry core level whereas the EELS processes are not constrained by stringent 
selection rules. Figure 12 shows a collection of three different types of 3d core level 
spectra (Moser et al. 1984, Esteva et al. 1983) plotted on a common energy 
scale (Baer et al. 1987 and section 6.2.1)• The calculated positions of the dif- 
ferent 3d94f t levels are given by the vertical bars with lengths proportional to their 
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multiplicity. The three arrows locate the final states accessible by dipole allowed 
optical transitions. The intensity of the XAS is dominated by the two states at about 
834 and 850eV and a weak indication of the third one can be discerned at 830eV. 
The 0ccupation of a 4f orbital localized on the ionized atom is confirmed by the 
observation of the radiative recombination process yielding emission lines at the 
same energies (Motais et al. 1984). EELS allows a more detailed analysis of these 
multiplets since the cross-section for the different symmetries can be varied by the 
choice of the experimental conditions. In the limit of small momentum transfer, the 
transition probability becomes proportional to the squared dipole matrix element. 
In the reflexion geometry used for recording the spectra of fig. 12, the momentum 
transfer is poorly defined but it remains generally true that the relative weight of the 
dipole allowed transitions increases with the final kinetic energy of the free electron. 
This trend is clearly verified in the two EELS spectra which are well predicted by 
the multiplet calculation. Finally the 3d XPS spectrum has been plotted at the 
bottom of fig. 12, in order to demons{rate that it corresponds essentially to the 
3d94f  ° final states as explained in section 4.3. However, the existence of a very weak 
4f 1 admixture to the valence band of La metal is revealed by the small 4f I signa! in 
the XPS spectrum, which is best seen as a shoulder on the low-energy side of the 
3ds/z component (see section 6.2.2). 

> -  

z 
L d  

Z 

F ] I \ \ ~  I - T  I J 
[ 

La-HETAL #d ~, , / 

E F I N A L l e V I  5~ ]~ ]!~l~ I ~«~j" i 

600 ,/' ::',,«'-*/'='~'«.~ I 
E E L S ..!0o ,LA' ~I I t] " 

200 ù" ,/t,!:~ ':;V'~/ , k , , , ;  " " 

B 100 ,«/V~~ :~. 

x~~ ~ ~  

t, 4d94 ff ~t 

4 d3S: i i:: 4 % 
X PS ............... :" I :l'J I :, 

4 d ~ 41er'"-.. ~~ 

140 130 120 110 105 100 95 

ENERGY LOSS AND BINOING ENER@Y (eV) 

Fig. 13. Comparison of different 4d spectra of La 
plotted on a common energy scale. The EELS and 
XPS spectra and the calculated multiplets are taken 
from Moser  et al. (1984), the XAS spectrum from 
Rabe (1974). The arrows mark the 3d94f 1 final states 
accessible by dipole-allowed transitions. 



HIGH-ENERGY SPECTROSCOPY OF LANTHANIDE MATERIALS 31 

Figure 13 shows the same types of spectra as those of fig. 12, but now for the 4d 
threshold excitations in La metal (Moser et al. 1984, Rabe 1974). Their in- 
terpretation is also based on the same arguments which need not  to be repeated. As 
expected for excited stares involving populations changes within the same shell, the 
spread of the multiplets is much larger and many lines can be resolved by EELS. 
However, the evolution of their intensities as a function of the free electron kinetic 
energy in the final state shows an erratic behaviour which so rar cannot be 
predicted. The new aspect of the 4d spectra originates from the fact that the highest 
4d94f 1 final state is only resonantly bound. This means that it decays very fast by 
autoionization to the states of the continuum 5d9ef x, where ef 1 is outside the 
potential barrier of the ionized atom. This type of process drags a huge intensity 
which is spread over a large energy fange as a consequence of the very short lifetime 
of the localized state (Dehmer et al. 1971, Starace 1972). This effect is observed in the 
4d spectra of all lanthanides (see chapter 72) and the analogous situation occurs also 
in the 5d spectra of the actinides (Baer 1984). 

4.5. Resonance phenomena in the atomic limit 

Resonance phenomena are observed when a particular excitation mode of a 
system opens two distinct channels leading to the same final state. This situation is 
particularly interesting and has marked consequences on the spectra when one of 
the channels is discrete and the other one continuous as a function of the excitation 
energy. In photoemission of lanthanides, this condition is fulfilled in the photon 
energy range of the dipole allowed transitions from 3d and 4d core levels to the 4f 
shell. The discrete excited state which is formed can decay by an Auger-type process 
involving two 4f electrons, the one filling the deep hole, the other one being emitted, 
so that the same final state can be directly produced by the usual photoemission 
process of a 4f electron. The competition of these two processes gives rise to a 
typical Fano profile of the 4f cross-section (Fano 1961) where the intensity is 
suppressed (anti-resonance) before a resonance. This many-body effect is not 
included in the single-particle cross-sections displayed in fig. 6. Since a tunable light 
source is required for observing these resonances, this type of measurement can be 
exclusively performed with synchrotron radiation giving access to the 4d and 3d 
thresholds which increase respectively from 100 to 200 eV and from 900 to 1600 eV 
along the lanthanide series. Even in the quasi atomic approach which has been most 
often used, the calculation of resonant photoemission in solids is a difficult task 
(Feldkamp and Davis 1979, Girvin and Penn 1980, Yafet 1980, Davis and Feldkamp 
1981). Zangwill and Soven (1980) have given maybe the simplest interpretation of 
these phenomena in their calculation of the 4d ionization threshold of atomic Ba 
and Ce. They discuss the response of the electronic charge density to the external 
perturbation in terms of an effective local field for the different shells. Near the 
threshold, the situation is entirely controlled by the ten 4d electrons which react to 
the external oscillating radiation field as a simple damped harmonic oscillator. 
Among the outer levels the strongest enhancement of the photoionization cross- 
section near the 4d threshold is obtained for the 4f states and the Fano profile can 
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be explained by the phase shift between external and induced dipolar fields. It is 
important to notice that the other outer levels and in particular the 5d and 6s states 
forming valence bands in solids show also a resonance which is weaker and shifted 
towards lower photon energy. This qualitative discussion shows that even in the 
atomic limit this phenomenon can only provide a very approximate method for 
isolating the 4f signal in photoemission spectra. The common rules used for 
subtracting anti-resonant spectra from those at resonance have no rigorous foun- 
dation and cannot be expected to eliminate completely the intensity originating 
from states of other symmetries. The situation becomes even more uncertain in the 
light lanthanides where the atomic-like approach is no longer valid. The hy- 
bridization between band and 4f states becomes sizable (see section 6) so that a 
sound interpretation of spectra could only rely on calculations of resonant photo- 
emission where this mixing is'taken into account. 

A simple example of a Fano resonance is provided by a study of clean and 
oxidized Yb (Johansson et al. 1980). In fig. 14, the photoemission spectrum of the 
clean metal which is divalent (4f ~4) contains only the two l i n e s  2175/2 a n d  2F7/2 
whereas the spectrum of the trivalent oxide Yb203  displays the typical multiplets 
resulting from a 4f 13 initiat configuration (see fig. 8e). Resonant photoemission near 
the 4d threshold can only occur in the oxide since the metal does not allow the 
formation of an intermediate state containing an additional 4f electron. In both 
cases the intensity of a particular region of the 4f spectra indicated by arrows in fig. 
14 has been measured as a function of the photon energy (fig. 3c, PE(CIS)). The 
ratio of these intensities in the oxide and in the metal shown in fig. 15 has been fitted 
to the equation derived by Fano (1961) for this situation. The pronounced asym- 
metry of the line profile demonstrates that the process is not a simple resonance but 
has the character of an interference. 

The condition for Fano resonances can also be fulfilled in other spectroscopies 
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and an impressive example is given by the BIS spectra of La in the photon energy 
range of the 3d threshold (Riehle 1978). In this case the continuous channel is the 
normal BIS process to a 4f 1 fmal state while the discrete channel is the threshold 
electron energy loss creating a 3d94f 2 intermediate state which decays by a radiative 
process in the 3dl°4f 1 final state. When the energy of the incident electron beam is 
clearly larger than the threshold energy for the creation of a localized intermediate 
state, the radiative decay appears simply as a Lorentzian emission line. It accounts 
for the inverse transition of the X-ray absorption at the 3d threshold and con- 
sequently has the same energy (Bonnelle 1982, Motais et al. 1984). This type of 
process is sometimes called resonant X-ray emission but it has not the character of a 
Fano resonance. Very recently an interesting interference phenomenon of Fano-type 
has been observed in the excitation of spin-forbidden 4f multiplets by low-energy 
EELS near the 4d threshold (Modesti et al. 1985). 

5. Surface phenomena 

5.1. Binding energy shifts and 4 f configuration stability 

The surface of solids induces severe perturbations of the bulk electronic structure. 
The reduced coordination at the sufface leads to dehybridization of the outermost 
states and to band narrowing. In order to maintain charge neutrality a re- 
distribution of charge for the surface atoms is necessary, producing a coordination- 
dependent surface atom core-level energy shift (SCS) of typically 0.1-1 eV. Its sign is 
determined by the population of the outermost states invo[ved in the surface bond. 
For the 5d transition metals the SCS is positive (towards higher binding energy) up 
to Ta  and becomes negative from W onwards (Citrin et al. 1978, Desjonqueres et al. 
1980, Citrin and Wertheim 1983). This picture has been supported by thermochemi- 
cal considerations, where the SCS is shown to represent the surface segregation 
energy of an inpurity (Johansson 1979b, Johansson and Märtensson 1980, 
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Rosengren and Johansson 1980, Johansson and Märtensson 1983, see chapter 69 of 
this volume) and it has been confirmed by one-electron local density theory (Delley 
et al. 1983). 

The SCS As,b between bulk and surface atoms can be written in analogy with the 
atom-to-metal shifts as the difference of two binding energies (Williams and Lang 
1978): 

A~,b {E~(nc - 1) - Eh(ne)} -- {«S(n~ -- 1) -- ES(n~)} (13) 

where E(n~) is the total energy of the system as a function of the number of electrons 
in a particular core level. The first term with the superscript b denotes the core-level 
binding energy for the bulk atom, the second term is the one for the surface. The 
total surface shift can be decomposed into contributions from configuration 
changes, surface shifts and relaxation shifts: 

As,b = Aconf + 3surf q'- Arelax" (14) 

The configuration shift Acoùf results ffom a configuration change flora G b, the real 
bulk configuration, to G b~, the configuration supposed to occur at the surface. The 
two remaining contributions can be evaluated within the density functional 
formalism. 

The binding energies are expanded as Taylor series where the partial derivatives 
of the total energy with respect to occupation are given by their orbital eigenvalues 
ec (see eq. (7)). Using this fact, term-by-term subtraction of the series representing 
E~(n¢ - 1) - ES(n) from that representing Eb*(nc -- 1) -- Eb*(no) leads to a definition 
of the surface and relaxations shifts Z~surf = ~s  - -  ~cb* and 

=- - ~e~ / ~ n o )  + . . . .  Brelax - -  ~(~gs/~/'lc b* 

It is obvious that the total SCS As,b contains contributions from both the ground 
state (configuration changes A~o« and changes in the environment Asu~r) and final 
state (screening A~elù~). 

In the lanthanides, for the purpose of the present discussion, the 4f states can be 
considered as core-states (see section 5.2). Their binding energies (which are the total 
energy differences A_ (see section 4)) undergo positive surface shifts (,~0.6eV) in 
agreement with the expectation for the low population of the extended 5d states 
(Gerken et al. 1985). For  a few lanthanide metals, however, surface shifts of this 
order of magnitude can induce 4f population changes in surface atoms. In fact fig. 9 
(section 4) shows that for Sm, where the minimum energy A + to modify the valence 
of a single bulk atom from 3 + to 2 + is only ~0.5eV, a valence change at the surface 
is very likely (Johansson 1979a, Johansson and Märtensson 1983). On the other 
hand this effect is not too surprising since surface atoms are in an intermediate 
situation between bulk and free atoms and can be expected to display features 
reminiscent of their free atom character. In the free atom, except the elements Ce, 
Gd and Lu, all lanthanides have a divalent configuration. In the pure metals they 
prefer the trivalent configuration and only Eu and Yb with their stable half-filled 
and filled 4f shells remain divalent. Materlik et al. (1983b) confirmed this valence 
change for Sm and Er by a measurement of the L-absorption edges in the gas and 
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solid phase. The atom-to-solid shifts for these elements were found to be 6eV larger 
than for Ce and Gd which have the same configuration in both phases. The origin of 
the valence change lies in the fact that an electron is promoted from the 4f shell to 
the 5d6s valence states if the cohesive energy gain on solidification exceeds the 4f 
promotion energy (Johansson 1979a). At the surface of solids the broken bonds lead 
to a cohesive energy decrease so that the atomic configuration might still be 
favoured. This behaviour is illustrated in fig. 9, where the energy difference A+ 
between the divalent and trivalent states is plotted. As indicated by the horizontal 
lines, the energy difference between the two configurations will be changed by an 
amount corresponding to a SCS for atoms in different coordinations. For an atom 
embedded in a close packed surface layer the line labelled 'surf' indicates that only 
Sm will have a divalent configuration at the surface. For an edge or corner atom the 
energy difference will be changed even more, favouring Tm and probably a few other 
lanthanides to become divalent (Johansson 1979a). Finally, in the free atom only Ce, 
Gd and Lu maintain their trivalent configuration. 

The formation of a lanthanide compound adds the heat of compound formation 
to the cohesive energy of the metal, inducing a change of the energy difference 
between the di- and trivalent configurations (Laubschat et al. 1986). Consequently 
for compounds containing elements like Sm, Eu, Tm and Yb, 4f population changes 
at the compound surface should occur and in fact, have been observed quite 
frequently. It is important to notice that the surface induced 4f population change 
driven by Aconf (eq. (14)) represents a true ground state property (Schneider et al. 
1983b) while the measured SCS As.b contains contributions from both, the initial 
and final state (eq. (14)) (see also Johansson and Märtensson 1983). 

5.2. Pure metals 

The first indication of a surface effect on the 4f binding energy in a lanthanide 
metal is contained in photoemission spectra of Yb (Brodén et al. 1973), recorded at 
low photon energies (hv ~< 21 eV). At these energies an additional doublet, shifted by 
0.6eV, appears at the high-binding-energy side of the 4f 13 spin-orbit split final 
states. It is not observed at high photon energy (fig. 8e section 4). Using tunable 
synchrotron radiation allowing a continuous variation of the surface sensitivity of 
the photoemission experiment (see section 3.4), Alvarado et al. (1980) demonstrated 
the surface origin of the additional spectral feature. Nowadays this 4f-binding- 
energy shift is well established as an intrinsic property of a clean Yb surface 
(Johansson and Märtensson 1980, Gerken et al. 1982, Takakuwa et al. 1982). In the 
work by Kaindl et al. (1983) shifts of both, 4f and 5p binding energies were 
determined and, within the experimental accuracy, they were found to be identical. 
This result demonstrates that both shells can be considered as core levels with 
respect to the outer d states participating in the surface bond. 

A systematic photoemission study of the SCS for the 4f states in the lanthanide 
metals (Gerken et al. 1985) shows fairly good agreement with calculated values 
based on thermochemical considerations (Johansson and M~trtensson 1983). The 
systematic deviations observed for the heavier trivalent elements have been attri- 
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buted to  the Z-dependent  change of the outer-level d populat ion responsible for the 
surface cohesive energies. 

In the course of these investigations the linewidth of the surface emission feature 
has been found to be considerably larger than those of the bulk emission lines 
(Alvarado et al. 1980, Gerken et al. 1985). The hypothesis has been put forward that  
the surface related structures represent a superposit ion of emission lines originating 
from different geometrical sites, i.e. f rom surface a toms with different binding ener- 
gies. Experimental  evidence for this effect has been obtained in a photoemission study 
of Yb metal, where the influence of the substrate temperature on the microstructure of  
evaporated thin films was investigated (Schneider et al. 1983a). Representative outer 
level spectra are shown in fig. 16. They are characterized by 4f 13 doublets originat- 
ing f rom bulk atoms (dotted bars) and, at higher binding energies, f rom surface 
a toms with lower average coordina t ion  numbers.  The SCS reflects the microstruc- 
tute of the film formed by evaporation.  At low temperatures, due to the low mobility 
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of the Yb atoms impinging on the cold substrate, crystallization is practically 
inhibited, leading to amorphous films (coordination 7). With increasing substrate 
temperature the mobility increases producing finally at room temperature pre- 
dominantly close-packed (111)-surfaces of the Yb fcc-lattice (coordination 9). In this 
way photoemission can be used as a structural surface tool opening the possibility 
to investigate the properties of crystal growth and epitaxy. 

For  Sm and Tm metal a surface shift may stabilize the divalent configuration at 
the surface (see fig. 9, section 4). In fact, surface sensitive photoemission experiments 
have shown that Sm surface atoms are in a different 4f-configuration than bulk 
atoms (Wertheim and Crecelius 1978, Allen et al. 1978, Lang and Baer 1979, Allen 
et al. 1980, Gerken et al. 1985). Combined XPS and BIS measurements (Lang and 
Baer 1979) revealed that the valence change was driven by a surface shift of at least 
0.46 eV of the occupied 4f 6 state. The sizable energies involved in the transition were 
taken as experimental evidence for a completely divalent 4f6(5d6s) 2 Sm surface and 
a completely trivalent 4P(5d6s) 3 bulk, in contrast to earlier interpretations. The 
study of Gerken et al. (1985) strongly supports the view of a single valency for Sm 
surface atoms. Figure 17 displays the outer-level spectra of the Sm metal, obtained 
by these authors. The spectra are characterized by two multiplet structures originat- 
ing from bulk and surface atoms, respectively. There is no evidence for a surface 
shifted 4f 4 final state indicating the absence of trivalent Sm atoms in the divalent Sm 
surface layer. Independent evidence for a divalent surface layer on the trivalent Sm 
bulk was found in low-energy EELS by Bertel et al. (1982) who observed different 
plasmon excitation energies for Sm and trivalent Er. 

Tm metal is expected to undergo a 4f-population change to the divalent state at 
least at edge and corner sites (confer fig. 9, section 4). In fact, photoemission spectra 
of Tm metal films grown on low-temperature substrates known to favour low 
coordinations of surface atoms (see Yb, above) or of Ar-sputtered films at room 
temperature contain emission features from divalent surface sites (Domke et al. 
1986). Figure 18 shows outer level spectra of Tm metal obtained after sublimation 
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on the substrate at the indicated temperatures. In addition to the multiplet pattern 
between 4 and 11 eV characteristic for the trivalent Tm configuration (see fig. 8e) a 
triplet of peaks is observed near the Fermi energy only on the low-temperature 
surface indicating the presence of divalent Tm surface atoms. As opposed to the 
situation for Sm, where the entire surface layer undergoes the 4f-population change, 
the divalent state for Tm is restricted to low-co0rdinated atoms, since also trivalent 
Tm surface atoms are identified by their SCS in the spectra. 

The 4f-population change for both Sm and Tm  metal surfaces is expected to 
influence the physical and chemical properties of these metals in situations where a 
surface roughening may occur. In fact, among the trivalent lanthanide metals, the 
boiling points of both metals are exceptionally low, and also the melting points are 
slightly lower than expected (Gerken et al. 1985, Domke et al. 1986). 

5.3. Compounds, alloys, clusters, layered systems 

Surface effects on core-level binding energies and/or on 4f populations are 
frequently encountered in lanthanide materials. For  a number of lanthanide in- 
termetallics, a linear relation between surface and bulk core-level binding energy 
shifts relative to the elemental metals was observed, where the surface shifts amount 
to only ~70% of the bulk chemical shifts. This behaviour reflects directly the 
redu¢tion in cohesive energy at the surface (Murgai et al. 1982, Kaindl et al. 1983, 
Laubschat et al. 1986). Also the larger heat of formation for compounds containing 
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trivalent lanthanide elements as compared to divalent ones clearly shows up on 
the magnitude of the shifts (Laubschat et al. 1986). 

The surface-to-bulk emission intensity ratios in the photoemission spectra of 
compounds with divalent or so called 'mixed-valent' lanthanide elements (see 
section 7) were found to be drastically higher than those with trivalent ones. For Au 
alloys with divalent Yb or Eu constituents this effect was interpreted in terms of 
possible surface segregation of the lanthanide elements (Johansson et al. 1982). For  
the lanthanide dialuminides an alternative explanation, also applicable to the Au 
alloys, has been proposed (Laubschat et al. 1986). The scattering probability of 
photoexcited bulk 4f electrons increases with decreasing binding energy leading to a 
reduction of their mean free path. 

The systematic behaviour of the energies A + and A_ in lanthanide metals (fig. 9, 
section 4) has been exptoited for predicting the 4f-configurational stability in a 
whole compound series when at least two of them have been studied spectroscopi- 
cally (Mfirtensson et al. 1982b, Laubschat et al. 1986). In agreement with this 
prediction based only on the measurement of the lowest 4f excitation energies for 
bulk and surface atoms, a divalent surface layer was observed for bulk trivalent 
SmA12 and TmS but not  for SmPd3 and TmA12. 

Since the electronic structure of surface atoms is expected to be intermediate 
between that of free and bulk atoms, investigations which can vary in a controlled 
manner the interatomic distances between surface atoms represent a promising 
approach to the 4f-stability problem (moreover such experiments should contribute 
to a bettet understanding of hybridization between the 4f states and states of other 
symmetries). An XPS and UPS study of Sm clusters formed on amorphous carbon 
substrates (Mason et al. 1981) showed that Sm is primarily divalent in particles of 
small size (measured as coverages of ~1015atoms/cm2) and is becoming pro- 
gressively trivalent with increasing cluster size (1016 atoms/cm2). This behaviour is 
consistent with the formation of bulk like Sm 3 ÷ states and a remaining contribution 
from divalent Sm surface atoms. Fäldt and Myers (1984a) studied ordered over- 
layers of Sm on Cu single crystal faces by LEED and XPS core level spectroscopy. 
The Sm 3d core spectra revealing two signals for each spin--orbit component were 
taken as an indication for an 'intermediate valence' state. Similar spectra have been 
obtained from disordered monolayers of Sm deposited on A1 (001). Heat treatment 
however, produces an ordered Sm overstructure which is found to be trivalent 
(Fäldt and Myers 1983, 1984b, 1985). The different behaviour of Sm on both 
substrates is ascribed to different overlaye~substrate interaction. Clearly, these 
studies call for further detailed investigations of the 4f states in order to allow firm 
conclusions regarding the 4f-stability of Sm on solid surfaces. 

Finally the exciting area of surface magnetism (Dunning et al. 1985) in lanthanide 
systems will be touched on very briefly. The existence of a magnetically nonsatured 
layer at the surface of EuO was early detected by spin-polarized photoemission 
(Campagna et al. 1973, Meier and Ruprecht 1976). The interaction of the escaping 
polarized electrons with a paramagnetic surface layer of Ni, Gd, Ce and Au of 
variable thickness was investigated by the same technique. F rom the depolarization 
of the photoelectrons the exchange constant between them and the paramagnetic 
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moments was obtained (Meier et al. 1984). Surface-enhanced magnetic order and 
magnetic surface reconstruction of the 4f spins were detected on a Gd (0001) crystal 
surface using spin-polarized LEED and spin-polarized photoemission. The obser- 
vation of magnetic surface reconstruction has become possible by exploiting the 
SCS of the Gd 4f-final-state multiplets (Weller et al. 1985). 

6. Beyond the atomic aspects of the 4f states in lanthanide materials 

6.1. Description of high-energy excitations within the Anderson single-impurity 
model 

When atoms are brought close together their outer wave functions will overlap 
and if their energy and symmetry is appropriate they will give rise to hybridization 
which is essential for the bond and band formation of condensed matter. The unique 
situation in the lanthanides and their compounds arises from the presence of the 
atomic-like 4f states with ionization energies comparable to the band width of the 
extended states. Their core-like orbitals show negligible direct f-f overlap between 
neighbouring atoms but their hybridization with the extended states of other 
symmetries can become significant (see fig. 1). Depending on the radial extension of 
the 4f wave function (see fig. 5), this hybridization will be most important for the 
light lanthanides, especially for Ce, and it will decrease towards the heavy lan- 
thanides. The hybridized states resulting from the coupling between these states of 
completely different character can hardly be described in the pure atomic or in the 
pure band picture. 

The most natural description of such a situation is provided by the Anderson 
single-impurity model which treats localized and extended states on an equal 
footing. In the formulation of Gunnarsson and Schönhammer (1983a,b, and chapter 
64 of this volume), it contains a conduction band with energy dispersion e(k) and an 
impurity atom level of degeneracy Nf, characterized by the energy ef corresponding 
to the total energy difference between consecutive f-occupations when hybridization 
and f-Coulomb correlation energies are discarded: 

H = E ~ « n « + a f E n m + U f f  E nm,nm+n~eo 
m m ' > m  

+ (1 - n~)Ufc~n m + ~(Vm«a~-c m + h.c.). (15) 
m k m  

Uff is the f f Coulomb repulsion energy (section 4.2) and Uf~ the Coulomb 
attraction energy between a core hole and an f state. These two energies are 
essentially atomic quantities renormalized by the screening mechanisms in solids. 
The terms responsible for the important and new aspects described in this section 
are the matrix elements Vm« that couple the f level to the conduction states. The 
orbital indices m and k for the 4f and conduction states implicitly include the spin; 
c m and ak + are the annihilation and creation operators for an f electron in the state m 
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and for a band electron in the stare k, respectively. The task is now to choose an 
appropriate set of basis functions for a given type of excitation allowing us to 
calculate correctly the initial and final eigenstates. Then, the spectral intensities for 
the various excitation spectra can be computed within the sudden approximation. 
Assuming for the moment that all parameters entering the Anderson Hamiltonian 
have been determined, their influence on the behaviour of high-energy spectra can 
be simply understood intuitively with the help of a simplified Hamiltonian (15) 
containing no hopping terms Vkù , (Schneider et al. 1985). In fact it corresponds 
exactly to the atomic-like approximation adopted in section 4. 

For  the discussion of the excitation spectra it is convenient to choose as origin of 
the total energy scale the total electronic energy of the ground stare configuration 
(see figs. 3,4,7), which for metals is at t, he Fermi energy. Within the simple 
framework without hopping terms, the density of the outer level excitations induced 
in these spectroscopies will be called 'uncoupled S(Et)'. This quantity is composed of 
the weighted density of the band states (see section 6.2) and of the discrete excitation 
spectrum of the uncoupled f states. As shown in fig. 19a the uncoupled S(Et) can be 
split into electron-addition and electron-subtraction processes which taust be repre- 
sented on a common total-energy scale in order to be consistent with the 
Hamiltonian. It is more usual to represent these two types of excitations on a single 
particle energy scale where the excitation energy is given as the energy required to 
modify the population of the considered level with one electron taken or added at 
Ev. This representation is simply obtained from the previous one by a 180 ° rotation 
of the electron-addition spectrum. Within the uncoupled scheine, for two atoms in a 
4f" ground stare configuration one can verify in the single-particle or total-energy 
representation that Uff corresponds to the common definition of the Coulomb 
correlation energy involved in the formation of the two.non-interacting polar states 
4f "-1 and 4f "+1. When only f states are considered, their energy is given by 
Eù(f") = nef q- ½n(n - 1)Urf, where n is the occupation number. This is just the para- 
bolic behaviour of the total energy as a function of the f population. 

For  the description of core excitations it is convenient (but not absolutely 
necessary) to start from the total energy of the initial configuration fo even if it is not 
the ground state configuration. In the presence of a core hole (n c = 0), this energy is 
simply raised by ec as shown in fig. 19b. In the uncoupled scheine it is then rather 
straightforward to calculate the relative positions of the other final state f popu- 
lations by inserting the suitable numbers in the simplified Hamiltonian (15). Typical 
values for the parameters obtained from a many-body calculation of excitation 
spectra in light lanthanide solids will be discussed later (section 6.2, table 2). The 
simultaneous excitations of band states created in the core ionization should be 
represented in fig. 19b as continua extending from each f" level towards higher total 
energies. 

6.1.1. A 'poor man's calculation' 

Having established the relationship between the parameters entering the 
Anderson Hamiltonian and high-energy excitations it is very instructive to illustrate 
the physical message delivered by this Hamiltonian within the simplest model which 
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Fig. 19. (a) Screened single-particle excitations of the extended and localized outer levels without coupling 
as a function of the total electronic enelgy E t of the final state: uncoupled S(Et). Left part: Uncoupled 
S(E~) resulting from the addition (thick dashed lines) and subtraction (solid lines) of one electron 
represented separately on a common total energy scale. The position of f" represents the total energy of 
the ground state and does not belong to the excitation spectrum. The parameters linking the different 4f 
populations shown in the top of the figure are correct only for an nncoupled 4f ~ ground state. Right part: 
The uncoupled S(Et) for electron addition rotated by 180 ° around the origin in order to make it 
consistent with the usual single-particle representation of the excitation spectra (XPS + BIS) (see also 
figs. 7 and 3). (b) Lowest total energies of the different uncoupled final stares in the presence of a core hole 
for an fa ground state. This diagram is most conveniently constructed by starting from the total energy of 
an initial 4f ° configuration. The creation of a core hole raises this energy by ec. In addition to the other 
parameters one has now to take into account the core hole attraction Ufc. The relative positions of the 
different final-state populations can be easily calculated from the simplified Hamiltonian eq. (15) without 
coupling terms (see also fig. 4) (Schneider et al. 1985). 
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still accounts for the consequences of the mixing terms (Imer and Wuilloud 1987). It 
is based on the following assumptions: 

(i) The band states are all degenerate (zero-bandwidth limit) so that the term 
Zk eknk in eq. (15) transforms into eOZk n R which even disappears since e o is placed at 
the origin of the total energy scale. 

(ii) The eigenstates 1 4 / ) =  Z2=odùlf"> are expressed on a wave function basis 
limited to the three states I f ° >, I f 1 ), i f2 > with integral f-counts. The coefficients dù are 
constrained to fulfil the n o~malization condition ((c~) 2 + (c~)2 + (c~)2)~/2 = 1. The f 
occupation in the ground state Iq~g) is simply given by (cg) 2 + 2(cg)  2 = nf. 

(iii) All matrix elements are assumed to be identical so that the coupling 
parameter 1/2 = Vù,k1/*k is constant (this mechanism can only couple states with a f- 
population difference of one electron). 

(iv) The degeneracy of the f states is assumed to be ~> 1. 
The eigenenergies of the system are given by (q/I  H I~ ~) where H is the expression 

(15) which has been simplified according to the previous discussion. In our simple 
basis one obtains 

H = ~f 

0~ 
,,/2V . (16) 

2er -k- U f f /  

The diagonal terms represent the energies of the pure configruations. The solutions 
of the secular equation yield three eigenstates ]q~i> (i = 0, 1, 2) with coefficients cj 
(j = 0, 1,2), the one with the lowest eigenvalue (i = 0) being the ground state 
Icbg) = Iq~°)(c ° =c~). In the sudden approximation (section 2.3), the final state 
produced by the emission of an electron out of the 4f shell is obtained by apply- 
ing an annihilation operator  to the initial state: alq~g> = cg[f°> + x/2cg[fx>. It 
does not belong to the eigenstates which are still the I~ i) in the photoemission 
final state since the Hamiltonian (16) is not modified by the process. The 4f-photo- 
emission intensity for each energy increase of the system si = E l -  Eg is given 
(eq. (9)) by 

l(si) = [(~ilal6bg>la = (CoC 1ig + , /2c]cä )Z .  (17) 

It appears that always one of the final state energies corresponds to the ground-state 
energy. This indicates that a fraction of the f-excitation spectrum has a metallic 
charaeter (see section 7.2). 

In deep core level spectroscopies of lanthanides, e.g. 3d photoemission, a hole is 
created whieh lowers the 4f shell by the Coulomb energy Ufc. The final eigenstates 
I~b i) (i = 0,1,2) with coefficients cj (j = 0,1,2) are obtained from an appropriate 
Hamiltonian, where sf in eq. (16) is replaced by ~~ = sf - Uf« The photoemission 
intensity at the excitation energy s~ = E~ - Eg (with E7 = E~ - ec) is given by 

I(s~)-= I<,b~[aclq~g>l z = c~«~ , (18) 
j=" 

where ac is the annihilation operator of the core electron. 
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In processes like BIS and EELS one electron is added to the f shell (if transitions 
to other states are neglected). Consequently the resulting final eigenstates have to be 
expressed in the basis [fl), i f2), [f3). The intensity at the energy e i = El - Eg is given 
by 

i g ( 1 9 )  I(el) = I(q)qa + [ac]l'bg)12 = c?,+icj , 
j=O 

where the annihilation operator a c has only to be considered in EELS. 
Within this simple model the influence of the different parameters (er, V, Ufc, Ufr) 

on high-energy spectra of light lanthanide solids can be easily illustrated. The 
discussion will be restricted to the evolution of the spectra as a function of the 
energy difference ef, while the other parameters are held fixed. More details can be 
found in the work of Imer and Wuilloud (1987). 

Figure 20 displays the behaviour of the eigenvalues E~(ef) for 4f excitations and 
E~(e~) for 3d excitations as obtained from the simple calculation. The dashed lines 
describe the energies of the pure configurations If") in the uncoupled case (V = 0 ) .  
They obey the relation Ei(ef) = nef + ½n(n - 1)Uff, where for core excitations Ei(ef) 
is replaced by E~(e~,:) and Uff is chosen to be 7 eV. For  a finite coupling V = 1.5 eV 
the configuration mixing gives rise to the full curves Ez(ef) and E~(e~). At large 
energy separation between the'configurations the influence of the coupling is 
negligible and the energy eigenvalues approach asymptotically the straight lines 
representing the uncoupled configurations. When approaching the crossing points of 

-10 

+20 

+10 

fO 

fl 
-20 

-30 

-20 

3d: ~~=~f-Ufc  
I I I 

Uff _- 7 eV 
V : 1.SeV 

q J  

L a J  

ù-1- 

I 

1 

I I I I 
-10 0 +10 

4f: ef (eV) 

I 

t ~  
I I  

u .  
t ~ J  

. Fig. 20. Left and bottom scale: Eigenvalues 
E i (i =0 ,1 ,2 )  as a function of,sf for PE 4f 
final states. The lowest lying curve Eg de- 
scribes also the dependence of the ground 
state on ef.Right and top scale: Eigenvalues 
E~(i=0,1 ,2)  as a function of ~ ~ = e f - U f c  
for PE 3d final states. The total energy of 
the core hole e c has been subtracted. The 
dashed lines correspond to the uncoupled 
situation (V = 0) (Imer and Wuilloud 1987). 



H1GH-ENERGY SPECTROSCOPY OF L A N T H A N I D E  MATERIALS 45 

the uncoupled configurations (~f 0, 1 = -~Uff ,  -Uff) ,  the hybridization becomes so 
strong that the weights of the two pure configurations in the eigenstates become 
equivalent and the degeneracy is avoided. This is a well-known problem of 
elementary quantum mechanics which is, for example, elegantly described for two 
levels in the textbook of Cohen-Tannoudji et al. (1973)• The result of this simple 
calculation displayed in fig. 20 illustrates the general rule that the lowest eigenstate 
(ground state) formed by hybridization has always a smaller energy than the 
uncoupled states; it is the fundamental mechanism of the chemical bond. This total 
energy lowering 6 which is usually very small when f states are involved in the 
hybridization will be discussed in section 7.2 for the more realistic model introduced 
in the hext section. 

Since the lowest curve in fig. 20 describes the ground state energy of the system, it 
defines the origin of the total energy scale (Er in a metal) in excitation spectra (see 
section 3.1 and figs. 3, 7, 19) and the excitation energy above the ground state is 
ei = El - E~. This situation is illustrated in the perspective representation of fig. 21 
(XPS), but now the lowest energy curve E~(ef) of fig. 20 becomes the straight dashed 
line denoting the position of the Fermi energy E v. The relation between the 
excitation energies ei and ef is indicated by the dashed curves. Similarly, the right 
hand part of fig. 21 describes the excitation energies in BIS processes (Imer and 
Wuilloud 1987). Along the vertical axis of fig. 21 the spectral intensities calculated 
within the sudden approximation by eqs. (17) and (19) can only be represented by 
bars standing on the ei(er) curves, since the unrealistic zero-bandwidth limit has 
been used in the calculation. In order to allow an easy comparison with experi- 
ment a Lorentzian broadening of l eV F W H M  is introduced leading to the 4f- 
excitation spectra for XPS and BIS displayed in fig. 21. 

The evolution of the spectra is presented as a function of el, which is varied 
between - 3  eV and 12 eV. For large positive ef only one structure, located at ef and 
corresponding to the BIS 4f 1 final state is visible. With decreasing el, the BIS 
structure approaches E v while a second BIS structure emerges, representing 

«'= Ei - [« [eV) ~~ Ib 20 

Fig. 21. Full curves: 4f-contribution to the XPS and BIS spectra as a function of ef. A Lorentzian 
broadening of 1 eV F W H M  is used. Dashed curves: Total energy difference e~ between the ground stare Eg 
and the final eigenstates as a function of ef (see fig. 20) (Imer and Wuilloud 1987). 
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essentially the 4f 2 configuration. Their mutual mixing is small since their energy 
separation is large compared to the hybridization energy V. When ef approaches 
zero, in the XPS spectra a characteristic double peak structure is growing formed by 
substantial fo_fl mixing (confer fig. 20, 3 eV > ef > - 3  eV). 

The evolution of the calculated XPS 3d core level spectra as a function of e~ for 
the parameters V = 1.5 eV, Uff = 7 eV (as above) and U«~ = 10eV is displayed in fig. 
22. The connection between the eigenvalues El without core hole and E~ with a core 
hole in fig. 20 and the excitation energy e~ observed in the spectra of fig. 22 is easily 
made transparent. For example, for ef = 0eV in fig. 20, the strongly mixed ground 
state of the system is found a t  Eg = - 2 e V .  After the creation of the core hole the 
eigenvalues E~ of the final hole state have to be looked for at e~ = e f -  Ufc = 
- 1 0 e V  yielding E~ = E i -  ~c ~ - 1 4 e V  for the lowest one. The corresponding 
transition in the core spectra of fig. 22 is found at the total energy difference 
e~=E~-Eg=-14-(-2)=-12eV, indicated by the lowest lying peak of 
the intensity distribution curve for ef = 0eV. Each of the low-lying structures 
is composed of mixed fl and f2 configurations while the f0 peak at about 10eV 
higher total energy remains essentially pure in the final state. 

We shall see in section 6.2 that this extremely simple model provides a 
qualitatively correct picture of high-energy spectra of light lanthanide solids. Similar 
approaches to excitation spectra of lanthanides have been introduced for clusters. 
(Fujimori 1983, Fujimori and Weaver 1985) and have been considered for solids 
(Kotani et al. 1985). It taust be emphazised, however, that the use of a few molecular 
orbitals in these simplified models of the Anderson impurity Hamiltonian leads to 
spectra where the excitations appear necessarily as discrete lines. This approach to a 
solid is missing irremediably the continuum aspects of the band states interacting 
with the f state. For  example, one unrealistic consequence of a cluster model is the 
fact that the lowest excitation energies are typically of the order of the hybridization 
energy for both, metals and insulators. This implies zero specific heat and too small 
susceptibilities for metallic systems (Fujimori et al. 1984). Nevertheless, such models 
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are very useful for understanding the basic mechanisms giving rise to the different 
spectra but they cannot be considered to be realistic. For  this reason it is important 
to perform within the impurity model more complete calculations, where the 
interaction of an impurity state with a continuum of states is taken into account 
properly. 

6.1.2. The Gunnarsson-Schönhammer approach 
The simplest conditions for studying high-energy spectra within the Anderson 

impurity model are offered by Ce, since its low 4f population is not involved in 
complex multiplet structures. Taking advantage of the large orbital degeneracy Nf of 
the f state, Gunnarsson and Schönhammer (GS) (1983a,b) solved this problem in 
metallic Ce systems for a limited number of basis states with integral f-occupation. 
In the first order calculation, the ground state is expressed as a linear combination 
of a filled band and empty f states (If°~) and of a band with one hole and one f 
state occupied (Lf 1)) (see eq. (21)). The coefficients determining the weight of these 
basis states in the ground state are calculated in a variational procedure minimizing 
the total energy (see preceding section). Then, within the sudden approximation, 
the excited eigenstates observed in high-energy spectroscopies are computed 
(see chapter 64 of this volume). It has to be noted that the hybridization Vmk is treated 
as a constant. Consequently the resulting hybridization strength A = ~max(V/(e)) 
becomes the main adjustable parameter of the model (Lee et al. 1986). 

The achievements of the GS model are the following: 
(i) A single set of parameters (see section 6.1) characterizing the electronic 

structure of a solid, yields correctly all kinds of excitation spectra. This allows one to 
reconcile the contradictory pictures of the 4f state deduced from the different 
experimental techniques (XPS, BIS, EELS, XAS, susceptibilities and lattice 
constants) (Fuggle et al. 1983a,b, Hillebrecht et al. 1984, Wuilloud et al. 1983, 
Wuilloud et al. 1984a, Delley and Beck 1985, Schneider et al. 1985). 

(ii) The correct width of the bands included into the model allows one to predict 
the spread and shape of the 4f and core spectra in a more realistic way than in any 
cluster - or zero-bandwidth calculation (see preceding section). 

(iii) Mixing in initial and final states is taken into account. In both states the 4f 
population is found to be integral only in extreme situations. This invalidates the 
purely atomic-like description and calls in question the use of deep core-level 
spectroscopy for valence determinations (see also section 7.1). 

(iv) Insulating lanthanide compounds can also be analyzed if separate valence 
and conduction bands are included into the model calculation (Wuilloud et al. 
1984b). 

These achievements will be discussed in the following sections for a particular 
sequence of solids where the consequences of 4f admixture to the band states appear 
in a systematic manner. Despite the hidden aspects of the theoretical GS- 
computation of the spectra, the simple model presented in section 6.1.1 allows one to 
understand intuitively how the parameters used to characterize the electronic 
structure determine the observed excitations. 
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6.2. Analysis of selected spectra of light lanthanide materials 

6.2.1. Choice of the parameters in metals and insulators 
The XPS,  BIS, EELS,  and Lri 1 abso rp t ion  spec t ra  presented in this section 

(Schneider  et al. 1985) are analyzed within the G S  a p p r o a c h  using basis states up  to 
doub le  f -occupa t ion  (second-order  calculat ion) .  The  f i rs t-order  a p p r o x i m a t i o n  is 
sufficient for Ba and La  compounds .  The large  f-degeneracy Nf is much  less 
i m p o r t a n t  for insula tors  than  for meta ls  since no low-lying band- l ike  exci ta t ions  lead 
to  divergencies.  F o r  each  mater ia l ,  the heights, widths,  and pos i t ions  of bands  with 
semi-el l ipt ical  shape have been chosen in such a way  that  the model  can account  
cor rec t ly  for the mixing of the 4f states with the  extended states. The  schemat ic  
densit ies of s tates  represented  in the figures of this sect ion have been weighted by the 
coupl ing  s t rength  A. They  need no t  to be more  real is t ic  since the aim of the model  
ca lcula t ion  is exclusively the descr ip t ion  of the 4f cont r ibu t ion  to the different 
exci tat ions.  The  c o m p u t e d  spect ra  have been c o m p a r e d  to  all exper imenta l  spec t ra  
and  the pa rame te r s  have been varied until  the best general  agreement  is found. This  
p rocedure  represents  a s tr ingent  test of the m o d e l  and in this way more  re l iable  
pa rame te r s  are  ob ta ined  than from a fit to only one  type of exper imenta l  spectrum.  
As shown in table  2, the values of the a tomic- l ike  pa ramete r s  Uff and  Ufc d o  not  
scat ter  very rauch a m o n g  the different types of sotids considered.  Only  A and ef 
remain  free pa rame te r s  in the fitting procedure .  The  values of the ini t ia l  4f 
popu la t i on  nf, a lso given in table  2, a r e a  result  of  the model  calculat ion.  

Ca lcu la ted  and measured  spect ra  of metal l ic  and  insulat ing mater ia l s  are pre- 
sented on a c o m m o n  energy scale. Its or igin is identif ied with the Fe rmi  energy in 
metals  (see sect ion 3.1) and with the upper  valence band  edge in insulators .  This  
choice is convenien t  but  it is in fact a rb i t ra ry .  In  EELS and XAS where the to ta l  
number  N of e lec t rons  be longing  to the solid is no t  modif ied,  the t rans i t ion  energies 
d o n o t  depend  on this origin. They  are to ta l -energy  differences between the init ial  
and  the final s tates  of the N electrons of the solid. In pho toemiss ion  the ana lyzed  
electron is miss ing in all f inal  states so tha t  one has  to  choose  a t rans i t ion  f rom some 

TABLE 2 
Relevant energies (eV) and populations obtained from the fit 

experimental spectra. 
of the many-body ¢alculations to the 

Material Afp zJf concl ~f Uf« Ufc nf 

Ba - -  0. i 14.0 8 - 12 0.003 
LaF 3 0.6 0.06 14.5 8 - 13.5 0.002 
La2 03 0.6 0.06 10.7 8 - 12 0.04 
La - -  0.08 5.5 8 - 9 0.01 
CeO 2 0.6 0.06 0.5 8 - 12 0.45 
CeCo 2 - -  0.3 - 1.2 5.5 - I0 0.76 
CeN 0.2 0.1 -0.8 7 - 11 0.80 
«-Ce - -  0.08 - 1.2 6 - 10 0.88 
y-Ce - -  0.03 -- 1.5 6 - 10 0.98 
CeSi 2 0,1 "~"0.05 - ' - -1.2 7 -10  0.99 
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arbitrary level el, (usually in the band) as reference. The measured energies are total- 
energy differences between the state with the hole at e~, and the (N - 1)-electron final 
states. This shows that XPS and EELS (XAS) spectra of the same core level account 
for different types of final states which can be compared only in the limit of very 
small hybridization. Furthermore,  the relative position of EELS and XPS spectra is 
arbitrarily defined by the choice of the level el, which must be the same in the 
experiment and the calculation. These considerations apply equally to metals and 
insulators (Baer et al. 1987) and the characteristics of each solid are expressed by the 
coupling strength A and the energies ~~,ef, Uff and U~~ which include the screening 
of impurity charges by the band states. 

6.2.2. Materials with 4f ° ground-state configuration in the uncoupled scheme 
The materials selected and discussed in this section have in common the fact that 

in the uncoupled scheme (A = 0) the total energy is larger in the 4f 1 configuration 
than in the 4f ° configuration (ef > 0). This means that without hybridization they 
would all be in a pure 4f ° ground state. In fig. 23 these systems have been disposed 
vertically in a sequence where the energy difference ef decreases gradually. At first we 
will consider the outer level excitations together with the corresponding uncoupled 
S(Et) (see section 6.1) and the model calculations (fig. 23a). Except for CeO»  the 
influence of the hybridization remains negligible in the direct population changes 
induced in XPS and BIS. This is an obvious consequence of the large energy 
(compared to A) separating the 4f ° and 4f 1 configurations as it is already correctly 
predicted by the simple model (see figs. 20 and 21). Even in LaF 3 and La20  a with 
larger A values, the initial 4f I population nf is well below 0.1 and in the model 
calculation of the photoemission spectra its contribution can be barely discerned. 
The f-structures observed in the BIS spectra have been shaded in order to 
distinguish them from the population of extended states. Besides strong variations of 
the width, attributable to the lifetime broadening and to the different instrumental 
resolutions, the model calculation traces the f-contributions of the BIS spectra very 
well. 

The situation becomes more interesting in CeO2, where the uncoupled f0 and f l 
energies are very close (see figs. 20 and 21 for the simple model around sf = 0). This 
proximity and the large value of A give rise to a sizable mixing of fl with fo states 
responsible for the important  initial 4f population n« ~ 0.5. This 4f I admixture to 
the valence band  cannot be distinguished in the total XPS spectrum, but will be 
reflected in the core spectra. The BIS spectrum is dominated by the 4f 1 peak, 
whereas the broad 4f 2 final stares mixed with conduction band states, are embedded 
into the signal originating from extended states and the background. A more 
detailed discussion can be found in section 6.2.4. 

The XPS 3d core-level excitations displayed in fig. 23b contain many uncon- 
ventional aspects. They can be easily understood by considering the initial-state 
situation described previously, the uncoupled final-state positions obtained with the 
parameters given in table 2 (fig. 19b) and the evolution of the spectra as a function 
of e,f in the 'poor man's calculation' (figs. 20 and 22). F rom Ba to La, the initial-state 
mixing is negligible and the ground state configuration is nearly pure 4f °. The 
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Fig. 23a. Calculated and measured outer-level excitation spectra. In the uncoupled S(Et) (see fig. 19), the 
amplitude of the valence and conduction bands is chosen proportional to the hybridization parameters. 
In the calculation of the f-spectra with coupling, a Gaussian instrumental broadening of 0.4eV FWHM 
has been included. The experimental spectra have been taken from the following works. XPS: Ba (Hüfner 
and Steiner 1985); LaF 3 (Sato 1976); La203, La (Schneider et al. 1985); CeO 2 (Wuilloud et al. 1984b). 
BIS: Ba (Riehle 1978); LaF 3 (Motais et al. 1984); La203, La (Schneider et al. 1985); CeO 2 (Wuilloud et al. 
1984b). The origin of the total-energy scale is the Fermi energy in metals and the upper valence band edge 
in insulators. The f contribution corresponds to the hatched areas. 

p resence  of  a c o r e  hole  decreases  d r a m a t i c a l l y  t he  t o t a l - ene rgy  difference b e t w e e n  

the  4f x a n d  4f  ° c o n f i g u r a t i o n s  so tha t  a f ina l -s ta te  m i x i n g  b e c o m e s  possible .  I n  Ba 

m e t a l  the  va lue  of  A is still t o o  smal l  to  induce  a de t ec t ab l e  hyb r id i za t i on  and  the  

m o d e l  p red ic t s  a s imple  L o r e n t z i a n  shape.  T h e  X P S  3d lines con f i rm  this  expec-  

t a t i o n  since the  p r o n o u n c e d  a s y m m e t r y  is due  to  e l e c t r o n - h o l e  pa i r  exc i t a t ions  n o t  

i nc luded  in the  m o d e l  and  the smal l  satel l i te  can  be ident i f ied  wi th  a p l a s m o n  
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Fig. 23b. Calculated and measured 3d core-excitation spectra. In the spectra with coupling the s o l i d  

curves correspond to XPS and the dotted curves to EELS. The calculated spectra have been convoluted 
by a Lorentzian of 1.2eV F W H M  to include lifetime broadening. The  total energy of the core hole ec has 
been subtracted. The experimental spectra have been taken from the following works. XPS: Ba (Hüfner 
and Steiner 1985); La F  3 (Suzuki et al. 1974); La203,  La (Schneider et al. 1985); CeO 2 (Wuilloud et al. 
1984b). EELS: Ba (Kariski and Wendin 1981); La2Oa, La (Schneider et al. 1985); CeO 2 (Wuilloud et al. 
1984b). The XPS and EELS spectra have a common energy scale and the centers of gravity of the EELS 
final states are indicated by arrows in the corresponding XPS and EELS spectra (Schneider et al. 1985). 

excitation (Ley et al. 1980). In the insulator LaF3, the value of the hybridization 
parameter A is now 0.6 eV and the resultant final state mixing is responsible for the 
two peaks predicted and observed in the 3d core-level spectrum. In this case an 
identification of the two structures with different integral 4f populations is dubious 
and only the more intense one has a clearly dominant 4f ° component. In La203,  the 
order of the f~ and fo uncoupled final-state positions is inverted (for the simple 
model in fig. 20: ~~ = sf + Ufc ~ leV (LaF3) and ~~ -- ef + Ufo ~ - 1 . 3 e V  (La203))  
and the value of d is large again. The consequence is a splitting of the core-hole 
final state into two components of nearly equal intensities (see also fig. 22 between 
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10eV > ef > 6eV) as observed in many studies (J0rgensen and Berthou 1972, 
Signorelli and Hayes 1973, Suzuki et al. 1974, Burroughs et al. 1976, Fuggle et al. 
1980, Mullica et al. 1985). Each of them is formed by a mixing of the two 
configurations fo and f~ in a ratio of approximately one to one and their separation 
is mainly determined by A. Furthermore, the analysis of the model calculation 
shows that in fact the excitafion spectrum does not consist of two neighbour peaks, 
but corresponds to a continuous intensity distribution reflecting excitations through 
the whole bandwidth. L a 2 0  3 provides one typical example demonstrating that the 
traditional interpretation of each peak in terms of pure atomic configurations is 
completely in error. 

It is gratifying to note that the evolution of the different excitation spectra of the 
La compounds with F, O, C1 and Br (Signorelli and Hayes 1973, Suzuki et al. 1974) 
is also welt accounted for by the model calcutation which appears to provide a 
sound and unified description of the La 'satellites'. 

In La metal, the fo and  f~ energies are not quite as close and A is small. Since the 
initial 4f 1 population is negligible (ne = 0.01) and the conditions for a final-state 
mixing are not favourable, the excitation spectrum contains essentially a leading fo 
peak accompanied by a weak f~ satellite. In this case nearly pure fmal-state 
configurations are realized. It is interesting to notice that from the fo initial state, the 
matrix element obtained in the sudden approximation for a core electron photo- 
emission provides practically no intensity to the f2 final state. Despite the fact that 
two configurations f2 and fo are nearly degenerate, no direct hybridization be- 
tween states with f-count differences larger than one can take place; 

Finally, in CeO 2 the relative positions of the uncoupled energies of the different f" 
configurations in the ground state are drastically modified when a core hole is 
created, fo has now the highest energy and is well separated from f~ and f2 (see also 
fig. 20 for e~ = e f -  Ur~ ~ - 1 0 e V  and fig. 22 for ef ~ 0eV). For  this reason it 
cannot hybridize and consequently appears as a simple isolated peak with a large 
intensity accounting for the important fo character of the initial state. The two close 
f~ and f2 configurations together with band excitations form a strongly mixed final 
state continuum dominated by two leading peaks. The observation of a large 
intensity for states of this nature is a consequence of the initial 4fl-character of the 
valence states which is in this way indirectly demonstrated. For  all these 3d core- 
tevel spectra, the agreement between the model calculation and each spin-orbit split 
component of the XPS spectra is striking. 

6.2.3. Materials with 4f 1 ground-state configuration in the uncoupled scheme 
In figs. 24a and b the outer and core level excitation spectra for CeCo2, CeN, a- 

Ce and T-Ce are presented, respectively. They have been selected and displayed 
vertically according to increasing f-occupation nf in the ground state. The common 
property of these materials is the 4f 1 configuration of their uncoupled ground state, 
obtained from the best fit of the model calculation to the experimental spectra. For  
these materials, the total energy is larger in both the 4f ° (electron subtraction) and 
in the 4f 2 (electron addition) configuration. The uncoupled fo and fx total energy 
positions are not far from degeneracy allowing for a mixing of these two con- 
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figurations when the coupling strength A becomes sizable (see also fig. 20, e« ~ 0). 
The XPS excitations are a mixture of f0 and fl configurations producing a 
continuum of states with a characteristic two-peak intensity distribution (u- and y- 
Ce: (Märtensson et al. 1982a, Wieliczka et al. 1982)). In an early study these two 
peaks have been identified with f0 and fl configurations (Hüfner and Steiner 1982), 
an intuitive assignment which ignores the mixing. The BIS excitations show 
essentially two peaks corresponding roughly to the energy positions of the fl and f2 
configurations in the uncoupled S(Et). With decreasing coupling strength A of/and 
increasing total energy separation between f0 and fx configurations, the limit of a 
localized 4f I state (nr ~ 1) is approached and the outer level spectra are expected to 
become more atomic-like (see section 4). This trend is illustrated by the combined 
XPS-BIS spectrum of 7-Ce where most of the spectral weight is found at the 
uncoupled f0 and f2 energy positions. The interesting case of CeN will be discussed 
in section 6.2.4. 

The creation of a core hole in these materials raises the total energy of the initial 
4f ° stare by e« Then, for the values of Ufc and Uff given in table 2, orte can find 
easily with the help of fig. 19b the uncoupled final-state positions of the relevant 4f 
configurations displayed in fig. 24b (see also fig. 20, e~ ~ - 1 0 e V  and fig. 22 
(0 < ef < -2eV)) .  This situation is essentially similar to the one in C e O  2 (section 
6.2.2). With decreasing hybridization the mixing between fl  and f~ final states 
becomes weaker and the intensity of the structure at lowest total energy decreases. 
As a consequence of the large energy separation (compared to A), the fo final state 
remains essentially p u r e  and its intensity evolution reflects rather weil the fo 
population (1 - nf) of the different ground states. On the other hand, one should 
notice tha t  the intensities of the two structures resulting from the 1 2 fc-fc mixing in 
core level spectra are by no means representative of fa and f2 ground stare 
populations. 

The outer and core level excitations for these materials with uncoupled 4f ~ ground 
state configurations are very well described by the GS model. The two conditions 
necessary for the observation of unconventional excitation spectra are encountered: 
two nearly degenerate configurations and a sizable coupling of the f with the band 
states. 

6.2.4. Band gap shrinking and f -p  hybridization 
It is interesting to compare GS-model calculations with spectroscopic results of 

materials where the 4f state interacts with a band originating from p states (Croft 
et al. 1981a, Franciosi et al. 1981). This symmetry offers more freedom than d states to 
vary strongly the density of the extended states in the energy range of the 4f 
excitations. Wuilloud et al. (1985) have investigated the sequence CeO2, CeN and 
CeSi2, where the band gap shrinks from 6eV to ~0eV.  The joined XPS and BIS 
spectra shown in fig. 25 display the outer level excitations of these materials. For  
C e O  2 the spectra have been analyzed with a GS model which has been adapted to 
insulators (see section 6.2.1) (Wuilloud et al. 1984b). This study has provided an 
unquestionable demonstration that an important participation of f-character 
(nr ~ 0.5) is involved in the extended states of predominantly p-symmetry. The fact 
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Fig. 24a. Calculated and measured outer-level excitation spectra (see caption of fig. 23a). The experimen- 
tal spectra have been taken from the following works.  XPS: C e C o  2 (Schneider et al. 1985); CeN 
(Wuilloud et al. 1985); a- and  T-Ce (Märtensson et al. 1982a); BIS: CeCo z (Schneider et al. 1985); CeN 
(Wui l loud  et al. 1985); a-  and 7-Ce (Wuilloud et al. 1983). 

that C e O  2 is an insulator constrains this ground state mixing to occur within the full 
valence band, which must accomodate this f-admixture of extended nature. This 
contribution does not exhaust all the available 4f 1 states so that another type of 4f 1 
stares is found at higher single-particle energies, in the range where the extended 
states are forbidden (band gap of the extended states). For this reason the p- f  mixing 
remains small in the gap where nearly pure 4f ~ states are formed. The agreement of 
this description resulting from the impurity calculation with a band calculation 
(Koelling et al. 1983) is gratifying. These results settle a long standing controversy 
regarding the Ce valence in CeO 2 (Bauchspiess et al. 1981, Wachter 1982, Fujimori 
1983). In terms of the valence definition given in section 7.1 the Ce atoms in CeO 2 
are tetravalent, since no atomic-like localized 4f state is occupied and the four outer 
electrons are involved in the chemical bond resulting from an admixture of 
hybridized p--f and p-d states. Also see comments  in chapter 71, section 14 of this 
volume. 

In CeN only three electrons of the Ce atoms are necessary to complete the p-band 
of N. For this reason the p-f  mixing remains small, despite the rather important 
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Fig. 24b. Calculated and measured 3d core-excitation spectra (see caption of fig. 23b). The experimental 
spectra have been taken from the following works. XPS: CeCo 2 (Schneider et al. 1985); CeN (Baer and 
Zürcher 1977); ~- and 7-Ce (Wuilloud et al. 1983). EELS: CeCo 2 (Schneider et al. 1985); CeN (Wuilloud 
et al. 1985); et- and 7-Ce (Wuilloud et al. 1983); (Schneider et al. 1985). 

coupling parameter Zlfp = 0.2eV (see fig. 24a and table 2) and the small energy 
difference between the uncoupled fo and fl configurations. This situation is reflected 
in the calculated spectra by the fact that only little f-intensity is spread over the p 
band. In the XPS spectra of fig. 25, by extrapolation the upper valence band edge is 
found to be located about 1 .5er  below EF, so that a narrower band gap than in CeO 2 
is formed. In the uncoupled scheme the fl total energy is about at the bottom of the 
conduction band (labelled 'cond') so that the coupling A r .... « = 0.1 eV produces the 
metallic state. This description is dictated by the choice of parameters producing the 
best agreement of the many-body calculation with the 4f and core excitations. In 
fact, recent high-resolution UPS spectra (20meV) (Patthey et al. 1986a) reveaI a 
narrow band in the immediate vicinity of E v (see section 7.2). This result is in 
agreement with an ab initio supercell band-structure calculation for CeN (Norman 
et al. 1985a,b), where also an f-occupancy nf ~ 0.8 is obtained. Moreover, it is 
concluded from this calculation that the additional peak observed at I eV in an 
earlier work (Gudat et al. 1981) and interpreted as a surface-shifted 4f peak is a 
consequence of surface substoichiometry and not of a surface shift. The measure- 
ments of Patthey et al. (1986a) fully confirm this prediction. 
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Fig. 25. Combined XPS-BIS spectra of CeO2, CeN and CeSi2. The extrapolated upper valence band 
edges are indicated by the dashed lines (Wuilloud et al. 1985). 

In CeSi 2 the estimation of the upper p-band edge (dashed line in fig. 25) indicates 
that this compound looks rather like a semimetal with the 4f 1 state squeezed in the 
DOS minimum between the conduction and the valence band. The fit of the many- 
body calculation to the spectra (Wuilloud et al. 1985) (see table 2) yields practically 
the same coupling energies between 4f and band states as those found for CeN. 
However, in this case er is found to be located at higher total energy than in CeN. It 
results that besides the high 4f 1 intensity at E v a sizable f-admixture spread through 
the p band is predicted by the calculation. The measured and computed spectra 
corresponding to the addition of a 4f electron (BIS) reflect also clearly that Ce in 
CeSi2 is not rar from the trivalence. This conclusion is confirmed by the occurrence 
of magnetic transitions for compositions with Si deficiency (Satoh et al. 1981, 
Dijkman et al. 1982). In this respect the situation is very similar to the observations 
made in the CePd3 Bx series, where increasing boron concentration produces the 
appearance of magnetic moments (Dhar et al. 1981, Wuilloud et al. 1984a). 

The spectra analysis within a single-impurity approach including in separate 
terms the f-mixing with valence and conduction bands appears to be very successful 
for these materials. 
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6.2.5. E E L S  versus X P S  core level spectra 

For EELS processes in the intermediate energy range it is established that the 
3d ~ 5d single particle matrix elements are negligible when compared to those 
determining the intensity of the 3d -~ 4f transitions (see section 4.4). For  this reason 
within the sudden approximation, the EELS many-body matrix element cor- 
responds to the BIS matrix element (eq. (19)) in which an annihilation operator for 
a core state has been inserted. This is quite different from the XPS transitions where 
a high-energy free electron is created. The important consequences of this difference 
in the core level spectra can be easily understood schematically by considering 
the two types of transitions within the simplified framework of the Hamiltonian 
without hopping terms: a f" initial state is projected only on a f~" final state in XPS 
and only on a fù+l final state in EELS. The introduction of the coupling terms 
does not change very much from this situation for EELS processes where the initial 
configuration has a nearly integral population f": this 3d--+ 4f electron transition 
between atomic orbitals leaves the valence electrons practically undisturbed so that 
a nearly pure f~+l state having approximately the correct frozen energy (eq. (10)) is 
formed. On the other hand, for fractional f-occupations, final-state mixing will 
necessarily take place in EELS. The situation is quite different for XPS processes 
where the frozen final state energy usually does not correspond to any eigenenergy 
in the presence of a core hole. In this case, different final eigenstates must be realized 
in order to produce the correct mean energy required by the sudden approximation 
(eq. (10)). 

The EELS spectra referenced to the primary beam energy provide a straightfor- 
ward measure of the energy involved in the transitions. As discussed in section 6.2.1, 
a common total energy scale for XPS and EELS is simply obtained by a calibration. 
The computed XPS (full line) and EELS (dotted line) spectra are shown together 
with the measured ones in figs. 23b and 24b. The multiplet splitting, particularly 
important in EELS (Netzer et al. 1983, Matthew et al. 1983, Moser et al. 1984) 
(chapter 72 of this volume) has not been incorporated into the calculation. In order 
to make the comparis0n easier, the centers of gravity of the EELS final states have 
been calculated and their positions are indicated by arrows in the corresponding 
XPS and EELS spectra. 

The agreement between calculated and measured relative energy positions is 
striking. It is particularly enjoyable to observe that the calculated crossing of f~ and 
fo uncoupled positions in the sequence Ba, La203,  La is fully confirmed by the 
experiment. The fact that the EELS final-state position in La 2 0 3 is near the center 
of gravity of the XPS excitations demonstrates the different character of the 
corresponding final states. 

A weak satellite present in the calculated spectra for fractional occupation in 
EELS is also clearly visible in C e O  2 and (less prominent) in CeCo 2. In addition, the 
observed EELS structures for these systems differ from the characteristic multiplets 
corresponding to nearly integral f l o r  f2 final-state populations (Matthew et al. 
1983, Moser et al. 1984, Kaindl et al. 1985). These facts reflect in the final state the 
consequences of the initial-state mixing. However, in order to analyze this mixing 
quantitatively a GS calculation including multiplet splitting is needed. 
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6.2.6. Ll1,II1 absorption edges versus X P S  core levels 
In first approximation, the 2p - ,  5d photoabsorption processes involved in Lu. m 

absorption edges can be considered as identical to those occurring in the XPS 
ionization of any deep core level (see section 4.3). The dipole selection rules offer to 
the excited electron only the possibility to occupy an extended M band state. As the 
Hamiltonian considered for such processes does not contain Coulomb correlation 
energies between band and localized electrons, the excitation process is the same as 
the one for XPS core spectroscopy (Delley and Beck 1985). The analogy with a XPS 
process becomes obvious: for one particular transition the sudden approximation 
matrix element is identical to the one for the XPS transition of energy (hv - e) and 
spectral weight pXpS(hv - e). This is precisely the intensity of deep core level spectra, 
e.g. 3d excitations, computed with the model calculation and shown in figs. 24b and 
25b. Then, the total absorption for all possible transitions at the photon energy hv is 
given by the convolution (Delley and Beck 1985, Schneider et al. 1985) 

p XAS,hv ~ = f d  W2(~) pXPS(hv - ~). (20) p~d[ ] E 

In order to define the XAS spectra on the common energy scale of the other core 
level spectroscopies, it has to be represented as a function of hv - ~« This expression 
obtained for the Ln,u~ edges is nothing else than a XPS core level spectrum washed 
out by the convolution with the function W2(e) taking into account the dipole 
matrix element for absorption and the single-partiele density of states. For  the 
calculation, the details of the energy dependence of W 2 are ignored and a smooth 

form W2(~) = ~ e - ~ / ~ ,  with an adjustable parameter 2 is assumed. 
Figure 26 shows a comparison between the measured (Rao et al. 1981) and 

ealculated Lùj edge of CeCo 2. The model calculation of the 3d XPS core level 
spectrum presented in fig. 24b and the funetion W 2 (~) with 2 = 7 eV have been used 
for this computation. The three distinct peaks in the XPS spectrum can be 
recognized as attenuated and broadened structures in the L-edge spectrum. In view 
of the approximations made in the model, the overall agreement in positions and 
intensities between the calculated and measured spectral features is surprisingly 
good. Similar comparisons attempted for L a 2 0  », CeO 2, c¢-Ce and 7-Ce are less 
satisfactory hut they still confirm that this model is a correct first approximation. 
Obviously the real form of W2(~) and other possible interactions of the excited 
electrons with the ionized atom have to be taken into account. 

Quite orten in such systems (for example, Wohlleben and Röhler (1984), and see 
chapter 71), the L1~,H~edges have been analyzed as if they were formed of overlapping 
Lorentzian lines and their intensity ratlos were considered to reflect directly the 
eonfiguration mixing in the initial state. Within the GS formalism discussed in this 
section, it is not possible to find any sound foundation for such an analysis. 

6.3. Heavy  lanthanide materials 

With increasing atomic number the maximum of the 4f radial charge density 
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Fig. 26. Calculated and measured Lli I absorption 
edge for CeCo 2. The calculated edge is obtained by 
convolution of the XPS 3d»j z core spectrum shown 
in fig. 24b with the function W2(e)= x/ee -~/~. The 
total energy of the core hole e c has been subtracted. 
The experimental spectrum was taken from the work 
of Rao et al. (1981) (Schneider et al. 1985). 

moves closer to the nucleus (see fig. 5) reducing the overlap with the outer electron 
states of neighbour atoms (figs. 1 and 2). For this reason hybridization effects 
between f and band stares are expected to become progressively weaker when 
proceeding from Ce to Yb. These considerations appear to favour a purely atomic 
description of the 4f stares at least in Yb and its compounds. Trivalent Yb, with its 
4f 13 configuration corresponding to one hole in the f shell has a remarkable 
symmetry with trivalent Ce where one electron occupies the f shell. This situation 
has been analyzed within the single-impurity Anderson model by Bickers et al. 
(1985). Assuming a 30~o smaller hybridization parameter than for y-Ce they obtain 
outer level excitation spectra for Yb which, apart from the larger 4f-spin-orbit 
splitting, show a striking symmetry to those of y-Ce. This remarkable prediction of 
hybridization effects in Yb systems needs to be confirmed experimentally. For the 
remaining lanthanides, excepted 4f 7 systems like E u  2+ (Andrei and Destri 1984, 
Tsvelick and Wiegmann 1984), many-body calculations are presently not available 
This situation is certainly due to the fact that such computations would have to 
include the complex multiplet structure of the 4f states. 

At the present time the electron-spectroscopic manifestations of 4f-hybridization 
in heavy lanthanide materials are scarce. (The so-called valence fluctuating com- 
pounds containing the elements Sm, Eu, Tm or Yb are discarded hefe (see section 
7.3).) Nevertheless, indications for a coupling of the f states with band states have 
been found in materials where the Eu atoms, according to Mössbauer spectroscopy 
and the magnetic susceptibility, are in the divalent 4f v configuration. The XPS 3d 
core level spectra of a few systems, like Eu metal, EuAI2, EuCu», EuAg» (Schneider 
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et al. 1981, Laubschat et at. 1983) and EuPd2P 2 (Wertheim et al. 1985) exhibit a 
splitting of each spin-orbit component quite similar to the one found in La 
compounds. Also the LIù edges in EuPd2P 2 (Sampathkumaran et al. 1985) and in 
Eu(Pd 1 _ xAux)2  Si 2 (Abd-Elmeguid et al. 1985) display an edge structure reminiscent 
of the one observed for CeCo 2. Clearly, these experimental findings call for a 
thorough theoreticat analysis within the impurity model in order to quantify the 
mixing of the different f configurations involved. In particular situations it appears 
that the 4f states of the heavy tanthanides require a description going beyond the 
atomic-like approach. 

7. Unconventional behaviour induced by the 4f-hybridization 

7.1. Breakdown ofthe conventional concept of valence 

Hybridization is one of the most important mechanisms responsible for the 
stability of solids and molecules. The cohesion of lanthanide atoms in solids is 
mainly determined by the 5d and 6s states while the 4f states play essentially the role 
of core states but also contribute very weakly to the stability of the bond by the 
overlap of their wave function tails with the band wave functions of neighbour 
atoms. This situation cannot be classified according to the conventional chemical 
concepts, even if one could find a rigorous and unique definition of the valence 
(Coulson 1961). This fact is the origin of a dramatically confusing situation in the 
field of the spectroscopies since often the authors choose a particular name like 
fractional valence, intermediate valence, mixed valence, valence fluctuation, ambival- 
ence, etc., to characterize unconventional situations without attempting to describe 
the nature of the observed states. For  the purpose of clarifying the following 
discussion we define the valence of a lanthanide atom as the number of electrons 
supplied by this atom to the bond. In the atomic limit (section 4), the 4f electrons 
have clearly not to be considered and the valence is an integral number. The 
difficulty arises when a small hut sizable hybridization involves the 4f states into a 
metallic bond (section 6). In order to be consistent with our previous definition of 
the valence, one should include them in the valence electron count. This is not 
satisfactory since in first approximation they can be considered as core states in 
valence band calculations. For this reason the valence is no longer a meaningful 
quantitative concept for characterizing a weak hybridization and it is wise to refrain 
from assigning to it any precise numerical value. At the present time we believe that 
the best description of such a situation is provided by the parameters entering the 
Anderson impurity model used to analyze the spectroscopic results. One must be 
aware that for a finite hybridization, the initial 4f population nf obtained from the 
GS model does not open the possibility to introduce some new concept of valence. 
On the other hand, insulators yield a clear-cut situation where the projected f- 
symmetry states of the full valence band with integral population are separated by 
an energy gap from the atomic-like 4f states. In the example of CeO 2 presented in 
section 6.2.4, the Ce atoms are tetravalent according to out definition. Finally in 
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metals an extreme situation can occur in the 4f localization limit when two nearly 
degenerate configurations with integral f-counts are so weakly coupled that the 
characteristic probing time of different methods appears to be an important factor 
determining the aspect of the electronic structure which is revealed (Gonqalves da 
Silva and Falicov 1976, section 7.3). 

The incredible accumulation of experimental and theoretical studies devoted to 
the elucidation of this weak hybridization problem demonstrates the complexity and 
diversity of the resulting manifestations. Most recent experimental facts and de- 
)elopments on the subject can be found in the reviews of Lawrence et al. (1981) and 
Stewart (1984) and a comprehensive sketch of the theoretical issues has been given 
by Varma (1985). It is not the purpose of the following sections to discuss 
thoroughly these many-body effects but just to investigate which aspects can be 
revealed by high-energy spectroscopies. No attempt will be made in the data 
analysis to go beyond the Anderson single-impurity model which neglects the 
interaction between 4f states on neighbour atoms and the influence of finite 
temperatures. It appears that even when it is used abusively, this model has the 
virtue to simulate correctly the intensity distribution observed in the different types 
of spectra, 

7.2. The induced metallic 4f-character 

The strongest 4f-hybridization effects occur in the light lanthanides and so rar the 
GS analysis of the etectron spectroscopy excitations could only be performed in La 
and Ce systems. The parameters characterizing the electronic structure in the single- 
impurity model are extracted rather safely from comparison with experimental 
spectra (section 6.2) and in a sense one can consider that the problem has been 
completely solved within this framework. Despite the many-body nature of this 
approach, it is worth to proceed to a more detailed analysis of the basis states used 
in this model. In metallic systems it appears that the low-energy excitations in a very 
narrow energy range above the ground state have a behaviour reminiscent of 
extended single-particle states. This fact can be intuitively anticipated from the 
hybridization of band states with the f states which consequently have no longer an 
integral occupation and have acquired some itinerant character weakening their 
atomic nature. 

In the GS model, the first order N-electron ground stare of energy E 0 is of the 
form given by Varma and Yafet (1976): 

0 
g l  

-- %10) + ~de 'ao(e ' ) le ' ) .  (21) I~o) 
t /  

- B  

It is an expansion in the basis function 10) formed of all occupied band states and in 
the continuum of basis functions le') formed of the occupied band with one hole and 
one 4f electron. From the parameters entering the GS model, one can calculate 
the energy lowering ~ which results from the hybridization of the 4f states with 
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band states (Gunnarsson and Schönhammer 1983b, appendix c). We shall see 
that 6 defines the relevant energy scale for the metallic-tike f excitations of the 
system. 

The final state of energy E created by the photoemission process can be written in a 
similar form: 

0 

Jq~)/~) = ae(e)leß) + 1 de' a~(e'e)le'el~). (22) 
I , /  
- B  

It is again an expansion in two types of basis functions: (i) the function le#), 
characterized by the quantum number/~, represents the band with òne hole at e and 
no  f electron; (ii) the continuous set of functions le'e/~), each of them representing the 
band with two holes at e' and e and one f electron. For  fixed values of # and e, all 
sets of final eigenstates have the same structure as a function of E: they contain a 
lowest state (split-off state, labelled s) separated from a continuum of states by an 
energy gap of width equal to the energy lowering 6 introduced previously. The f- 
dipole matrix element of the photoemission process couples exclusively le) with 
reß). If onty the split-off final states are considered, the coefficients a)(e) are constant 
so that the corresponding f-spectral density f Ps (E) is simply proportional a~ (~). As 
already mentioned in section 2.4, for metals the ground-state energy coincides with 
the origin of the excitation spectrum which is also the Fermi energy (E o = Ev = O) 
(see figs. 3, 7, 19). The lowest photoemission final state corresponds to one hole at 
Ev (e = 0) and therefore is identical to the initial ground state. For  the other split-off 
states it can be shown that ~ = E. Within the narrow energy fange 0 --< e ~< 6 above 
ÆF, only transitions to the split-off final state can occur and the corresponding f- 
spectral density is given by p~ = (1 - n0aô(e ). It reflects directly the weight of the 
basis states le) in the ground state of, in other words, the weight of the f-character 
mixed to the band states as a function of the energy e. This quantity can be 
anticipated to be related to the f-projected DOS which would result from a ground 
state calculation including f-symmetry states. It can be identified with the adiabatic 
band-like part of the f-photoemission spectrum as discussed in section 2.4. The f- 
photoemission spectrum formed exclusively of the split-off states within 6 has a 
metallic character in the sense that, as in a single particle approach to metallic band 
excitations, a population variation is possible at E v for an infinitesimal total energy 
variation (Janak 1978) and all final states contain the same f population as the initial 
state. The shape of p~(e) ,~ a~(e) which is pinned at E v can be simply understood 
when starting from the uncoupled situation represented in fig. 19 (section 6.1). In 
addition to the energy increase resulting from the decrease of the f-count, the 
hybridization requires the energy involved in the formation of a band hole in the 
basis states Is) containing one f electron (eq. (21)). The variational calculation of the 
ground state shows that the total energy lowering resulting from the mixing terms 
overcomes these two penalties. It is obvious that this is only possible if the weight 
aô(e) of Is) is maximum at e = EF = 0 and decreases very rapidly within 6 towards 
higher energies. If the total f-spectral density is normalized to nf, the calculation 
yields for the maximum value of f • f ps(Er) = ps(e). (n2rc)/(Nf3) and for its weight: 
nr(1 - nf), which is mainly confined within 6, 
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The final states different from the split-off states have no close relationship to the 
initial state, they form a continuum starting at the energy 6 above the ground stare. 
They result from the high f correlation and for increasing energy they contain a 
lower f population, i.e., a more pronounced f-hole character (Allen 1985). In the limit 
of A --, 0 (nr ~ 1) this continuum of excited states transforms into the single peak 4f ° 
and the metallic peak (pf(e)) located at E v vanishes, as expected in the atomic-like 
situation. It is interesting to notice that this description of the f-excitation spectra 
makes conspicious striking similarities with the photoemission spectra of correlated 
band states (see section 2.4) as for example in Ni (Treglia et al. 1980a), despite the 
different nature of these two systems. 

The existence of two types of excited final stares in photoemission spectra of Ce 
systems has been often identified as two peaks. However, the current resolution of 
photoemission ( ~  100meV) is at least a factor 10 too large to allow a valuable test 
of the low-energy metallic excitations of f-character which are responsible for 
unconventional manifestations in the quasi ground state properties of such systems 
at low temperatures (specific heat, magnetic properties, transport properties). It is a 
fundamental challenge for the electron spectroscopies to resolve the details of the 
fine structures near E v predicted by the GS model. In a recent photoemission study 
of « - a nd  7-Ce devoted to this problem with an insufficient resolution (Wieliczka et 
al. 1984), the situation has not been appreciated correctly and the conclusions of this 
work appear to be not reliable. With the He I and He II resonance lines produced in 
a commercial discharge lamp and an electron spectrometer carefully tuned, a total 
instrumental resolution of 20 meV could be recently achieved (Patthey et al. 1985). 
With these improved experimental conditions the c~- and 7-phases of Ce have been 
investigated at low temperature. Figure 27 shows in the energy range of 600 meV 
below E v for each phase the two photoemission spectra recorded with 40.8eV and 
21.1 eV photon energy. They have been weighted and subtracted from each other in 
order to isolate as well as possible the f contribution. The new feature observed at 
high resolution is the existence of two closely spaced peaks, one at Er,  the other orte 
at 280meV. This is precisely the energy separation of the 4f7/z and 4f5/z levels in 
atomic Ce. In fact these stares are not resulting from the same excitation mechanism 
(section 4.2) as the multiplets observed in the atomic limit. They account for the fl 
screened many-body response of the hybridized states to the emission of one 
electron from the metallic f-peak. A first order GS model calculation has been 
performed (Patthey et al. 1985) where the spin--orbit interaction is included and the 
parameters are chosen in order to obtain the best agreement with many different 

spectroscopic results (Schneider et al. 1985). The essential result is that a modest 
3070 increase of 3 from 82meV to 105meV accounts correctly for all changes 
observed in the different spectra upon the 7 -~ a transition. The calculation yields for 
6 the values of 5meV for 7-Ce and 26meV for c~-Ce. The contribution pfs(e) of the 
split-off final states has been extracted from the calculation and convoluted with a 
Lorentzian in order to simulate the instrumental broadening and to account 
tentatively for the influence of the temperature. It is represented in fig. 27 by the 
curves defining the hatched area which are 270 and 1270 of the total  f-spectral weight 
in 7-Ce and ct-Ce respectively. The good agreement between experimental and 
calculated f contributions to the photoemission spectra shown in fig. 27 establishes 
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Fig. 27. Curves (a) and (b): Photoemission spectra of «- and y-Ce within 600meV below E F. Curve 
(a) - (b): difference of weighted spectra (a) and (b) for the same phase. Full curve: OS calculation. The 
curves defining the hatched areas correspond to p~(e) convoluted with a Lorentzian (see text), (Patthey et 
al. 1985). 

the validity of this approach and demonstrates that high-energy photoemission is 
adapted to probe the crucial low-energy range of excitations closely related to the 
ground stare. 

When the initial f population nf is very close to one in Ce systems (spin- 
fluctuation limit), 6/k~ = T K is called Kondo temperature and p~(e) 
within 6 Kondo peak (Gunnarsson and Schönhammer 1983a,b). Early attempts 
have been made to estimate the Kondo temperature by using the parameters of 
the Anderson Hamiltonian extracted from photoemission data (Allen et al. 1981, 
Croft et al. 1981b). The situation is particularly interesting in metallic Ce systems 
where nr ~ 1 when a weak hybridization produces a sufficiently small value of 5 so 
that at E v the maximum of the f-excitation spectrum p~(EF) = ( n 2 r c / N f A ) d o m i n a t e s  
largely the intensity originating from states of other symmetries, while the relative 
weight ( 1 -  nr) of the split-off final states confined within 6 remains sizable in 
photoemission spectra. The approach of this problem within the GS model has the 
drawback to be only valid at T = 0 and no attempt has been made to include in it 
the temperature. However, one can anticipate that when T increases and becomes 
larger than T K, the population of the singlet ground state (eq. (21)) decreases to the 
benefit of the triplet excited states. For this reason the Kondo peak intensity is 
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expected to be gradually transferred to the more atomic-like final states. A con- 
firmation of this behaviour is given by calculations performed within other for- 
malisms which are also based on the Anderson impurity model (Grewe 1984, 
Schlottmann 1984, chapter 64). For  the analysis of the photoemission spectrum of 
«-Ce (fig. 27) obtained at 10K, this is not a problem since T 4.. TK but the measure- 
ment of 7-Ce had to be performed at 150 K which is clearly larger than the deduced 
TK = 60 K. In this case, the excellent simulation of the spectra by the GS model is 
surprising and one should be able to show that it still provides approximately a 
correct description of the spectra for effective parameters depending on the 
temperature. 

It is very interesting to investigate with electron spectroscopies the consequences 
of the extreme conditions zl 4. er in other Ce systems like CeA13, C e C u  2 Si 2 or  C e C u  6 

for which the low temperature range is accessible. These eompounds show dramati- 
cally large values of the magnetic susceptibility and of the linear coefficient of the 
specific heat. These exotic properties can be äccounted for formally by using free- 
electron expressions with masses which need to be renormalized by factors which 
can exceed 100. No attempt will be made here to describe the excitement that this 
discovery of heavy-fermion systems has raised in the scientific community. We shall 
simply remain within the single-impurity model yielding already a qualitative 
prediction for the extremely high density of low-energy excitations which are 
responsible for the anomalous single-particle-like behaviour. 

An electron spectroscopy study of C e C u  6 has been recently performed (Patthey et 
al. 1986b) in order to characterize the states responsible for the heavy-electron 
manifestations observed in this compound. At first sight the different types of spectra 
show the purest feature of a 4f a ground state ever observed in Ce systems. In fig. 28 
the high-resolution (20meV)UPS spectrum excited with He II radiation at 15K 
reveals no intensity enhancement in the 100meV below Ev and only the  4fr/2 final- 
state excitation is observed. The GS analysis has been performed for the different 
types of spectra and in this extreme situation it allows us only to obtain the limit 
( 1 -  nr)<0.005,  corresponding to the energy lowering ~ ~ lmeV. The relative 
weight of the Kondo peak in the total 4f-photoemission spectrum is therefore of the 
order of 0.5~o and, even if it is not already washed out at a temperature of the order 
of T~ (Grewe 1984, chapter 64 of this volume), it cannot show up in a measurement 
performed with a resolution of 20meV. In fig. 28b, this situation is clearly illustrated 
by the GS calculation convoluted with a Lorentzian line of width corresponding to 
the instrumental broadening and superimposed on a constant intensity (dashed line) 
assumed to account for the other states forming the bands in C e C u  6. As shown in 
the inset of fig. 28, even if it is recorded with the extreme resolution of 12meV, the 
UPS spectrum does not contain the weakest indication of an intensity enhancement 
at Ev attributable to the Kondo peak. In the BIS spectrum (not shown here) the 
relative intensity of the Kondo peak probed by electron addition is expected to be 
roughly 13 times stronger than in the photoemission spectrum. Since the rather pure 
f2 final states are observed in the experimental spectrum, the Kondo peak intensity 
can be easily estimated from the GS prediction. It appear, s that with the BIS 
instrumental resolution of 0.5 eV achieved at the present time, it is not possible to 
discern this peak in the spectrum of CeCu 6 (Patthey et al. 1986b). 
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Fig. 28. (a): UPS spectrum of CeCu 6 within 
700meV below E F measured at low ternperature 
with a resolution of 20meV. (b): Simulation of the 
measured spectrum (a) by a GS-type calculation 
including the spin-orbit interaction (Aso = 
280meV). A Lorentzian broadening (FWHM- 
20rneV) has been included by convolution. A 
constant intensity (dashed line) originating 
from the states of Cu and Ce with l < 2 has been 
assumed in this calculation. Inset: lndicated 
energy range around E F measured with an ultra- 
high resolution of 12 meV (Patthey et al. 1986b). 

Despite the fact that the GS model ignores the influence of the thermal broaden-  
ing and of the coherence between the neighbour  f states, the message of this study is 
that  the weight of the K o n d o  peak in the spectra of  heavy-fermion systems is too  
weak to be detected directly with the resolution and low temperatures which could 
be reached until now. In the light of this conclusion, the interpretation of recent 
spectroscopic studies devoted to the heavy-fermion problem in Ce and U systems 
(Parks et al. 1984, Arko  et al. 1984, Allen et al. 1985) has to be reconsidered 
critically. 

7.3. Hybridization in the 4f-localization limit 

An intuitive approach  will be adopted to describe the peculiar lanthanide systems 
showing manifestations suggesting a fluctuation of the 4f population. At first we 
shall ässume that  the 4f shell remains purely atomic-l ike and that at T = 0 two 
degenerate g round  states of the whole solid exist, which correspond to two 
neighbour  f-occupations, for example 4ff and 4f "*1 (A+ = 0  in fig. 9). In this 
hypothet ical  situation one would have the choice between two stable ground states 
with different valences, according to our previous definition (section 7.1), and an 
infinitely weak external action can induce the transit ion of the system from orte stare 
to the other one. The occurrence of such a si tuat ion can be only completely 
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fortuitous. The contribution of the valence electrons to the total energy is large and 
its modification upon a transition between the two degenerate states is very 
important  since the band population varies by one e lec t ronper  lanthanide atom. I t  
is very unlikely that  the lowest total energy of this solid could be obtained for these 
two states where in eaeh of them all lanthanide atoms have the same integral f 
population (n or n + 1) (Varma 1985). 

Let us release the condition that the average f-count per lanthanide atom needs to 
be integral so that  the lowest total energy determined by the band occupation can 
be achieved for a fractional population of the atomic-like f levels. We face a difficult 
situation which can no longer be described with a simple homogeneous model where 
all lanthanide atoms are equivalent at the same time. At T -- 0, one can imagine that 
the two kinds of atoms with f" and f" + 1 configurations will form a lattice determined 
by the most favourable mean f population and lattice constants. In this limit of 
complete f localization, the situation at T > 0 can be visualized as a fluctuating stare 
in the sense that  the long-range order of the ion lattice is destroyed by a 
configuration fluctuation mediated on each lanthanide site by phonon breathing 
modes. One has to assume that  the fluctuation frequency is low enough to allow a 
local description of the two configurations with well-defined energies. This pheno- 
menon must remain highly correlated in space in order to maintain locally the 
proportion of the two configurations delivering to the band the number  of electrons 
required for achieving the minimum total energy. Within the sudden approximation, 
the 4f photoemission spectrum is then expected to display the two transitions 
4f "+1 -+4f" and 4 f " -*4f  "-1 with intensities which are proport ional  to the initial 
oceupation probabilities in this 4f-localization limit. In the first type of transition, 
the final state achieved on a particular a tom is very close to the initial state of the 
other transition. The only difference is that a 4f" stare is suddenly created on a site 
where a 4f "+ 1 configuration was stable in the ground state at this precise moment. If  
the small energy required in this transformation breaking the correlation is neglect- 
ed, the lowest term of the 4f" multiplet excitations is observed at E v in a 
photoemission spectrum. For  the other type of transitions, the 4f" 1 final state 
multiplets are usually well separated by A (fig. 9) in the spectra. This situation is 
clearly illustrated in tig, 29 by the XPS spectrum of TmSe (Campagna et al. 1976) 
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Fig. 29. XPS spectrum of TmSe analyzed 
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state multiplets (vertical bars) predicted 
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1976). 
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which displays the multiplet final states of 4f 11 and 4f 12 (see fig. 8e). It is a simple 
matter to show that it is the lowest 4f "+* final state which is located at Ev in BIS 
spectra. The success of the atomic interpretation of the spectra based on the 
coefficients of fractional parentage (section 4.2) has strongly contributed to establish 
this simple concept of homogeneous configuration fluctuation. Since the early 
observations of such 4f spectra (Campagna et al. 1976), their interpretation has not 
markedly evoluted but they have been confronted to quantities reflecting stationary 
aspects of the ground state (lattice parameters) or averaging the response of the 
whole system (magnetic susceptibility) or averaging the electronic behaviour of a 
single a tom on a limited period of time (Mössbauer effect). It appears that the nature 
of the information obtained in an experiment depends critically upon the time 
interval during which the system is probed (Goncalves da Silva and Falicov 1976). 
One can naively assume that at finite temperature the configuration fluctuation 
frequency on one lanthanide atom defines the relevant time scale for the average 
obtained in a particular measurement. At the present time it is difficult to find a 
simple theoretical foundation to these intuitive ideas because the many-body 
calculations of the stationary eigenstates of the whole system are only valid on a 
time scale rauch longer than the fluctuations. For  this reason it is somewhat 
hazardous to interpret the fractional expectation value of the 4f population simply 
in terms of the fraction of times during whichthe two integral populations are really 
existing on orte atom in the ground state. However, it remains that this problem can 
certainly be considered as a particular hybridization in the 4f-localization limit. 

One can attempt to go beyond the pure atomic-like description and to release 
somewhat the stringent 4f-localization condition assumed previously. Within the 
single-impurity model of Anderson, a configuration fluctuation can only be com- 
patible wfth a very small energy difference between two consecutive f-counts (A+ or 
A_ ) and with a total energy lowering 6 resulting from their mixing with band states 
which is of the same order of magnitude or even smaller. There is little doubt that a 
GS-type calculation could synthetize correctly all observed spectra for a rather 
correct value of nf. However, in this case the stability of the configuration ratio in 
the solid i s  likely to be determined by the short-range order of the different ions 
yielding the most favourable filling of the band. A single-impurity model is 
obviously not adapted to describe this complex situation which is the subject of 
intensive theoretical efforts at the present time. 

8. Recent developments 

An important  issue for the low-temperature properties of hybridized f systems, 
which has been recognized and taken into account only recently in the analysis of 
electron spectroscopic data, is the influence of the crystalline electric field (CEF). 
Depending on the crystal symmetry, the degeneracy Nf = 6 of the 4f~/2 spin-orbit 
component of Ce is lowered to 4 or 2 in the lowest crystal state. Consequently a GS- 
type many-body calculation, when performed only to the lowest order in 1/Nf, 
certainly does not yield a well-converged ground state. Moreover, the low-energy 
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parameter c5, representing the energy lowering of the ground state due to hy- 
bridization, is reduced with decreasing degeneracy (Hewson et al. 1985, Gunnarsson 
and Schönhammer 1985, Patthey et al. 1987a). When the splitting ACEV between the 
two lowest crystal-field levels exceeds ~i, these levels become apparent in sufficiently 
well-resolved spectra (Patthey et al. 1987b), opening the possibility to use high- 
resolution photoemission as a complementary tool to inelastic neutron and light 
scattering in the study of CEF levèls. It has been confirmed that the low-energy 
parameter 6, extracted from the spectra analysis, is consistent with the analysis of 
the specific heat and the magnetic susceptibility performed within the same for- 
malism (Patthey et al. 1987a,b, Allen et al. 1986). The analysis of the low-lying 
excitations, observed with photoemission, yields an undisputable demonstration that 
already the single-impurity model at T =  0 contains the relevant mechanisms 
allowing us to simulate the spectra. Most recently, this type of spectra analysis has 
been extended to finite temperatures, enabling a detailed study of the high- 
temperature collapse of the Kondo resonance in CeSi2 (Patthey et al. 1987b). This 
investigation confirmed the many-body nature of the low-energy excitations around 
E v • 

In Ce systems, the many-body parameters deduced from the spectroscopic 
analysis, are always characteristic for the Kondo regime (ef ~A,  nr ~ 1) (Allen et al. 
1986). In heavier rare earths, the single-impurity parameters are likely to become 
different and other regimes are conceivable (Kojima et al. 1984, Coleman 1984). This 
is the case for YbA13, which has been found to belong to the mixed valence regime 
(el ~ A, nf ~ 0.5) (Patthey et al. 1987c), where the ground state consists of a mixing 
of 4f 13 and 4f 14 wavefunctions with approximatively equal weight. 

All these recent data have provided new evidence that the single-impurity model 
is well adapted to describe the fundamental mechanisms governing the 41"- 
conduction-band hybridization in rare earth materials. 

Acknowledgements 

We wish to thank H. Beck, B. Delley, J.-M. Imer, H.R. Moser, F. Patthey and E. 
Wuilloud for a fruitful collaboration and for stimulating discussions. The financial 
support from the Swiss National Science Foundation is gratefully appreciated. 

References 

Abd-Elmeguid, M.M., Ch. Sauer,. U. Köbler, W. 
Zinn, J. Röhler and K. Keulerz, 1985, J. Magn. 
& Magn. Mater. 47&48, 417. 

Allen, J.W., 1985, J. Magn. & Magn. Mater. 52, 
135. 

Allen, J.W., L.I. Johansson, R.S. Bauer and I. 
Lindau, 1978, Phys. Rer. Lett. 41, 1499. 

Allen, J.W., L.I. Johansson, I. Lindau and S.B. 
Hagström, 1980, Phys. Rev. B 21, 1335. 

Allen, J.W., S.-J. Oh, I. Lindau, J.M. Lawrence, 
L.I. Johansson and S.B. Hagström, 1981, 
Phys. Rev, Lett. 46, 1100. 

Allen, J.W., S.-J. Oh, L.E. Cox, W.P. Ellis, M.S. 
Wire, Z. Fisk, J.L. Smith, B.B. Pate, I. Lindau 
and A.J. Arko, 1985, Phys. Rev. Lett. 54, 2635. 

Allen, J.W., S.J. Oh, O. Gunnarsson, K. Schön- 
hammer, M.B. Maple, M.S. Torikachvili and 
I. Lindau, 1986, Adv. Phys. 35, 275. 



70 Y. BAER and W.-D. SCHNEIDER 

Alvarado, S.F., M. Campagna and W. Gudat, 
1980, J. Electron Spectrosc. & Relat. Phenom. 
18, 43. 

Andrei, N., and C. Destri, 1984, Phys. Rev. Lett. 
52, 364. 

Arko, A.J., C.G. Olson, D.M. Wieliczka, Z. Fisk 
and J.L. Smith, 1984, Phys. Rev. Lett. 53, 
2050. 

Azaroff, L.V., ed., 1974, X-Ray Spectroscopy 
(McGraw-Hill, New York). 

Baer, Y., 1984, Electron spectroscopy studies, in: 
Handbook on the Physics and Chemistry of 
the Actinides, Vol. I, eds A.J. Freeman and 
G.H. Lander (North-Holland, Amsterdam) 
ch. 4 and reis. therein, 

Baer, Y., and P. Zürcher, 1977, Phys. Rev. Lett. 
39, 956. 

Baer, Y., F. Patthey, J.-M. Imer and W.-D. 
Schneider, 1987, J. Electron Spectrosc. & Re- 
lat. Phenom. (to appear). 

Bauchspiess, K.R., W. Boksch, E. Holland-Mo- 
ritz, H. Launois, R. Pott and D. Wohlleben, 
1981, in: Valence Fluctuations in Solids, eds 
L.M. Falicov, W. Hanke and M.B. Maple 
(North-Holland, Amsterdam) p. 417. 

Bertel, E., G. Strasser, F.P. Netzer and J.A.D. 
Matthew, 1982, Phys. Rev. B 25, 3374. 

Bickers, N.E., D.L. Cox and J.W. Wilkins, 1985, 
Phys. Rev. Lett. 54, 230. 

Bonnelle, C., 1982, Resonant X-ray emission 
spectroscopy in solids, in: Advances in X-Ray 
Spectroscopy, eds C. Bonnelle and C. Mandé 
(Pergamon Press, London) ch. 6. 

Bradshaw, A.M., L.S. Cederbaum and W. 
Domcke, 1975, Structure and Bonding 24, 133. 

Brodén, G., S.B:M. Hagström and C. Norris, 
1973, Phys. Kondens. Materie 15, 327. 

Brundle, C.R., and A.D. Baker, eds, 1977, Elec- 
tron Spectroscopy: Theory, Techniques and 
Applications, Vol, I (Academic Press, Lon- 
don). 

Brundle, C.R., and A.D. Baker, eds, 1978, Elec- 
tron Spectroscopy: Theory, Techniques and 
Applications, Vol. II (Academic Press, Lon- 
don). 

Brundle, C.R., and A.D. Baker, eds, 1979, Elec- 
tron Spectroscopy: Theory, Techniques and 
Applications, Vol. III (Academic Press, Lon- 
don). 

Burroughs, P., A. Hamnett, A.F. Orchard and G. 
Thornton, 1976, J. Chem. Soc. Dalton Trans. 
17, 1686. 

Bussian, B., I. Frankowski and D. Wohlleben, 
1982, Phys. Rev. Lett. 49, 1026. 

Campagna, M., R. Sattler and H.C. Siegmann, 
1973, AIP Conf. Proc. 18, 1388. 

Campagna, M., G.K. Wertheim and E. Bucher, 
1976, Structure and Bonding 30, 99. 

Campagna, M., G.K. Wertheim and ¥. Baer, 
1979, Topics in Appl. Phys. 27 (Springer, Be- 
rlin) p. 217 and refs. therein.. 

Cardona, M., and L. Ley, eds, 1978, Photoemis- 
sion in Solids I, Topics in Applied Physics, 
Vol. 26 (Springer, Berlin). 

Carnall, W.T., P.R. Fields and K. Rajnak, 1968, 
J. Chem. Phys. 49, 4424. 

Celotta, R.J., D.T. Pierce, G.L. Wang, S.D. Ba- 
der and G.P. Felcher, 1979, Phys. Rev. Lett. 
43, 728. 

Citrin, P.H., and G.K. Wertheim, 1982, Phys. 
Rev. B 27, 3176. 

Citrin, P.H., G.K. Wertheim and Y. Baer, 1978, 
Phys. Rev. Lett. 44, 1425. 

Cohen-Tannoudji, C., B. Diu, F. Laloë, 1973, 
Mécanique Quantique (Hermann, Paris). 

Coleman, P., 1984, Phys. Rer. B 29, 3035. 
Coulson, C.A., 1961, Valence (Oxford University 

Press, Oxford) second edition. 
Cox, P.A., 1975, Structure and Bonding 24, 59. 
Cox, P.A., J.K. Lang and Y. Baer, 1981, J. Phys. 

F 11, 113. 
Croft, M., A. Franciosi, J.H. Weaver and A. 

Jaya~'aman, 1981a, Phys. Rev. B 24, 544. 
Croft, M., J.H. Weaver, D.J. Peterman and A. 

Franciosi, 1981b, Phys. Rev. Lett. 46, 1104. 
Crosswhite, H.M., R.L. Schwiesow and W.T. 

Carnall, 1969, J. Chem. Phys. 50, 5032. 
Dahr, S.K., S.K. Malik and R. Vijayaraghavan, 

1981, Phys. Rev. B 24, 6182. 
Davis, L.C., and L.A. Feldkamp, 1981, Phys. 

Rev. B 23, 6239. 
Day, P., ed., 1981, Emission and Scattering Tech- 

niques (Reidel, Dordrecht). 
Dehmer, J.L., A.F. Starace, U. Fano, J. Sugar 

and J.W. Cooper, 1971, Phys. Rev. Lett. 26, 
1521. 

Delley, B., and H. Beck, 1985, J. Magn. & Magn. 
Mater. 47&48, 269. 

Delley, B., D.E. Ellis, A.J. Freeman, E.J. Bae- 
rends and D. Post, 1983, Phys. Rev. B 27, 
213"2. 

Desjonqueres, M.C., D. Spanjaard, Y. Lassailly 
and C. Guillot, 1980, Solid State Commun. 34, 
807. 

Dijkman, W.H., A.C. Moleman, E. Kesseler, 
F.R. de Boer and P.F. de Chätel, 1982, in: Va- 
lence Instabilities, eds P. Wachter and H. Bop- 
part (North-Holland, Amsterdam) p. 515. 

Domke, M., C. Laubschat, M. Prietsch, T. Man- 
del, G. Kaindl and W.-D. Schneider, 1986, 
Phys. Rev. Lett. 56, 1287. 

Doniach, S., and M. Sunjic, 1970, J. Phys. C 3, 
285. 

Dose, V., 1983, Prog. Surf. Sci. 13, 225. 
Dunning, F.B., C. Rau and G.K. Walters, 1985, 

Comments Solid State Phys. 12, 17. 
Ertl, G., and J. Küppers, 1974, Low Energy Elec- 

trons and Surface Chemistry (Verlag Chemie, 
Weinheim). 

Esteva, J.-M., R.C. Karnatak, J.C. Fuggle and 
G.A. Sawatzky, 1983, Phys. Rev. Lett. 50, 910. 

Fabian, D.J., and L.M. Watson, eds, 1973, Band 
Structure Spectroscopy of Metals and Alloys 
(Academic Press, London). 

Fäldt, A., and H.P. Myers, 1983, Solid State 
Commun. 48, 253. 

Fäldt, A., and H.P. Myers, 1984a, Phys. Rev. 
Lett. 52, 1315. 



HIGH-ENERGY SPECTROSCOPY OF LANTHANIDE MATERIALS 71 

Fäldt, A., and H.P. Myers, 1984b, Phys. Rev. B 
30, 5481. 

Fäldt, A., and H.P. Myers, 1985, J. Magn. & 
Magn. Mater. 47&48, 225. 

Fano, U., 1961, Phys. Rev. 124, 1866. 
Fano, U., and J.W. Cooper, 1968, Rev. Mod. 

Phys. 40, 441. 
Feldkamp, L.A., and L.C. Davis, 1979, Phys. 

Rev. Lett. 43, 151. 
Feuerbacher, B., B. Fitton and R.E. Willis, eds, 

1978, Photoemission and the Electronic Pro- 
perties of Surfaces (Wiley, Chichester). 

Franciosi, A., J.H: Weaver, N. Märtensson and 
M. Croft, 1981, Phys. Rev. B 24, 3651. 

Frankowski, I., and P. Wachter, 1982, J. Appl. 
Phys. 53, 7887. 

Freeman, AJ.,  1980, Physica 102B, 3. 
Freeman, A.J., and G.H. Lander, eds, 1984, 

Handbook on the Physics and Chemistry of 
the Actinides (North-Holland, Amsterdam). 

Fuggle, J.C., M. Campagna, Z. Zolnierek, R. 
Lässer and A. Platau, 1980, Phys. Rev. Lett. 
45, 1597. 

Fuggle, J.C., F.U. Hillebrecht, J.-M. Esteva, 
R.C. Karnatak, O, Gunnarsson and K. Schön- 
hammer, 1983a, Phys. Rev. B 27, 4637. 

Fuggle, J.C., F.U. Hillebrecht, Z. Zolnierek, R. 
Lässer, Ch. Freiburg, O. Gunnarsson and K. 
Schönhammer, 1983b, Phys. Rev. B 27, 7330. 

Fujimori, A., 1983, Phys~ Rev. B 28, 2281. 
Fujimori, A., and J.H. Weaver, 1985, Phys. Rev. 

B 32, 3422. 
Fujimori, A., E. Wuilloud, B. Delley, W.-D. 

Schneider and Y. Baer, 1984, Phys. Rev. Lett. 
53, 2518 (Comment and Reply). 

Gadzuk, J.W., and M. Sunjic, 1975, Phys. Rev. 
B i2, 524. 

Gerken, F., 1983, J. Phys. F 13, 703. 
Gerken, F., J. Barth, R. Kammerer, L.I. Johans- 

son and A. Flodström, 1982, Surf. Sei. 117, 
486. 

Gerken, F., A.S. Flodström, J. Barth, L.I. Jo- 
hansson and C. Kunz, 1985, Physica Scripta 
32, 43. 

Girvin, S.M., and D.R. Penn, 1980, Phys. Rev. B 
22, 4081. 

Goeppert-Mayer, M., 1941, Phys. Rev. 60, 184. 
Goldberg, S.M., C.S. Fadley and S. Kono, 1981, 

J. Electron Spectrosc. & Relat. Phenom. 21, 
285. 

Gon~alves da Silva, C.E.T., and L.M. Falicov, 
1976, Phys. Rev. B 13, 3948. 

Grewe, N., 1984, Solid State Commun. 50, 19. 
Gudat, W., M. Campagna, R. Rosei, J.H. Wea- 

ver, W. Eberhardt, F. Hulliger and E. Kaldis, 
1981, J. Appl. Phys. 52, 2123. 

Gunnarsson, O., and K. Schönhammer, 1983a, 
Phys. Rev. Lett. 50, 604. 

Gunnarsson, O., and K. Schönhammer, 1983b, 
Phys. Rev. B 28, 4315. 

Gunnarsson, O., and K. Schönhammer, 1985, in: 
Theory of Heavy-Fermions and Valence Fluc- 
tuations, Springer Series in Solid State Scien- 
ces, Vol. 62, eds T. Kasuya and T. Saso (Sprin- 

ger, Berlin) p. 100. 
Hedin, L., and A. Johansson, 1969, J. Phys. B 2, 

1336. 
Herbst, J.F., D.N. Lowy and R.E. Watson, 1972, 

Phys. Rev. B 6, 1913. 
Herbst, J.F., R.E. Watson and J.W. Wilkins, 

1976, Phys. Rev. B 13, 1439. 
Herbst, J.F., R.E. Watson and J.W. Wilkins, 

1978, Phys. Rev. B 17, 3089. 
Herman, F., and S. Skillman, 1963, Atomic 

Structure Calculation (Prentice-Hall, Engle- 
wood Cliffs). 

Hewson, A.C., D.M. Newns, J.W. Rasul, N. 
Read, H.U. Desgranges, P. Strange, 1985, in: 
Theory of Heavy-Fermions and Valence Fluc- 
tuations, Springer Series in Solid State Scien- 
ces, Vol. 62, eds T. Kasuya and T. Saso (Sprin- 
ger, Berlin) p. 134. 

Hillebrecht, F.U., J.C. Fuggle, G.A. Sawatzky, 
M. Campagna, O. Gunnarsson and K. Schön- 
hammer, 1984, Phys. Rev. B 30, 1777. 

Hüfner, S., and P. Steiner, 1982, in: Valence In- 
stabilities, cds P. Wachter and H. Boppart 
(North-Holland, Amsterdam) p. 263. 

Hüfner, S., and P. Steiner, 1985, private commu- 
nication. 

Ibach, H., ed., 1977, Electron Spectroscopy for 
Surface Analysis, Topics in Current Physics, 
Vol. IV (Springer, Berlin). 

Imer, J.-M., and E. Wuilloud, 1987, Z. Phys. B 
66, 153. 

Janak, J.F., 1978, Phys. Rev. B 18, 7165. 
Johansson, B., 1979a, Phys. Rev. B 19, 6615. 
Johansson, B., 1979b, Phys. Rev. B 20, 1315. 
Johansson, B., and N. Märtensson, 1980, Phys. 

Rev. B 21, 4427. 
Johansson, B., and N. Märtensson, 1983, Helv. 

Phys. Acta 56, 405. 
Johansson, L.I., J.W. Allen, I. Lindau, M.M. 

Hecht and S.B.M. Hagström, 1980, Phys. Rev. 
B 21, 1408. 

Johansson, L.I., A. Flodström, S.E. Hörnström, 
B. Johansson, J. Barth and F. Gerken, 1982, 
Solid Stare Commun. 41,427. 

Jorgensen, C.K., and H. Berthou, 1972, Chem. 
Phys. Lett. 13, 186. 

Kaindl, G., W.-D. Schneider, C. Laubschat, B. 
Reihl and N. Mfirtensson, 1983, Surf. Sci. 126, 
105. 

Kaindl, G., G. Kalkowski, W.D. Brewer, E.V. 
Sampathkumaran, F. Holtzberg and A. 
Schach v. Wittenau, 1985, J. Magn. & Magn. 
Mater. 47&48, 181. 

Kanski, J., and G. Wendin, 1981, Phys. Rev. B. 
24, 4977. 

Kisker, E., W. Gudat, E. Kuhlmann, R. Clau- 
berg and M. Campagna, 1980, Phys. Rev. Lett. 
45, 2053. 

Koelling, D.D., A.M. Boring and J.H. Wood, 
1983, Solid State Commun. 47, 227. 

Kojima, H ,  Y. Kuramoto and M. Tachiki, 1984, 
Z. Phys. B 54, 293. 

Koopmans, T., 1934, Physica 1, 104. 
Kotani, A., and Y. Toyozawa, 1974, J. Phys. Soc. 



72 Y. BAER and W. D. SCHNEIDER 

Jpn. 37, 912. 
Kotani, A., H. Mizuta, T. Jo and J.C. Parlebas, 

1985, Solid State Commun. 53, 805. 
Kowalczyk, S.P., N. Edelstein, F.R. McFeely, L. 

Ley and D.A. Shirley, 1974, Chem. Phys. Lett. 
29, 491. 

Lang, J.K., and Y. Baer, 1979, Solid State Com- 
mun. 31, 945. 

Lang, J.K., Y. Baer and P.A. Cox, 1981, J. Phys. 
F 11,121. 

Laubschat, C., B. Perscheid and W.-D. Schnei- 
der, 1983, Phys. Rev. B 28, 4342. 

Laubschat, C., G. Kaindl, E.V. Sampathkuma- 
ran and W.-D. Schneider, 1984, Solid State 
Commun. 49, 339. 

Laubschat, C., G. Kaindl, W.-D. Schneider, B. 
Reihl and N.  Märtensson, 1986, Phys. Rev. B 
33, 6675. 

Lawrence, J.M., P.S. Riseborough and R.D. 
Parks, 1981, Rep. Prog. Phys. 44, 1. 

Lee, P.A., T.M. Rice, J.W. Serene, L.J. Sham and 
J.W. Witkins, 1986, Comments Cond. Mat. 
Phys. 12, 99. 

Ley, L., and M. Cardona, eds, 1979, Photoemis- 
sion in Solids II, Topics in Applied Physies, 
Vol. 27 (Springer, Berlin). 

Ley, L., N. Märtensson and J. Azoulay, 1980, 
' Phys. Rer. Lett. 45, 1516. 

Madetung, O., 1978, Introduction to solid-state 
theory, Springer Series in Solid-State Sciences, 
Vol. II (Springer, Berlin) ch. 1. 

Manne, R., and T. Aberg, 1970, Chem. Phys. 
Lett. 7, 282. 

Märtensson, N., B. Reihl and R.D. Parks, 1982a, 
Solid State Commun. 41,573. 

Märtensson, N.,-B. Reihl, A. Pollak, F. Holtz- 
berg and G. Kaindl, 1982b, Phys. Rev. B 25, 
6522. 

Martin, R.L., and D.A. Shirley, 1976, J. Chem. 
Phys. 64, 3685. 

Mason, M.G., S.-T. Lee, G. Apai, R.F. Dayis, 
D.A. Shirley, ,k. Franciosi and J.H. Weaver, 
1981, Phys. Rev. Lett. 47, 730. 

Materlik, G., J.E. Müller and J.W. Wilkins, 
1983a, Phys. Rev. Lett. 50, 267. 

Materlik, G., B. Sonntag and M. Tausch, 1983b, 
Phys. Rev. Lett. 51, 1300. 

Matthew, J.A.D., G. Strasser and F.P. Netzer, 
1983, Phys. Rev. B 27, 5839. 

Meier, F., and H. Ruprecht, 1976, Comm. Phys. 
1,137. 

Meier, F., G.L. Bona and S. Hüfner, 1984, Phys. 
Rev. Lett. 52, 1152. 

Meldner, H.W., and J.D. Perez, 1971, Phys. Rev. 
A 4, 1388. 

Modesti, S., G. Paolucci and E. Tosatti, 1985, 
Phys. Rev. Lett. 55, 2995. 

Moser, H.R., B. Delley, W.-D. Schneider and Y. 
Baer, 1984, Phys. Rer. B 29, 2947. 

Moser, M., P. Wachter, F. Hulliger and J.R. 
Etourneau, 1985, Solid State Commun. 54, 
241. 

Motais, P., E. Belin and C. Bonnelle, 1984, Phys. 
Rev. B 30, 4399. 

Mullica, D.F., C.K.C. Lak, H.O. Perkins and V. 
Young, 1985, Phys. Rev. B 31, 4039. 

Murgai, L.C., L.C. Gupta, R.D. Parks, N. Mär- 
tensson and B. Reihl, 1982, in: Valence In- 
stabilities, eds P. Wachter and H. Boppart 
(North-Holland, Amsterdam) p. 299. 

Netzer, F.P., and J.A.D. Matthew, 1986, Rep. 
Prog. Phys. 49, 621. 

Netzer, F.P., G. Strasser and J.A.D. Matthew, 
1983, Phys. Rev. Lett. 51, 211. 

Nielson, C.W., and G.F. Koster, 1964, Spectro- 
scopic Coefficients fo r p", d n and f" configura- 
tions (M.I.T. Press, Cambridge, Mass.). 

Norman, M.R., D.D. Koelling and A.J. Free- 
man, 1985a, Phys. Rev. B 31, 6251. 

Norman, M.R,, E. Wimmer and A.J. Freeman, 
1985b, Phys. Rev. B 32, 7830. 

Parks, R.D., M.L. denBoer, S. Raaen, J.L. S, mith 
and G.P. Williams, 1984, Phys. Rev. B 30, 
1580. 

Patthey, F., B. Delley, W.-D. Schneider and Y. 
Baer, 1985,Phys. Rev. Lett. 55, 1518. 

Patthey, F., S. Cattarinussi, W.-D. Schneider, Y. 
Baer and B. Delley, 1986a, Europhys. Lett. 2, 
883. 

Patthey, F., W.-D. Schneider, Y. Baer and B. 
Delley, 1986b, Phys. Rev. B 34, 2967. 

Patthey, F., W.-D. Schneider, Y. Baer and B. 
Delley, 1987a, Phys. Rev. B 35, 5903. 

Patthey, F., W.-D. Schneider, Y. Baer and B. 
Delley, 1987b, Phys. Rev. Lett. 58, 2810. 

Patthey, F., J.-M. Imer, W»-D. Schneider, Y. 
Baer, B. Delley and F. Hulliger, 1987c, submit- 
ted to Phys. Rev. Lett. 

Phillips, J.C., 1961, Phys. Rev. 123, 420. 
Rabe, P., 1974, Doctoral Thesis, UniversJty of 

Hamburg. 
Rao, C.N.R., D.D. Sarrna, P.R. Sarode, R. 

Vijayaraghavan, S.K. Dhar and S.K. Malik, 
1981, J. Phys. C 14, 451. 

Riehle, F., 1978, Jpn. J. Appi. Phys. 17, Suppl. 
17-2, 314. 

Rosengren, A., and B. Johansson, 1980, Phys. 
Rev. B 22, 3706. 

Sampathkumaran, E.V., G. Kaindl, W. Krone, 
B. Perscheid and R. Vijayaraghavan, 1985, 
Phys. Rev. Lctt. 54, 1067. 

Sato, S., 1976, J. Phys. Soc. Jpn. 41,913. 
Satoh, T., H. Yashima and H. Mori, 1981, in: 

Valence Fluctuations in Solids, eds L.M. Fali- 
cov, W. Hanke and M.B. Maple (North-Hol- 
land, Amsterdam) p. 553. 

Scheidt, H., M. GIöbl, V. Dose and J. Kirschner, 
1983, Phys. Rev. Lett. 51, 1688. 

Schiff, L.I., 1955,  Quantum Mechanics 
(McGraw-Hill, New York) p. 217. 

Schlottmann, P., 1984, Z. Phys. B 56, 127. 
Schneider, W.-D., C. Laubschat, I. Nowik and 

G. Kaindl, 1981, Phys. Rev. B 24, 5422. 
Schneider, W.-D., C. Laubschat, and B. Reihl, 



HIGH-ENERGY SPECTROSCOPY OF LANTHANIDE MATERIALS 73 

1983a, Phys. Rer. B 27, 6538. 
Schneider, W.-D., C. Laubschat, G. Kalkowski, 

J. Haase and A. Puschmann, 1983b, Phys. 
Rev. B 28, 2017. 

Schneider, W.-D., B. Delley, E. Wuilloud, J.-M. 
Imer and Y. Baer, 1985, Phys. Rev. B 32, 6819. 

Siegmann, H.-C., 1975, Phys. Rep. 17, 37. 
Signorelli, A., and R.G. Hayes, 1973, Phys. Rev. 

B8,81. 
Stater, J.C., 1974, The Self-Consistent Field 

Theory for Molecules and Solids: Quantum 
Theory of Molecules and Solids, Vol. IV 
(McGraw-Hill, New York). 

Smith, D., and O.W. Day, 1975, J. Chem. Phys. 
63, 113. 

Smith, J.L., and E.A. Kmetko, 1983, J. Less- 
Common Mer. 90, 83. 

Starace, A.F., 1972, Phys. Rev. B 5, 1773. 
Stewart, G.R., 1984, Rev. Mod. Phys. 56, 755. 
Suzuki, S., T. Ishii and T. Sagawa, 1974, J. Phys. 

Soc. Jpn. 37, 1334. 
Takakuwa, Y., S. Takahashi, S. Suzuki, S. Kono, 

T. Yokutsuka, T. Takahashi and T. Sagawa, 
1982, J. Phys. Soc. Jpn. 51, 2045. 

Thole, B.T., G. van der Laan, J.C. Fuggle, G.A. 
Sawatzky, R.C. Karnatak and J.-M. Esteva, 
1985, Phys. Rev. B 32, 5107. 

Travagtini, G., and P. Wachter, 1984, Phys. Rev. 
B 29, 893. 

Treglia, G., F. Ducastelle and D. Spanjaard, 
1980a, J. Phys. (France) 41,281. 

Treglia, G., F. Ducastelle and D. Spanjaard, 
1980b, Phys. Rev. B 21, 3729 and refs. therein. 

Tsvelick, A.M., and P.B. Wiegmann, 1984, Z. 
Phys. B 54, 201. 

Unguris, J., A. Seiler, R.J. Celotta, D.T. Pierce, 
P.D. Johnson and N.V. Smith, 1982, Phys. 
Rev. Lett. 49, 1047. 

Varma, C.M., 1985, Comments Solid State Phys. 
I1,221. 

Varma, C.M., and Y. Yafet, 1976, Phys. Rev. B 
13, 2950. 

Wachter, P., 1982, in: Valence Instabilities, eds P. 
Wachter and H. Boppart (North-HoUand, 
Amsterdam) p. 145. 

Watson, R.E., and M.L. Perlman, 1975, Structu- 
re and Bonding 24, 83. 

Weller, D., S.F. Alvarado, W. Gudat, K. Schrö- 
der and M. Campagna, 1985, Phys. Rev. Lett. 
54, 1555. 

Wertheim, G.K., and P.H. Citrin, 1978, Fermi 
surface excitations in X-ray photoemission line 
shapes from metals, in: Photoemission in So- 
lids I, Topics in Applied Physics, Vol. 26, eds 
M. Cardona and L. Ley (Springer, Berlin) ch. 
5. 

Wertheim, G.K., and G. Crecelius, 1978, Phys. 
Rev, Lett. 40, 813. 

Wertheim, G.K., E.V. Sampathkumaran, C. 
Laubschat and G. Kaindl, 1985, Phys. Rev. B 
31, 6836. 

Wieliczka, D.M., J.H. Weaver, D.W. Lynch and 
C.G. Olson, 1982, Phys. R.ev. B 26, 7056. 

Wieliczka, D.M., C.G. Olson and D.W. Lynch, 
1984, Phys. Rev. B 29, 3028. 

Williams, A.R., and N.D. Lang, 1978, Phys. Rev. 
Lett. 40, 954. 

Wohlleben, D., and J. Röhler, 1984, J. Appl. 
Phys. 55, 1904. 

Wuilloud, E., H.R. Moser, W.-D. Schneider and 
Y. Baer, 1983, Phys. Rev. B 28, 7354. 

Wuilloud, E., W.-D. Schneider, B. Delley, Y. 
Baer and F. Hulliger, 1984a, J. Phys. C 17, 
4799. 

Wuilloud, E., B. Delley, W,-D. Schneider and Y. 
Baer, 1984b, Phys. Rev. Lett. 53 202. 

Wuilloud, E., B. Delley, W.-D. Schneider and Y. 
Baer, 1985, J. Magn. & Magn. Mater. 47&48, 
197. 

Wuilloud, E., Y. Baer and H.R. Ott, 1986, priva- 
te communication. 

Yafet, Y., 1980, Phys. Rev. B 21, 5023. 
Zangwill, A., and P. Soven, 1980, Phys. Rev. 

Lett. 45, 204. 



Handbook on the Physics and Chemistry of Rare Earths, Vol. 10 
edited by K.A. Gschneidner, Jr., L. Eyring and S. Hüfner 
© Elsevier Science Publishers B.V., ]987 

Chapter 63 

f -ELECTRON HYBRIDIZATION A N D  D Y N A M I C A L  
SCREENING OF CORE HOLES IN INTERMETALLIC 
C O M P O U N D S  

M. C A M P A G N A  

lstitut für Festkörperforschung der K F A  Jü'lich, D-5170 Jü'lich, Fed. Rep. 
Germany 

a n d  

II. Physikalisches Institut der Universität zu Köln, D-5000 Köln 41, Fed. Rep. 
Germany 

F .U.  H I L L E B R E C H T *  

Institut für  Festkörperforschung der K F A  Jülich, D-5170 Jülich, Fed. Rep. 
Germany 

C o n t e n t s  

1. Introduction: Mixed valence and 5.3. Dynamical screening of core holes 
dynamical screening of core holes in in solids 85 
solids 75 5.4. Hybridization of f levels in RPd3 

2. The surface of Sm metal 77 compounds 87 
3. Resonant photoemission spectroscopy 5.5. Quantifying dynamical screening 

with synchrotron radiation and surface in La-Ni, Ce-Ni, La-Pd, and Ce- 
core level shifts 80 Pd compounds 89 

4. From mixed valence in heavy lanthan- 5.6. Heavy fermion systems: CeCu2Si2, 
ide compounds to Sm clusters 81 CeA13 and CeCu 6 96 

5. Systematics of the La and Ce 3d XPS 6. Hydrogen storage materials and 
tore levels 83 epitaxial layers 99 
5.1. From chemisorption to the 7. Need for a systernatic study of empty 

impurity problem 83 states at high photon energy 100 
5.2. Sample preparation and charac- References 101 

terization 85 

*Present address: Max-Planck Institut für Festkörperforschung, 7000 Stuttgart 80, Fed. Rep. Germany 

75 



76 M. C A M P A G N A  and F.U. H I L L E B R E C H T  

List of symbols 

Co ampli tude of fo contribution in fects of hybridization A. 
ground state E,ù(n- I) energy after core hole creation 

cl ampli tude of fl contribution in nr occupancy of4flevel  
ground state Nf degeneracy of 4f level 

c2 ampli tude of fz contribution in Pmax maximum of the density of con- 
ground state duction states 

A hybridization between 4f and con- U average Coulomb correlation be- 
duction states tween two 4f electrons 

A+ electron affinity of 4f state Ufc Coulomb interaction between 
E F Fermi level core hole and 4f state 
ef energy of 4f state UPS ultraviolet photoemission spectro- 
Eo(N) ground state energy of N-electron scopy 

system, i.e. before creation of a V hopping matrix element between 
core hole, taking into account el- 4f and conduction states 

1. Introduction: Mixed valence and dynamicai screening of core holes in solids 

By 1978 we had reached a quantitative understanding of the 4f-electron binding 
energies, multiplet position and intensities in conducting, 'normal' compounds of all 
lanthanides except Ce. Apart from the case of the Ce compounds, 4f photoemission 
spectra even seemed to allow a direct determination of the most desired quantity, 
the 4f occupancy nf - the so-called f count - also in the case of 'anomalous', mixed 
valent systems involving Sm, Eu, Tm and Yb (Campagna et al. 1976, 1979, 1981). It 
was clear that a better agreement between the determination of the 4f occupancy by 
spectroscopic methods and other low or high energy measurements could be 
obtained only by a better characterization of the atomic structure near the surface. 

As an alternative to the 4f electrons, the 4d and especially 3d core levels, with 
large cross sections for the excitation with laboratory sources such as AIK« 
radiation (photon energy 1.486 keV), were very appealing to the experimentalist as 
possible signals for obtaining, in a fast way, a picture of the underlying electronic 
structure of the lanthanides. This was especially true for Ce, where - without 
synchrotron radiation - it was clearly very difficult with X-ray Photoemission 
Spectroscopy (XPS) to detect the 4f-related intensity (Baer et al. 1978). 

The motivation for a systematic investigation of the core level XPS spectra of 
lanthanides in solids and surfaces therefore arose in 1978 from the following needs: 

(1) To understand the origin of low-energy satellites in the 3d spectra of light 
lanthanides, their implication for a dynamical picture of core level photoionization in 
the presence of semilocalized screening orbitals; to establish their relation to the 
ground state electronic structure, see fig. 1 (Wertheim and Campagna 1978). 

(2) To determine the relationship which exists between core level lineshape in 
photoelectron spectroscopy in general and the hybridization (localization) of screen- 
ing orbitals. This would provide us with a systematic experimental test of ideas put 
forward by Kotani and Toyozawa (1974), Schönhammer and Gunnarsson (1977a,b,c) 
and Gunnarsson and Schönhammer (1978a,b) relating the lineshapes of core level 
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Fig. 1. Low-energy satellite struc- 
rufes (indicated by S) in the region 
of the 3d XPS spectra of La and 
Sm metal and of Ce in CeSb, 
pointing to the need of a dynamical 
description of the core hole screen- 
ing mechanism (Wertheim and 
Campagna 1978). 

spectra in adsorbates to their electronic structure on the surface, see fig. 2 (Fuggle 
et al. 1978). 

As recently as 1977, because of the above unanswered questions, 3d or 4d spectra 
of Sm metal, shown in fig. 3, could not be used to establish unambiguously whether 
the 4f electronic configuration near the surface of Sm metal is different from that of 
the bulk (initial state effect). Alternatively it was suggested that it could be a 
signature of a new final state configuration generated by the presence of the core 
hole potential, and therefore due to a dynamical screening mechanism. 

2. The surface of Sm metal 

Wertheim and Crecelius (1978) and Crecelius et al. (1978) conducted the most 
systematic investigation of the 3d satellite structure of the light lanthanide elements 
in the late 70's. Their conclusion, obtained from data as shown in the case of Sm in 
fig. 4, was that the first atomic layer of trivalent (4f 5) metallic Sm has a large 
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divalent (4f 6) component. The valence transition is due to a narrowing of the 5d 
band at the surface which populates the low-lying 4f 6 state. Their conclusion was 
based on measurements of the photoelectron intensity as a function of the take-off 
angle. This measurement enhances the surface sensitivity for large take-off angles 
away from the surface normal. The results shown in fig. 4 demonstrate that indeed 
the divalent signal increases relative to the trivalent bulk signal with increasing take- 
off angle. 

In the lanthanides from La to Nd two competing screening mechanisms were 
suggested: the main component of the 3d line is obtained when the core hole is 
screened by 5d conduction electrons; the low energy satellite due to a 4f" --* 4f" +1 
transition during the photoemission process. The satellites in the case of metallic La, 
Ce, Pr and Nd occur at lower binding energies because the empty 4f level falls below 
the Fermi energy upon creation of a 3d core hole, and screens the 3d 9 hole state 
most effectively. The screening mechanism by semilocalized levels was suggested 
earlier in another context by Kotani and Toyozawa (1974). 

The use of resonant photoemission with synchrotron radiation at Hasylab in 
Hamburg allowed W. Gudat  et al. (1981) the direct observation of the divalent 
surface signal in the valence band of Sm. This observation was made possible by the 
enhanced surface sensitivity of the photoemission experiment using synchrotron 
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radiation of photon energy 99.7 eV as well as the improved total energy resolution 
(280 meV) compared to the XPS experiment (650 meV), see fig. 5. As we see from fig. 
5, the 6H multiplet is not located at Ev. This allows one to conclude that Sm metal, 
at the surface, is not mixed valent but in a stable 4f 6 configuration. 

The puzzle of the extra structure in the Sm valence band (0-3 eV below Er) when 
compared to other lanthanide metals like for example Dy (see fig. 5) was therefore 
fully resolved by 1980. Even more important,  a new way of quantitatively studying 
dynamical screening effects in core level spectroscopy, as we shall illustrate, emerged. 

3. Resonant photoemission spectroscopy with synchrotron radiation and 
surface core level shifts 

Resonant photoemission spectroscopy using synchrotron radiation has since then 
been used to gain a better understanding of both the surface properties of well- 
characterized lanthanide materials as well as of the mechanism of the resonant 
photoemission process itself. Using a large number of single crystals of lanthanide 
chalcogenides grown at ETH-Zürich by F. Hulliger and E. Kaldis, W. Gudat  et al. 
(1978, 1980, 1981), among other investigators, conducted systematic studies, 
primarily at the Tantalus storage ring in Wisconsin, at the LURE laboratory in 
Orsay as well as at the DORIS  storage ring (Hasylab) in Hamburg. These studies 
and the work of Lenth et al. (1978, Allen et al. (1978) and Johansson et al. (1978, 1980), 
demonstrated in addition that the Fano theory of the interaction of a discrete level with 
the continuum accounts reasonably well for the observed behaviour of the 4f cross 
section for photoemission near the 4d ionization threshold. 
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Fig. 5. Comparison of the XPS spectra of the 4f 
region of Sm and Dy metal and synchrotron 
radiation spectra of Sm metal (UPS). In the 
upper part of the figure the divalent 4f6Sm 
component is clearly seen in the synchrotron 
radiation data (Gudat et al. 1981). 

The improved resolution provided by the synchrotron radiation also allowed the 
identification of the previously unknown quadruplet structure of the Yb 4f 14 
photoemission spectra near the surface (Alvarado et al. 1980). One of the 4fT/2-4f»/z 
doublet was observed to have a very asymmetric lineshape and an extremely narrow 
linewidth (13 meV). It was attributed to bulk 4f emission. The other, the surface 
doublets, was found to exhibit almost symmetric lines but with a rauch larger 
linewidth (430 meV). It was also located at a binding energy larger by 0.6 + 0.03 eV, 
see fig. 6. The finding of such a large surface shift for stable 4f levels had obviously 
important implications in the quantitative determination of the electronic structure 
of mixed-valent materials using direct 4f photoemission with synchrotron radiation 
because of the large surface sensitivity of this technique. 

4. From mixed valence in heavy lanthanide compounds to Sm clusters 

By 1980 we had therefore learned that mixed valence in heavy lanthanides systems 
can be best viewed by direct 4f photoemission at high energy (XPS) (see fig. 7). By 
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Fig. 6. Comparison of 4fXPS and synchro- 
tron radiation ultraviolet photoemission spec- 
tra (UPS) of Yb metal. Only UPS allows the 
identification of the surface 4f levels shifted to 
higher binding energy relative to the bulk 4f 
levels. 

using this technique it is also possible to study variations of the valence upon 
stoichiometry, as demonstrated by Wertheim et al. (1980). However, because of 
surface effects, the estimates of the average valence (the f count) as deduced from 
XPS data is d i f f e ren t -  by about 10% in TmSe - from the one obtained via 
susceptibility measurements, lattice constant systematics or Mössbauer effect data. 
We discuss this point also at the end of chapter 70 of this volume. 

Although it is possible to use XPS to distinguish between homogeneous and 
inhomogeneous mixed valence (Wertheim et al. 1978, 1980), when quoting average 
valences one has always to take into account that the electronic properties of the 
surface o f  both stable and mixed valence intermetallic compounds may differ from 
the bulk especially whenever the 4f level lies close to the Fermi level. The role of the 
escape depth, i.e. dependence of the mean-free-path of the photoelectrons from their 
kinetic energy, taust be taken into account. 

At this point we would like to recall that the systematic spectroscopic in- 
vestigation of Sm metal allowed also the pioneering data of Mason et al. (1981) on 
Sm clusters to be meaningfully interpreted. Using XPS and UPS data they showed 
that at small particle sizes Sm has the tendency to be divalent (4f6). Band narrowing 
due to the reduced surface coordination was found thereby to be more dominant 
than surface tension effects in establishing the valence of a small Sm cluster, 
because the trivalent state becomes progressively more abundant only with increas- 
]ng sizes. 
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5. Systematics of  the La and Ce 3d XPS core levels 

5.1. From chemisorption to the impurity problem 

As discussed by Gunnarsson  and Schönhammer  in chapter  64 of this book, the 
parameters  relevant to the extended Anderson single impurity model, originally 
proposed in 1977 for the description of the core level lineshapes of adsorbates (see 
scheme in fig. 2), and now to be used to describe core level XPS da ta  of f-electron 
systems, are: 

(1) attractive core hole potential  Uac: for f systems the interaction Ufc between f 
electrons and core hole; 

(2) distance A+ of the screening level from the Fermi  level Er, its correlation 
energy Ueff; for f systems: the energy e.f of the f levels and their C o u l o m b  correlation 
U; 

(3) width A of the screening level due to hybridization; for f systems: generally 
A = rcV2p . . . .  where V is the hopping between the f levels and the conduct ion states 
and Pmax is the max imum of the density of conduct ion states. 

The  experimental test of this model requires a systematic investigation of the 
dependence core level lineshapes on the above parameters  Uùc, A and A +, and a 
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detailed comparison with calculations. This is experimentally difficult to realize with 
chemisorption systems, i.e. with adsorbates, for obvious reasons. It can however be 
easily realized with a series of 4f impurities with different couplings in rare earth 
solids. For  such an investigation to be successful a highly efficient electron spectro- 
meter is needed as well as many well-characterized samples. This led us, in 
collaboration with J.C. Fuggle, to the construction of a custom designed spect.ro- 
meter, whose heart was a large solid angle monochromator  with 54 quartz single 
crystals mounted on a toroidal glass plate (see fig. 8). The instrument was typically 
operating at a base pressure of 10 -11Tor f  in both measurement and sample 
preparation chambers. In order to increase the intensity, the slits in the electron 
optics were opened, which gave 550 meV total instrumental resolution (Hillebrecht 
1984). 

5.2. Sample preparation and characterization 

The samples used in these studies were prepared by melting the components 
together in the required proportion using rf heating in cold crucibles (Hillebrecht 
1984). The metals used were of 99.9~o purity or better as specified by the procedures 
of Johnson and Matthey and/of  Heraeus. The samples were brittle and mostly air 
sensitive. They were typically cut to two millimeter slices by spark erosion and 
checked for second phases by metallography and X-ray diffraction. They were 
annealed for up to a week in vacuum to reduce the concentration of peritectic 
precipitates. Clean surfaces were prepared in ultrahigh vacuum by scraping the 
samples with an A12 03 file. The levels of O and C contamination, as judged by the 
usual O(ls) and C(ls) XPS peak intensities were usually betow detectability. 

5.3. Dynamical screenin9 of core holes in solids 

Conventional, delocalized Friedel-Mahan screening as known for simple or noble 
metals has been extensively investigated in the 70's (Hüfner et al. 1975, Hüfner 1979, 
and Wertheim and Citrin 1978). The next step required an understanding of the 
effect of increasing the screening orbital localization. It has long been known that in 
going from the 3d (Ti) to the 5f (Th) to the 4f orbitals (CePd 3 and 7-Ce) localization 
increases. Results obtained by bremsstrahlung isochromat spectroscopy (BIS) a few 
years later, and therefore not yet available at that time, experimentally confirmed 
and quantified this educated guess concerning the electronic structure of these 
materials above Ev. From those data, which we discuss in chapter 70 of this volume, 
one can deduce that the screening orbitals of Ti are the strongly hybridized 3d levels 
with negligible interatomic Coulomb correlation, located 5eV above the Fermi 
level EF. In Th the semilocalized screening orbitals are the 5f levels, centered at 
about 5eV ( = A + )  and with a width A of about 2 to 3eV due to the 5f-6d hybrid- 
ization. By comparison with LaPd3 the empty 4f states in CePd3 can be iden- 
tified; the ft state lies at EF, the other about 5eV above Ev. In 7-Ce only the f2 
multiplet structure is clearly visible in BIS centered at about 4eV above Ev. The 
so-called 'well-screened' XPS peaks of fig. 9, in going from the Ti(2p3/2) to Th(4fT/2) 
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and Ce(3d5/2) corresponds to a finat state with increased screening orbital locali- 
zation, leading to a decreased probability (amplitude) of being occupied in the XPS 
final stare (Fuggte et al. 1980). The case of the CePd3 3d XPS core level peaks, which 
contain further structure at higher binding energy due to the 3d94f ° final state 
configuration, will be discussed more in detail below. 

The relatively large separation between the final stare configurations with different 
f counts, especially in La and Ce, allows one to speak of well-defined configurations 
in the final state itself. (The notation 'well' and 'poorly' screened states is misleading 

La %*'- fo Ce 

"' * -0 
'~J / '  WITH 3d 
~,.~~,  STATES 
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° [  ~qJo I I 1 , 

0 1 } " \  0 1 2 :3 
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Fig. 10: Schematic diagram of 3d core hole excitation of La and Ce compounds. The transitions leading 
to the lowest binding energy takes place from an initial state into final stares whose approximate 
configurations are 3d94f 1 and 3d94f z for La and Ce, respectively (Hillebrecht and Fuggle 1982). 
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in the sense that both final states are fully screened, but with different relaxation 
energies.) This is illustrated in fig. 10. In this diagram we show schematically the 
3d XPS transitions in La and Ce and their compounds. The excitations leading to 
the lowest 3d binding energies take place from an initial state into final states whose 
approximate configurations are 3d 94f I (La) and 3d 9 4f 2 (Ce) (Fuggle et al. 1980), in 
accordance to the suggestion of Crecelius et al. (1978) for the pure elements. 

5.4. Hybridization o f f  levels in RPd3 compounds 

The observation of the close relationship between experiment and theory docum- 
ented by the data of fig. 9 provided motivation for a subsequent test involving the 
RPd3 series of the light lanthanides from La to Sm. The hybridization A was 
expected to decrease in going from La to Sm, also because of the contraction of the 
4f wavefunctions. The results of these investigations are shown in fig. lla,b. The 
weight of the final state 3d94f "+1 (from n = 0 for La to n = 5 for Sin) decreases 
monotonically and is for practical purposes negligible ( < 5~o) in SmPd3. The mixing 
of 4f and conduction electrons cannot, however, be completely neglected for Pr and 
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and Sm). The spectra have been normalized to the height of the 3d5/2 peaks. (b)Details of the 
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Fig. 12. 3ds/2XPS spectra of EuPd» 
upon 0 2 exposure. The divalent signal 
3d 9 4f 7 disappears upon 0 2 adsorp- 
tion demonstrat ing that this spectral 
feature is due to a static surface effect. 

Nd. On the other hand we can deduce that mixing of initial and final state 
configurations will be negligible for heavier lanthanides. This implies, for example, 
that the structure observed in the low-energy region of the 3dXPS spectra of 
trivalent (4f °) Eu compounds is not, as originally proposed by Schneider et al. 
(1981) and Laubschat et al. (1983), partly due to dynamical effects as in the case of 
La or Ce. Rather it is due to a surface electronic phase transition like in Sm 
metal, as demonstrated by Märtensson et al. (1985), see fig. 12. 

In order to further quantify the meaning of configuration mixing in initial and/or  
final states it was clear since 1979 (Campagna et al. 1976, 1979) that a systematic XPS 
investigation, concentrating on many La and Ce intermetallic compounds, was 
necessary. The corresponding experimental work also provided the motivation for 
extensive numerical calculations by Gunnarsson and Schönhammer (1983a,b), made 
possible by an extension of an idea of Anderson (1981). He had recognized that the 
large degeneracy Nf of the f orbitals of Ce could be used to develop a mathematical 
expression for the properties in terms of an expansion in inverse powers of Nr. 

The comparison between theory and experiment was extended to various spectros- 
copies besides XPS, i.e. resonant photoemission spectroscopy. X-ray absorption 
spectroscopy (XAS) and, as we shall see in chapter 70 of this volume, also to 
bremsstrahlung isochromat spectroscopy (BIS). With one set of parameters it 
became possible to describe many experimental results, which in turn made it 
possible to extract new values of A and nf. These values turned out to be quite 
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different from the traditional ortes (Fuggle et al. 1983a, b, Gunnarsson et al. 1983). 
Oh and Doniach (1982) has also pointed out that the spectra can be explained by a 
hybridization significantly larger than the formerly accepted ~10meV. However 
their model only permitted qualitative conclusions about the hybridization. 

5.5. Quantifying dynamical screening in La-Ni, Ce-Ni, La-Pd, 
and Ce-Pd compounds 

A prototype or classical set of 3dXPS core level spectra of La and Ce in- 
termetallic compounds is shown in figs. 13 through 20. In all these compounds one 
can see from the XPS spectra that the fl (for La) or the f2 (for Ce) final-state 
amplitude increases with the Ni (Pd) concentration. This can best be seen in the 
close-up view of fig. 15 and fig. 20. In all cases this increase of the fl (La) or of the f= 
(Ce) amplitude indicates increased f hybridization. The evidence for the assignment 
to a 3d 9 4f ° final state in the case of the Ce compounds is contained in the 4d XPS 
spectra shown in fig. 16. Two weak peaks are seen to grow at 120eV BE with 
increasing Ni concentration. The splitting of these two peaks is almost equal to the 
4d spin-orbit splitting in La so that they can clearly be attributed to 4d94f ° final 
states. The growth of the 3d peaks at 914eV parallels the growth of the 4d94f ° 
peaks at 120 eV and their separation from the main 4d 9 4f 1 peaks is similar. This is 
why the peaks located at 914 eV can be assigned to excitations to final states mainly 
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Fig. 13. La 3d XPS core level spectra of La-Ni  
compounds (Fuggle et al. 1983a, b). 
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of 3d94f ° character. The shape of the 4d94f ~ and 4d94f 2 region cannot be 
interpreted in detail because the 4d-4f  interaction is strong enough to introduce 
multiplet effects in the 4d XPS peaks which complicate peak shapes and must be 
treated in intermediate coupling. 

For completeness a 3d XPS spectrum of CeNi» and CeRu 2 with the correspond- 
ing peak assignment is shown in figsl 17a and b. The spin-orbit  splitting of about 
18eV of the 3d levels produce s six features, three due to the 3d5/2 and three due to 
the 3d3/z final state. 

At this point, after a qualitative discussion of the 3d XPS results, it is appropriate 
to illustrate the results of model calculations for the XPS case so as to be able to 
understand how, by comparison with the experimental results, one can extract 
numerical values for A and nr. These are shown in the case of Ce in figs. 21 and 22; 
again we refer the reader to the article of Gunnarsson and Schönhammer, chapter 
64 of this book, for details of the calculation. Here  we would just like to remember 
that in the sudden approximation the XPS current is directly related to the core 
spectral function: 

p¢(~) = ~ I ( E = ( N  - 1)l~¢]q~o)l 2. 6[~ - E o ( N )  + E=(N - 1)-I, (1) 
n 

where 

I~ß0) -- c01f ° )  + cl I f  1) + c2 l f  2 ) (2) 

is the ground state, [Eù(N - 1)) are the excited final states in the presence of a core 
hole and Eo(N ) and E ù ( N -  1) are the corresponding energies. The annihilation 
operator of the core level is ff¢. To evaluate expression (1) Gunnarsson and 
Schönhammer write the initial ground state of fig. 10 for non-zero zl as eq. (2). At 
this point we can understand why the central part of the physics is contained in the 
so-called low-energy satellite due to the final state of mainly f2 character in the 
3d XPS spectra. This spectral feature can in fact only occur if there is a mixing of the 
f~ and f2 configurations in the initial and/or final states so that f2-1ike final state 
couples into the initial state. A mixing of the final state configurations means that 
calculations are needed to quantitatively determine to what extent nf can be 
obtained from a core spectrum. The weight of the f2 shoulder in the 3d XPS spectra 
provides therefore a measure of the mixing, from which one can deduce the size of 
the hybridization LI. While A is large enough to couple the f l  and f2 configurations, 
the calculations show that the mixing of the final fo and fl  configurations, which 
have a larger energy separation, is fairly small. The weight of the fo peak therefore 
provides a semi-quantitative measure of nr via c 2 = 1 - nf. Quantitative estimates 
can be obtained from the calculations. Figure 23 shows the comparison between 
experiment and calculations. CeRu2 is especially interesting since it has traditionally 
been thought to be a so-called tetravalent Ce compound,  primarily because of its 
superconductivity. This would have therefore implied nr = 0 for CeRu 2. The expe- 
rimentäl curve is weil reproduced for nf = 0.85 and A ~ 100 meV, while we see that 
ne ~ 0.54 is too much weight for the fo peak and A = 0.05 eV leads to a very weak 
f2 Shoulder. The calculated f~ peak is somewhat too narrow becäuse of the neglect 
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of multiplet effects. As mentioned above the values of A and nf deduced from this 
comparison are very different from the traditional ones (Gunnarsson et al. 1983). 
The superconducting behavior of CeRu2 cannot be explained on the basis of the 
absence of f electrons (i.e. Co ,~ 1). Similar conclusions regarding A and Co, in 
disagreement with traditional ones, have been obtained for most of the 'anomalous' 
Ce compounds (see table 1). 

5.6. Heavy fermion systems." CeCu2Si2, CeAl 3 and CeCu 6 

Steglich et al. (1979) first suggested that C e C t l 2 S i  2 is a mixed-valent super- 
conducting Ce compound. Already in 1980 it was demonstrated empirically on the 
basis of a systematics of 3d XPS spectra that nf should be rather close to 1 in this 
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Fig. 23. Comparison between experimental 
(dots) and theoretical (full curve) 3dXPS 
spectrum for CeRu 2. To describe the spin- 
orbit splining of the 3d level in the calcu- 
lated spectra, the appropriate energy sepa- 
ration and weights have been super- 
imposed. An inela'stic background (dashed 
curve) was also added as well as broadening 
(Lorentzian) of one 1.8eV (full width at 
half maximum, FWHM). 

material (Lässer et al. 1980, Fuggle et al. 1982). Compar i son  with theoretical spectra 
would lead to A ~ 35 meV and nf ~ 0.95, see table 1. 

The first known heavy fermion system, CeA13, was originally also thought  to be a 
mixed-valent Ce c o m p o u n d  (Andres et al. 1975). By 1981 it was clear from XPS that 
here too  nf ~ 1 (Baer et al. 1981). Again compar ison with calculations would lead us 
to A ~ 30 meV and nf ~ 0.95. On  the basis of this spectroscopic evidence it was 
concluded that  CeCu2Si  2 and CeA13 are so-called K o n d o  lattice systems. An 
unders tanding of their properties should take into account  that the f level in the 
ground state is located well below Er, i.e. ~ 2 eV with nf ~ 0.95. This made possible 
the development  of a Fermi liquid theory of the K o n d o  lattice, explai~aing especially 
the heavy (effective) electron masses (Razafimandimby et al. 1984, Grewe 1984). 
Later, another heavy fermion Ce compound,  CeCu6, was discovered (Stewart et al. 
1984). Also in this case, f rom 3d XPS spectra, shown in fig. 24, orte can deduce 
A ~ 30 meV and nf ~ 0.95, in accordance with the earlier results for the other Ce 
heavy fermion systems. As we now know, the anomalous  but universal low- 
temperature p roperties of these exotic but interesting f electron compounds  a r e a  
result of the K o n d o  or Abr ikosov-Suhl  resonance near the Fermi energy 
(d 'Ambrumenil  and Fulde 1985, Bickers et al. 1985). In addit ion to the singly filled 
fa level below Ev and to the f2 levels far above Ev there is a sharp resonance of f 
character just near Er, which is the topic of current spectroscopic investigations 
(Patthey et al. 1985). 



TABLE 1 
4f Hybridization widths in meV and c o coefficients for La and Ce 

compounds. 

Compounds A4« (La) A4f (Ce) c o (Ce) 
from XPS from XPS from XPS 

R 70 30 <0.05 
a-Ce ~0.05 
CeCo 2 120 ~ 0.18 
CeCo s 110 ~0.13 
LaaNi 80 
RTNi 3 90 60 <0.05 
RNi 120 70 ~0.05 
CeNi 2 100 ~0.12 
RNi 5 160 70 ~0.16 
CeRh 3 160 ~0.26 

CeRu 2 120 ,~0.20 
R 7 Pd 3 50 30 < 0.05 
RPd 140 90 <0.05 
Ce3Pd s 120 <0.05 
LaPd 2 160 
RPd 3 250 150 ~-0.10 
RSn 3 70 50 < 0.05 
CePt 3 150 ~0.14 
RAu 30 25 <0.05 
RAu 2 25 15 <0.05 
CeAIŒ 30 <0.05 
RPdAI 70 35 < 0.05 
CeCu/Si 2 35 <0.05 
CeN ~0.2 
CeSb 60 < 0.05 
CeSe 140 < 0.05 
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Fig. 24. Comparison of 3d XPS peaks of the heavy fermion system CeCuzSi2 (Lässer et al. 1980) and 
CeCu 6 (Sarma and Hillebrecht 1986). 
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870 Fig. 25. New assignment of the 3d XPS peaks of 
7- and «-Ce (Wuilloud et al. 1983). 

Clearly these advances also allowed a re-interpretation of pioneering data of Baer 
and Zürcher (1977) of 'golden' CeN and c~-Ce. For y- and c~-Ce we show the correct 
peak assignment in fig. 25. The V-~ phase transition can therefore be seen as a 
dramatic increase of the hybridization A, i.e. as a so-called 'Kondo collapse' (Allen 
and Martin 1982). The nature of the 4f states in Ce, topic of so many investigations 
(Hüfner 1982) is finally being unraveled! 

6. Hydrogen storage materials and epitaxial layers 

XPS investigations of hydride formation in La and Ce and in intermetallic 
compounds known as hydrogen storage materials were initiated by Siegmann et al. 
(1978). They were followed by extensive investigation by Schlapbach (1981) and 
Schlapbach and Scheerer (1982), Schlaplach and Osterwalder (1982) and 
Osterwalder (1985). A number of interesting and intriguing surface segregation 
phenomena were observed upon exposure to O2 or watet. Especially in going from 
y-Ce to C e H 2 .  9 a dramatic increase of the f2 signal in the 3dXPS spectrum was 
observed. This can be taken as an indication for a dramatic increase of the 
hybridization of the f level upon hydrogen absorption. Alternatively an increased 
occupancy of the metal derived conduction electron states should be taken into 
account. This is an experimental fact which is not yet understood, but would be 
worth following up in greater detail, especially with investigations at low tempera- 
tures. Especially appealing is the simplicity of the electronic structure of such high 
hydrides. 

Epltaxial growth under clean conditions in ultra high vacuum is increasingly used 
in the field of metal physics as a way of preparing new materials in form of thin films 
or superlattices. Because of interdiffusion at the metal-metal interface, the control of 
the structural properties is at least as difficult as in the case of semiconductor-metal 
interfaces. Some initial, but very interesting steps have, however, recently been 
reported, also with epitaxial lanthanides. Fäldt and Myers (1985) have prepared and 
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investigated epitaxial Sm layers on AI(100) and Cu(100). From 3dXPS core level 
spectra and LEED they concluded that Sm on a Cu substrate makes a transition to 
an intermediate valence (nr ~ 5.3), starting from divalent (4f 6) isolated Sm atoms. It 
is conceivable that Sm atoms in the oligatomic regime on a metallic substrate could 
show a mixed-valent behavior. This could however be unambiguously established 
by photoemission with synchrotron radiation to determine the position of the 6H- 
multiplet relative to the Fermi level Er, as was done for the surface of bulk Sm (see 
fig. 5). Mixed valence would imply pinning of this final state level at Ev. 

Weller et al. (1985a, b) have reported the observation of surface enhanced mag- 
netic order on hcp epitaxial Gd on W(ll0). This observation was possible via a 
simultaneous use of the magneto-optic Kerr effect (bulk sensitive measurement) and 
spin-polarized low-energy electron diffraction (a surface sensitive magnetic measure- 
ment) as weil as analysis of the sp in  polarization of energy-resolved 4f photo- 
emission with synchrotron radiation at the storage ring BESSY in Berlin. These are 
rather difficult measurements, which however will receive increased interest by 
experimentalists because of the availability in a foreseeable future of high brilliance 
photon sources at dedicated storage rings. The questions related to the nature of the 
atomic and electronic structure of epitaxial lanthanides down to the monolayer 
region are indeed very challenging ortes. 

7. Need for a systematic study of empty states at high photon energy 

From the many results shown in the preceding sections we have to conclude that 
core level XPS investigations since 1978 have provided crucial input for revealing 
the exciting physics responsible for the 'anomalous' physical properties of many Ce 
compounds. These extensive systematic investigations have had profound effect in 
changing our traditional view of such fascinating intermetallic compounds. Most 
illustrative, in this respect, is the resulting nonlinear relation between lattice constant 
and so-called f count nr, due to the significant hybridization of the f electrons with 
the conduction electrons. This must be contrasted to the behavior of the heavy 
lanthanides. 

The picture of the occupied and empty valence level structure indirectly inferred 
from core level XPS must be complemented by a direct investigation of this 
important region of the electronic structure. This can be best performed either by 
resonant photoemission spectroscopy using synchrotron radiation for the occupied 
levels or by inverse photoemission spectroscopy using high-energy electrons, by the 
so-called bremsstrahlung isochromat spectroscopy for the empty levels. The results of 
these new investigations are the topic of chapter 70 of this book. 
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Aso spin-orbit splitting 
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~f f-level energy 
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Eo(N ) ground-state energy of N- Nf f-level degeneracy 
electron system Pc(0 core level spectrum 

IE0(N)> ground-state of N-electron pf<(0 total f-electron PES spectrum 
system Pf> (0 total f-electron BIS spectrum 

IEù(N-1)> nth excited state of (N- l ) -  T temperature 
electron system U f-f Coulomb interaction 

f(0 Fermi function Ufc core level-4f Coulomb inter- 
ge(z) core level PES Green's function action 
g~(z) PES f-electron Green's function Uf« conduction band-4f Coulomb 
g{ (z) BIS f-electron Green's function interaction 
gv(z) Green's function for f-electron # chemical potential 

with quantum number v v combined spin and angular 
H Hamiltonian momentum index 
hm photon energy V(e) hopping matrix element 
k B Boltzmann's constant ~'(~) x/NfV(e) 
nf f-level occupancy Z static, T = 0 susceptibility 

1. Introduction 

There have been numerous  studies of thermodynamic  and transport  properties of 
mixed valence Ce systems (Lawrence et al. 1981). These measurements  have been 
interpreted in terms of a large density of states at the Fermi energy ev. Studies of the 
lattice parameter for Ce mixed valence systems have suggested that  the f-occupancy 
nf depends sensitively on the chemical environment  and that  nf can vary between 0 
and 1, depending on the system (Iandelli and Pa lenzona  1979). These properties 
have offen been interpreted in a promot iona l  model, where the f-level sf is very close 
to ev = 0 ([ef - eF[ "<< 0.1 eV) and where its coupling 3 ~0.01 eV is very weak so that  
the f-resonance is very narrow. This model  explains the large density of states at ev. 
Furthermore, it could explain the assumed sensitivity of nf to the chemical environ- 
ment, since the closeness of the f-level to/~F could easily lead to the ' p romot ion '  of an 
f-electron into the conduct ion  band if the chemical situation is changed. This picture 
was questioned by Johansson (1974), who deduced ler - ~vl ~ 2.5 eV from thermo-  
dynamic data. 

During the last 5 to 10 years there has been rauch interest in electron spectro- 
scopies (Hüfner and Steiner 1982), since it was realized that these also suggest a very 
different picture of mixed valence Ce compounds .  Valence photoemission spectro- 
scopy (PES) studies showed that  the f-spectrum of Ce has weight at (sf ,~) - 2eV  
below ~v (Platau and Karlsson 1978, Johansson et a l .  1978). It was further found 
that core level X-ray photoemission spectroscopy (XPS) measurements  were hard to 
understand unless A (Fuggle et al. 1980b) is much larger than previously assumed. 
This discrepancy between the interpretations of spectroscopic and thermodynamic  
data showed the need for a theoretical analysis, based on a microscopic model, of 
what kind of information can be extracted from different experiments. This was 
further emphasized when PES studies showed f-character in the spectrum both  at 
- 2 e V  and close to eF = 0 (Märtensson et al. 1982). This observat ion created a 
lively debate about  how to interpret the PES spectra. 
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The mixed valence systems are often discussed in terms of an Anderson (1961) 
impurity model. The f-electron spectral function of this model has therefore been a 
long-standing issue. If the coupling A is very weak, it follows immediately that the 
spectrum has two peaks at ef (seen in PES) and at ef + U (seen in bremsstrahlüng 
isochromat spectroscopy (BIS)), where U is the f-f  Coulomb interaction. It  was 
further realized that  the spectrum has a 'Kondo '  resonance close to ~v= 0 
(Abrikosov 1965, Suhl 1965). Except for some special cases (Yamada 1975) it was, 
however, hard to determine even the qualitative properties of the Kondo resonance. 

An important  progress in the treatment of the Anderson model is the realization 
that one can treat 1/Nf as a small parameter, where Nf is the degeneracy of the f 
level (Ramakrishnan 1982, Anderson 1982, Ramakrishnan and Sur 1982). Using this 
idea, we have developed a method for calculating electron spectra, which becomes 
exact as Nf ~ oe (Gunnarsson and Schönhammer 1983a,b, 1985a). In particular, this 
method makes it possible to study the Kondo peak quantitatively for a large value 
of Nf. 

This approach demonstrates that the core level XPS spectrum (Oh and Doniach 
1982) gives information about nr,el and A (Gunnarsson and Schönhammer 1983b). 
Typical values for Ce compounds are nf >/0.7, ~f ~ - 2 e V  and • ~ 0.1 eV (Fuggle 
et al. 1983b). When such parameters are used, the calculations of the f-spectrum 
predict a Kondo peak with enough intensity to be seen in PES for mixed valence Ce 
compounds (Gunnarsson and Schönhammer 1983a, b, Schneider et al. 1985). If one 
further takes into account some effects related to the finite value of U, these 
calculations give a fair description of the f-spectra of many Ce compounds 
(Gunnarsson and Schönhammer 1985, Allen et al. 1986). Furthermore the Kondo 
resonance close to ev leads to a large density of states at av, which is needed to 
understand the magnitude of some thermodYnamic properties (Allen et al. 1981, 
Croft et al. 1981, Allen and Martin 1982, Gunnarsson and Schönhammer 1983b, 
Gunnarsson et al. 1983). 

The main aim of this chapter is threefold. First we discuss methods for calculating 
electron spectra for the Anderson model. Secondly we study to what extent the 
Anderson model can produce spectra similar to the results obtained from different 
electron spectroscopies applied to Ce compounds. Thirdly we study to what extent 
we can use one single set of parameters for each compound, to describe many 
different spectroscopies. Our  discussion will be focussed on Ce compounds, in 
particular mixed valence systems, but other lanthanide compounds will also be 
considered. 

2. Modds 

In this section we discuss the choice of model for Ce compounds.  For  the mixed 
valence Ce compounds the configurations 4f ° C 4 and 4f 1 C » play an important role, 
where C stands for conduction electrons (5d, 6s, 6p). In fig. 1 we show some of the 
wavefunctions for a Ce atom according to a calculation (Jones 1985) in the local 
density approximation (Kohn and Sham 1965). The conduction states 5d and 6s are 
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Fig. 1. The atomic wavefunctions of Ce in a 
LSD calculation using a Ceperly-Alder pot- 
ential (Vosko et al. 1980) in the configuration 
4f 15d 16s 2. The arrows show the Wigner 
Seitz radii of ct- and 7-Ce. In the region 
r < 0.3 the nodes of the functions are not 
shown. 

rather extended and have a substantial weight at the Wigner-Seitz radius. The states 
5s (not shown) and 5p belong to the Ce core and are located inside the conduction 
states. The 4f-states are even more localized and mainly inside the 5s, 5p core. This 
suggests that the Coulomb interaction U between two 4f-electrons is large, and that 
it is essential to include this interaction in a model of a Ce compound. 

Since the 4f-orbital has a different angular character than the conduction states 
(5d, 6s, 6p), the matrix element of the Hamiltonian between a 4f-orbital and a 
conduction orbital on the same site obtains a contribution only from the fairly small 
nonspherical part of the potential. Furthermore,  the overlap between an f-orbital 
and a conduction orbital on another site is small because of the localized nature of 
the 4f-orbital. The hopping matrix element between a 4f-orbitat and a conduction 
state is therefore rather small. To describe mixed valence behaviour it is neverthe- 
less essential to include these matrix elements, since they couple different f- 
configurations. 

These arguments suggest the Anderson (1961) lattice model 

ka~ im~ k~Girn 

1 U i i 
n ma n ra'~', 

i (ma) #(rn'~r') 

where ek~« refers to a conduction state with the ware vector k, band index ¢~ and spin 
a. The energy of the 4f-level is Q, i is a site index and rn is an orbital index, i V k=m is a 

hopping matrix element between the f-orbital (irn«) and a conduction state (kehr). 
The last term describes the Coulomb interaction U between two 4f-electrons on the 
same site. 

Since the model (1) is very difficult to solve, most work has been limited to the 
Anderson impurity model, where only the f-level on one site is considered. This is 
perhaps the simplest model of a mixed valence system, since the model only contains 
the hopping term necessary to couple different f-configurations and the important  f -  
f Coulomb interaction. Variations of this model have been very widely used to 
describe transport, thermodynamic and spectroscopic properties of mixed valence 
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systems. The broad use of this model has the advantage that it may enable us to 
relate different experiments to each other. It  will be shown in the following that the 
impurity model works surprisingly well for the description of Ce mixed valence 
compounds. Some justification for the impurity model has been given by the 
observation that the impuri ty- impuri ty interaction is of order 1/Nf (Read and 
Newns 1984, Read et al. 1984), where Nf is the degeneracy of the f level. 

It is interesting to discuss this model in terms of a one-particle basis set. Such a 
basis set can be obtained from a band calculation in which the f-electrons are 
treated as core electrons. Thus  the f-level is filled by the appropriate number nf of f- 
electrons, which contribute to the effective potential of the conduction electrons, but 
which do not hybridize with the conduction states. The conduction states and the 
localized f-orbital can now be used as a one-particle basis set. F rom this set a 
Hamiltonian can be derived, which contains terms of the same type as in (1) but in 
addition many  other terms. Many of the additional terms are not small, and the 
justification for their neglect is a complicated issue. 

In (1) the Coulomb interaction between the conduction stares is neglected. These 
stares are rather extended (see fig. 1) and the Coulomb integrals are not very large. 
For such states the local spin density (LSD) approximation of the spin density 
functional formalism (Kohn and Sham 1965) has been rather successful (von Barth 
and Williams 1983). In this scheine the electrons are formally treated as independent 
and correlation effects are included in an effective one-particle potential. By using 
ekŒ'S in (1) which are obtained from a LSD approximation or deduced from 
experiment, we may incorporate some interaction effects implicitly in the 
Hamiltonian (1). In this way chemical information about the compound considered 
may also be incorporated. Relativistic effects on the band structure are also included 
in this approach. 

The Coulomb interaction Ufd between a conduction electron and an f-electron on 
the same site is neglected in (1). The effect of this term is approximately included as a 
renormalization of U. We want to discuss this renormalization in more detail, since 
it illustrates the nature of the approximations involved in the use of a model 
Hamiltonian like (1). According to (1) the energy cost of putting two f-electrons on 
the same site is U. An estimate of U is given by the Slater Coulomb integral Fo, 
which is of the order 25 eV (Herbst et al. 1978). In the real system this energy cost is 
smaller due to the relaxation of the f-orbital and the screening by the conduction 
electrons. The screening takes place as a reduction in the number n d of conduction 
electrons on an a tom as the number nf of f-electrons on the same atom is increased. 
Due to the interaction Ufd this decrease in n d leads to a reduction in the energy cost 
for double occupancy of the f-orbital. Herbst et al. (1978) calculated this reduction 
under the assumption that n d + nf = const, for each atom. Including this and some 
other effects, they found that the energy cost is reduced from F 0 ~ 25 eV to about 
5 eV for Ce. We take these effects implicitly into account in (1) by assuming that 
U ~ 5eV. 

A Hamiltonian like (1) with an effective U can be used if in the real system the 
number of conduction electrons can always adjust to the number of f-electrons. This 
assumption breaks down in, for instance, photoemission spectroscopy, if Ufd is 
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larger than the width of the conduction band. In such a case there are important 
final states, where an f-electron has been removed but the number of conduction 
electrons has not been increased correspondingly. These states can lead to an extra 
peak in the spectrum, which is entirely missing unless Ufa is included explicitly 
(Kotani and Toyozawa, 1974a,b, Schönhammer and Gunnarsson 1977, 1978a). 

In a similar way other terms, which are not included explicitly in (1), may be 
included implicitly. It is therefore hard to judge a priori the accuracy of the model 
(1) for a certain class of systems and properties. To determine this we have to rely on 
a comparison of experiments with calculations for this model. For  the cases where 
the model gives a good description, the determination of the parameters from first 
principles requires an understanding of the types of renormalizations involved. For  
U and ef Herbst et al. (1978) have made important progress in this respect, while the 
hopping parameters Vk«m are much less well understood. 

To be able to describe core level spectroscopies, we add to the Hamiltonian (1) a 
term (Kotani and Toyozawa 1974a,b, Lang and Williams 1977) 

H c = gene --  Ufc(1 - r/c) Z t/ma, (2) 
m a  

where eo describes a structureless core level. Since the,4f-level is very compact, it feels 
the core hole attraction more strongly than the conduction electrons. The energetic 
ordering of the configurations is therefore changed when a core hole is created. In 
the absence of a core hole the f2 configuration is a few eV above the fl con- 
figuration, while in the presence of a core hole it is about 5 eV below. This effect is 
incorporated in the term containing Ufc. The value of Ufc is strongly renormalized 
by, for instance, the core hole--conduction electron Coulomb interaction (Herbst 
and Wilkins 1979). 

In the calculations for the impurity Anderson model, the information about the 
Vk«'S enters in the form 

y~ v «%v««,ù,,~(8 - ~k«), (3) 
k~ 

where the index i has been suppressed since there is only one impurity. In the 
following we make the assumption 

2 V«*amVk°cm'(~(e - '~kŒ) = Vrn(g)*pmm'Pm,(,~), (4) 
k« 

where pmm,=p %ù is energy independent. For a cubic system this result immediately 
follows, if we let m refer to cubic harmonics. Using symmetry arguments one then 
finds that pro« is diagonal. Even in cases where (4) is not exact, we expect it to be a 
good approximation. Since the phase of Vk«m in general varies rapidly with k, the 
result of the k-summation should be small unless m = m'. 

It is now useful to transform the conduction states to the same symmetry repre- 
sentation as the f-stares 

I~,m«) = ~m(~) -1 ~ vk«~,~(~ - ~«)lk««) ,  (5) 
kc~ 

where [k«a) is a conduction state. We then have 

(e' ,m'a'[ema ) = pm«~(e - e')6ù«. (6) 
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Since pm,~ is Hermitian it can be diagonalized. This defines an energy-independent 
unitary transformation and we transform the conduction states to new orthogonal 
states [e,Ta), witfi the normalization 

<e ' , y 'a ' l e , ya> = ô(8 -- e')Ô~e,6~«, (7) 

The same transformation is used for the f-states. This leads to the Hamiltonian 

H =  2 80+ O~v d~3 -1- ~3f o+ Ipv 
v = l  

= Ho + I7" + Ü +/äro, (8 t 

where we have introduced v = (y,a) as a combined index for the orbital and spin 
degeneracies. The f-level degeneracy is Sf  ( = 14). H0 contains linear combinations of 
conduction states, which are orthogonal to the states (5) and therefore do not couple 
to the f-level. We can therefore neglect F/o for most of the properties studied here. In 
the following we also assume that V~(e) is independent of v, 

V~(e) = V(e). (9) 

With our normalization of the conduction states, the conduction density of stares 
has been absorbed in V(e) 2. We put the Fermi energy eF = 0, and assume that the 
conduction band extends between - B  and B'. 

The Hamiltonian (8) represents the simplest starting point for the discussion of 
mixed valence systems. It is straight forward to take the spin-orbit splitting of the f- 
level into account. The 14-fold degenerate f-level is then split into a 6-fold and an 8- 
fold degenerate level. This has been done in most of the calculations described in 
section 5. In the same way crystal field splitting can be included as a further splitting 
of the f-level. In the models (8) and (2) multiplet effects are entirely neglected. 
Experimentally these effects show up particularly clearly in the core. spectroscopies 
and in bremsstrahlung isochromat spectroscopies (BIS). It should be possible to 
introduce such effects in the formalism below, but because of the many different 
multiplet states this is a substantial complication. 

As discussed above it would be interesting to introduce the Coulomb interaction 
between the f-electrons and the conduction electrons and between the conduction 
electrons themselves. Orte could then study the renormalization of the parameters in 
the model (8) as well as the new dynamical effects, such as extra satellites, which 
appear in the appropriate parameter range. The inclusion of terms containing ~k + 
~+v' ~~"~" ~¢" would allow the study of some lifetime effects. Such interactions are, 
however, a great complication, and it is then a very difficult problem to find an 
accurate solution. 

The model (8) can be generalized to include the coupling of the f-level to a 
localized phonon mode. In the limit U - - ,  oo, N t ~ oo exact results for the PES f- 
level spectrum and some ground-state properties have been obtained (Schönhammer 
and Gunnarsson 1984). 
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An alternative to the model Hamiltonian approach discussed above is the use of 
the LSD approximation (Kohn and Sham 1965) for the description of th e f-electron 
system. A study of the pressure-volume relation for ct-Ce and «'-Ce gare a 
reasonably good agreement with experiment (Glötzel 1978). It was found that the 
LSD approximation predicts an f-contribution to the pressure which is needed to 
understand the experiment. At a volume corresponding to 7-Ce, on the other hand, 
the calculated f-pressure was much too negative. This type of results were also found 
for Pr (Skriver 1981). The LSD approximation is claimed to give a good Fermi 
surface for CeSn3, a system where the f-electrons are of importance for the Fermi 
surface (Koelling 1982). On the other hand the specific heat is an order of magnitude 
too small for CeSn3 in the LSD approximation (Koelling 1982). Although the 
energy eigenvalues in this approach have not been shown to give excitation energies 
(Kohn and Sham 1965) it is standard practice to assume that this is the case. The f- 
band width is of the order 1 eV (Podloucky and Glötzel 1983), while the experimen- 
tal f-spectrum is spread over about 8 eV (Lang et al. 1981). This large energy spread 
can not be described by the LSD approximation, unless the standard procedure for 
performing band calculations is modified (Norman et al. 1985, Norman 1985). An 
advantage of the density functional formalism is its first principle nature, i.e. the lack 
of adjustable parameters of the type ef or V(e) in the model Hamiltonian approach. 
As indicated above, however, the presently available approximations, e.g. the LSD 
or Xm approximations, are not accurate enough to describe many properties of Ce 
compounds, which ar e changed qualitatively by the large correlation effects. 

3. Methods for calculating spectra 

In this section we first demonstrate how various spectroscopies can be related to 
one-electron Green's functions by using the so-called sudden approximation. Then 
methods for calculating these Green's functions are reviewed. As discussed in section 
2, the Anderson impurity model (ALM) is believed to contain the most important 
mechanisms for the systems studied here. We therefore focus on the AIM with 
special emphasis on the limit where correlation effects are important. In the 
nondegenerate c a s e  N f  = 1 the interaction term involving the Coulomb interaction 
U between two electrons in different f-channels does not appear and the resulting 
problem of noninteracting electrons can be solved exactly (see below). The 'spin- 
degenerate' case Nf = 2 has also been given special attention. The exact solution for 
ground-state and thermodynamic properties has been found using the Bethe- ansatz 
(Wiegmann 1980, Kawakami and Okiji 1981, Schlottmann 1983), but spectral 
functions have not been obtained by this method. 

3.1. One-electron Green's function 

As an example we consider photoemission and we essentially follow Hedin and 
Lundqvist (1969). The system is assumed to be described by a Hamiltonian H in the 
absence of any external fields. We introduce an operator ~, which describes 
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transitions induced by the photons perturbing the system 

z = ~z~,O + Oi, (10) 

where r~i is a matrix element of the dipole operator between the one-particle states 
li} and I~c). The N-electron system is assumed to make transitions to final states of 
the type 

~ +~ ] E ù ( N  - 1)), (11) 

where ]Eù(N - 1)) is an (N - 1)-electron eigenstate of the Hamiltonian H. Thus the 
emitted electron in the state I~c) is assumed to have no interaction with the 
remaining ( N -  1) electrons. This 'sudden' approximation becomes increasingly 
accurate as the kinetic energy of the emitted electron is increased. For  the cases we 
are interested in, the kinetic energy is typically 50-1000 eV. The sudden approx- 
imation is then generally assumed to be a good starting point, although the 
cõrrections can be substantial (Fuggle et al. 1980a). According to the golden rule, 
the number of emitted electrons with the energy e is then proportional to 

P(~) = ~ ~ I (  E ù ( N  - 1)l~k~zlEo(N))l 2 
/( n 

x 6(~ - G) (5(~ + E ù ( N  - 1) - hco - Eo(N) ) ,  (12) 

where hco is the energy of the photon causing the transition. The last 6-function 
follows from energy conservation. 

One now makes the further assumption 

0N IEo(N)) = 0. (13) 

If ]~c> refers to a high-lying scattering state, this state has a small weight in the initial 
state ]Eo(N)) , and (13) is a good approximation. The closely related approximations 
(11) and (13) therefore both become accurate as h(~ is increased. Equation (13) 
leads to 

1 1 
P(e) = - - ~  8(e --  G ) I m ( E o ( N ) ] z  + 

n ~ a - hco + H - E o ( N  ) r~]E°(N))' (14) 

where 

i 

It is now assumed that the interference between different values of i in the two % 
in eq. (14) can be neglected. Although this assumption is not necessary, it leads to 
simpler expressions. This should be a g o o d  approximation for the emission ffom a 
(core) level which is well separated in energy from the other levels. For valence 
photoemission for Ce compounds, the interference between the f-level and the 
conduction band emission may be of importance (Gunnarsson and Schönhammer, 
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1985a). The neglect of interference leads to 

P,(O = }~ _1_~ 1~~~126( ~ _ ~~)Img¢ (e - hco - iO) ,  P(~) E (16) 
i "T" 

where 

1 
g ? ( z )  = (Eo(N)IO / - -  O~IEo(N)). (17) 

z + H - Eo(N ) 

Since we are usually interested in values of e, the kinetic energy of the emitted 
electrons, which are not very small, we further assume that 

~, I%i 12c5(~ -- eK) 

has a negligible energy dependence. This should be a reasonable approximation if 
the width of the spectrum (~  10 eV) is much smaller than e. Then each contribution 
Pf(e) to P(e) is proportional to 

p/< (e - hco) = llmg~<(e - hco - i0). (18) 
7Z 

Thus the main remaining problem is the calculation of g~< (z). 
In bremsstrahlung isochromat spectroscopy (BIS) the system is exposed to an 

electron beam and the transitions of the incoming electrons under the emission of 
photons are studied. In this case it is assumed that the initial state is of the form 

~b~ + I Eo(N)) , (19) 

and transitions to final states IEn(N + 1)) are studied. With similar approximations 
as for PES, the energy distribution of the photons is related to 

1 > 
p~> (E - hco) = -  Imgi (E - ho» - i0), (20) 

7Z 

where 

1 
g~ (z) = ( Eo(N)[ O , O + IEo(N) ) , 

z - H + Eo(N)  

and E is the energy of the incoming electron. 
The functions g [ ( z )  and g>(z) are directly related to the T = 0 limit of the 

retarded Green's function (Zubarev 1960) (with A = ~k/+ and B = Oi) 

oo 

- - i  ~ ([A(t), B]+)eiZ~dt, (21) ((A; B))z  
w J  

0 

where A(t)  = e imA e -~mi s  the operator A in the Heisenberg picture, ( ) denotes the 
average over the grand canonical ensemble, and z is a complex variable with 
Im z > 0 to ensure convergence of the time integral. For operators A involving 
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products of an odd (even) number of Fermion field operators the anticommutator 
[, ]+ (commutator  [, ] _ ) i s  chosen. 

We define 

gv(z) =- ((~/%; 0 + ) ) ,  (22) 

where ~~ annihilates an f-electron with the quantum number v. At T = 0, g~(z) can 
be written as 

1 
g,(z) = (Eo(N)[ ~~z - H + Eo(N ) ~~+ [Eo(N)> 

1 
+ <Eo(N)]~0 ~ + ~~]Eo(N)> 

z + H - E o(N) 

> _}_ < - g ~  (z) g v (z). (23) 

The relation of the phototemission and BIS spectra to one-electron Green's 
functions as presented above can be generalized to finite temperatures by averaging 
over initial eigenstates of the system with the appropriate Boltzmann factors. This 
leads to 

P ~< (0 = 1 f(e)  Img~(e - i0), (24) 
n 

where f ( ~ ) = l  + e x p [ ( e - p ) / k B T ]  -1 is the Fermi function and # is the chemical 
potential. The BIS spectrum is given by 

1 
p ~> (5) = - ( 1  - f (e))Img~(g - i0). (25) 

n 

Due to the ' rotational invariance' of the Hamiltonian (8) g~(z) is independent of v 
and due to the conservation of the electron number in each 'channel v' ( (~~;  ~+>> = 
0for  v # v'. 

The Heisenberg equation of motion (EOM) for A(t) and a partial integration gives the 
EOM for ( (A;  B ) )  

z<<A; B>> - <<[A,H] ;  B>> = <[A,B]_+>. (26) 

This EOM is very useful for discussing the exactly solvable limits of the AIM. In 
section 3.2.1 we discuss the 'atomic limit and in section 3.2.2 the 'noninteracting 
case' U = 0. 

3.2. Exactly solvable limits 

To discuss the exactly soluble limits one needs various commutators.  With the 
abbreviation 

E t  ~(ù~) - n~,nv2...n~ù, n = 1 . . . . .  Nf  1; 
~1 ~ v 2 #  "'" 5~Vn 

Nö ) = 1; ~ ( ~ )  = 0,  ( 2 7 )  x ,  Nf  - -  
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where the prime indicates tha t  the summat ion  over  v is excluded, one obtains  

[~Pv, H] = efO~ + UOvN] ~) + fdeV(e)O~~, (28a) 

[O~v, H ]  = eO~~ + V(e) ~~, (28b) 

and using N]~) N~ ) = mN(ff + N(~)m+l for m = 1, . . . ,  Nj, - 1, 

[,I, /V(~) H ]  = (sf "~ mU)~JvN(~ ) ~- U »[̀  ]~(v) -t- [ 0 ~ N ~  ), 12], (28c) -r v -  - rn ~ 'e' v ~ '  m +  1 

where I~ is the mixing te rm defined in (8). 

3.2.1. Atomic limit 
Using (28) we obtain  for I? = 0 the following closed set of equat ions  

(z - ef - mU)((O~N(ff;  0 + ))(0) _ U ( ( ~ ~ ~ ~ ) +  ~; 0 +  ))(o) = (~~)) (o) ,  (29) 

where m - -0 ,  1 , . . ,  Nf - 1. The  matr ix  of this linear set of equat ions has upper  
diagonal form and can easily be inverted. This  yields 

N r -  I i - m  1 

( (O~~/~> ;O~) ) ( ° )=  ~ ( /~~v>)(°)ui-"  l~i - ( m + n ) U "  (30) 
i~m n = O  Z - -  e f  

In the following we are only interested in the case /~f-[-U ~> ~ where p is the 
chemical potential.  Fo r  tempera tures  kB T l n N  f ~Er + U - #  double  and higher 
occupancy of the f-level can then be neglected and for m = 0 only the first two terms 
in the sum in (30) contr ibute  to g~)(z). After decompos ing  the second te rm into 
partial fractions one obtains  

97)(z) 1 - n°(1 - 1/Nr) n°(1 - 1~Nr) 
= + (31) 

Z - -  e f  Z e f  U 

The total f -occupancy n o in the a tomic limit follows f rom the ' f luctuation-dissipat ion 
theorem' (Zubarev 1960) 

1; 
n o = - Nf Imgv(°)(e + i 0 ) f (0  de, (32) 

7[ 

- - c ~3  

a s  

nO = f(ef) (33) 
f(ef)  + (1 - f(ef))/Nf" 

For T = 0 orte obtains n ° = 1 for er < # and n o = 0 for er > p. For  finite tempera-  
tures a large degeneracy Nf can lead to an f -occupancy close to one even if ef is 
above the Fermi  level. The  en t ropy  gain f rom occupying the f-level can lower the 
free energy sufficiently to  compensa te  the concomi tan t  energy loss. As shown hefe 
for the atomic limit, the limits T -~ 0 and Nf --, oo are not  interchangeable (Brandt et 
al. 1985). If one really wanted to study the mathemat ica l  limit Nf -~ oo for finite 
temperatures then the neglect of higher f -occupancy is not  justified. Fo r  large but  
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finite Nf this effect is complete ly  un impor t an t  for all relevant  temperatures ,  when 
ef + U is well above  the Fermi  level, because the degeneracy enters via its logar i thm 
for the est imate of the t empera ture  range. 

Fo r  T = 0 and ef < # the spectral  function p~°)(e) --- NfImg~>(e + i 0 ) / ( - ~ )  reads 

p~°)(e) = 6(e - ef) + (Nr - 1)6(e - ef - U). (34) 

The  delta peak at ef describes the photoemiss ion f rom the f-level, while the peak at 
ef + U corresponds  to the BIS experiment  where an electron is added to the system. 
The probabi l i ty  to find a certain v-channel occupied in the initial state is 1/Nf which 
leads to a total  photoemiss ion ' intensity'  Nf (1/Nf) = 1. 

The  probabi l i ty  for the channel  to be empty  in the initial state is 1 - 1/Nf which 
leads to the total  BIS intensity Nr(1 - 1/Nr) = Nf - 1. N o t e  that  the rat io of the 
BIS weight and the photoemiss ion  weight diverges in the limit Nf ~ oo (Gunnarsson  
and Schönhammer  1983a,b). The  spectral function (34) consists of sharp delta peaks. 
The  broadening of these peaks  is one of the effects of the hybridizat ion te rm IP. T o  
obtain an unders tanding how a broadening of discrete levels is accomplished by IP 
we study the noninteract ing limit U = 0. 

3.2.2. Noninteracting limit 
Using (28a) and (28b) for U = 0 one obtains  again a closed set of equat ions 

(z - e f ) ( (O~;  ¢~+ }} - / d e  V(e)((O~~; O~ + )}  = 1, (35) 

(z - e)((@~~; ~,+ ) )  - V(e)(@,~; O + ) )  = 0, (36) 

with the solution for 9~(z) 

1 
9~ = °(z) - (37) 

z - e f  - F ( z ) '  

r ( z )  = ~ t IV(e)lZ- dt. (38) 
J Z - - 6  

- o o  

The  spectral  function p~; = 0 (e) is therefore determined by the strength and the energy 
dependence of [V(e)l 2 

p~  = % )  = Nf IV(~)I 2 
(e - ef - Re F(e)) 2 + (~V(e) 2)2' (39) 

In addit ion to this cont inuous  part,  pg  = °(e) can have delta contr ibut ions  at energies 
e i for which V(ei) = 0 and e i - ef - F(ei) = 0. In the simplest case of a constant  V(e), 
pfV = 0(~) consists of an unshifted Lorentzian peak whose width is ~[V(e)] 2. In section 5 
we will discuss systems where V(e) is such that  pfV=°(e) shows addit ional  structure 
due to  the energy dependence of V(e). 

with 
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The result (37) shows that for U = 0 the degeneracy does not eren enter the result 
for g~(z). This is very different from the general case which we will discuss next. 

3.3. Expansion in U 

In the general case the EOM approach yields an infinite hierarchy of coupled 
Green's functions with increasing number of Fermion operators involved. As in the 
diagrammatic approach discussed below it is useful to incorporate all many-body 
effects by defining the 'selfenergy' Z~ (z) by 

1 
gv(z) = z - sf - F(z) - £v(z)" (40) 

Like gv(z), X~(z) is an analytic function oft the real axis. Without a magnetic field Zv 
is independent of v due to the 'rotational' invariance of (8). A comparison of (40) 
with the general EOM for g~(z) as follows from (28) leads to the relation 

S,(z)«<; O? » = u«OvNT; O~ + ». (41) 

As both Green's functions in (41) vanish as 1/z in the limit z ~ 0% the selfenergy 
goes to a constant in that limit. One can therefore separate a constant term in the 
selfenergy 

Z~(z) = Z ~  + Z~(z). (42) 

From « A ;  B>>z ~ <[A, B]+_>/z in the limit z ~ co, we obtain from (41) 

X~ = U<N~v)> = U ~ "  <ne>. (43) 
v' 

The approximation of neglecting the frequency-dependent part completely, is just 
the Hartree-Fock approximation (HF) 

1 
g~V (z) = n Hv Ü - F(z) '  (44) 

z -- ~f -- 

where Ü----U(1- 1/N 0 and the Har t ree-Fock f-occupancy n~ v has to be de- 
termined selfconsistently by the relation analogous to (32). In the limit of large U 
(and fixed el) which is our main interest, this is a very poor approximation. This can 
be seen rather easily for a constant V(s) i.e. F(z)=  -iAsign(Im(z)) at T = 0. To 
keep the Coulomb interaction in the HF ground state low, the f-occupancy nf Hv has 
to decrease with increasing U. Therefore only the tail of the Lorentzian peak 
resulting from (44) has to be integrated in (32) (p = 0) 

o 

f NfA/Tz A/n~VÜ)2= d e -  nfHV (45) n~ v ,w, Nf (e - -  ef  - -  e f  -]- Ü "  

- c o  

The selfconsistency equation is now a quadratic equation which shows that np v 
vanishes as U -1/2 for U ~ oo, while the peak position of the Lorentzian moves to 
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infinity like U 1/2. As we will see later this behaviour of the (restricted) HF  solution is 
very unphysical. We will not discuss hefe the improvements that can be obtained by 
allowing for different HF  occupations in the different f-channels (unrestricted HF). 

For  small U the (restricted) H F  solution is the first step in an expansion of the 
selfenergy in powers of U (Yamada 1975, Yoshida and Yamada  1975, Schönhammer 
1977, Zlatic et al. 1985). For  the spin degenerate case Nr = 2 this expansion has been 
studied in great detail by Yoshida and Yamada  (1975) using Wick's theorem. The 
selfenergy contribution to second order in U can also be rather easily obtained using 
the equations of motion, 

-(2) u2y' f Pv(e1)Pv'(82)Pv'(e3) Bv (Z) = dg I de 2 dg 3 
« z - (El + E2 - ~3) 

x { f (e l  ) f(e2)(1 - f(e3)) + (1 - f(el  ))(I - f(E2))f(e3)}. (46) 

The spectral densities p~(E) = ( - l/r0 Img~(E + i0) which appear in the integrand are 
those for U = 0. An improvement is usually obtained if the HF  spectral densities 
p~F(e) are used, or if the p~ are determined selfconsistently. Such a procedure can be 
justified by 'diagramatic '  arguments. 

The result for Z~ 2) (z) shares an important property with the exact 2"~ (z). For T = 0 
the 'phase space' of the energy integrations is such that ImZ~(e + i0) vanishes like 
(E -# )2  near the Fermi energy. This can be proven to all orders in perturbation 
theory (Luttinger 1961). The systematic study of the perturbation expansion to all 
order in U has been very useful for obtaining relations between different physical 
quantities (Yosida and Yamada 1975, Yoshimori 1976). The magnitude of the 
selfenergy contributions of higher order than second have been estimated for the 
spin-degenerate model Nf = 2 in the symmetric case, 2el + U = 2# and V(E) sym- 
metric in (e - p). Then the H F  f-occupancy n~ v equals the exact value nf = 1 and 
because of electron-hole symmetry all odd order contributions in U to the selfenergy 
vanish. The imaginary part  of X is in this case an even function in (e - p) while the 
real part  of Z is an odd function. For  a constant V(E) the spectral density then has 
the form (v = 1, 2) (s: 'symmetric ')  

1 A - I m 2 ~ ( ~  + iO) 
p~) (E) = - (47) 

rr (E - ReZ~(~)) z + (A - Im 2~(E + i0)) z" 

For  e = # - 0, i.e., at the Fermi level the exact spectral density p~~ (e) coincides with 
the HF  spectral density p~F(s)(~)= (A/rO/(e2 + A  z) because of the 'Fermi liquid 
property '  I m Z ~ ( i 0 ) = 0  and because the particle-hole symmetry leads to 
Re_~v(0 ) = 0. The HF  spectral density consists of a Lorentzian peak of width d 
centered at E = 0. The effect of the selfenergy is to remove spectral weight from the 
central region near E = 0 to a region of larger IEI. For  large enough U, i.e. UM ~ 1, 
the effect of the hybridization A should be small and most of the spectral weight is 
expected near e = E t = - U / 2  and E = Er + U = U/2 as in the atomic limit (34). As 
shown by Yamada  (1975) the second-order selfenergy has the amazing property of 
yielding the atomic peaks in the limit U ~>A which carry almost all spectral weight, 
while the so-called 'Kondo peak' at e = 0 becomes very narrow and loses its spectral 
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weight. To understand this behaviour we evaluate 2 ~  )(z) in the limit z ~ oe. Then 
the energy variable in the denominator  in (46) can be neglected compared with z 
and one obtains for z ~ 

-(2) 1) 1 (48) z ~  ( z ) - ~ z - ( N ~ -  - . 

For the 'symmetric case' with N f  = 2 and nf = 1 and for U ~A this leads to 
Lorentzian peaks of width A/2 at energies el,2 = + U/2,  i.e. the peak positions in the 
'atomic limit' are recovered. But as can be seen from (48) this is an artefact of the 
'symmetric case'. For  nonsymmetrical  parameters or even for symmetrical para- 
meters but Nf > 2 this is no longer the case. It  is surprising that in the 'symmetric 
case' eren for U = rcA the fourth-order selfenergy is still a factor hundred smaller 
than the second-order contribution (Yamada 1975). For  the parameters we are 
interested in, the ' 2 ~  ) approach '  is, however, not a good approximation.  

3.4. Expansion around the atomic limit 

The perturbation expansion in U is an expansion around a noninteracting system 
and all 'usual' many-body techniques can be used. I t  is less straightforward to obtain 
systematic expansions around the atomic limit, which seems to be the more 
appropriate starting point for the systems we want to discuss. The problem is that if 
operators A i are introduced which bring H 0 + U into the 's tandard form' 
H o + U = N i  E i A ~ A ~  these operators A~ do not obey the usual fermion anticom- 
mutation relations and therefore Wick's theorem cannot be used in a straightfor- 
ward way to produce a systematic perturbation expansion in V. The more recent 
attempts to tackle the problem will be discussed later in this section. Hefe we want 
to mention that an expansion to order V 2 can be rather easily obtained using the 
equation of motion method. For  Nf = 2 Brenig and Schönhammer (1974) have 
written the frequency-dependent part of the selfenergy 2v(z ) as 

U2n(1 - n) 
2 v (z) = (49) 

z - 8f - U(1 - n) - F(z)  - m(z)/n(n - 1)' 

where n - ( n r )  = n f / N f .  Using the E O M  techniques it has been shown, that for 
small V, ra(z) vanishes like V 2. An explicit expression for ra(z) has been given to 
second order in V 2 (Brenig and Schönhammer 1974). 

For ef < 0 and ef + U > 0 the peaks of the atomic limit (31) obtain a ~hift ~ V  z 

and a half-width 2ImF(ef )  and 2ImF(ef  + U). This is twice the one-particle half- 
width ImF. This factor has a very simple explanation, which for the 'photoemission'  
peak at z ~ ~f is as follows. After the ionization the f-level is empty and for the case 
Nf = 2, which was considered, this state can decay by the hopping of a spin-up or 

spin-down (v = 1 or v = 2) electron into the f-level. A straightforward generalization 
of this result to arbitrary Nf leads to the expectation that the photoemission peak 
has a half-width Nf ImF(ef)  and the 'fz'-BIS peak at z ~ ef + U obtains a half-width 
2 Im(q  + U) because there are Nf different channels to fill the empty f-level, and 
either of the two electrons in the f2-state can tunnel back into the band states. A 
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shortcoming of this 'second-order selfenergy in V' approach (Brenig and 
Schönhammer 1974) is, that no 'Kondo peak' is produced. As mentioned earlier the 
weight of this peak vanishes with V, and is small but finite for small V 4: 0. 

There have been various attempts to obtain approximations for the f Green's 
functions by factorizing higher-order Green's functions. Work along this line, which 
also mainly concentrated on the spin degenerate (Nr = 2) case, will be reviewed 
later in this section. The case of degeneracy Nr > 2 was for a long time considered 
to be more complicated than the Nf = 2 case. It was not realized until recently that 
the limit of large degeneracy Ne is actually easier amenable to approximations. 
Developments along this line are the main topic of this review. An overview is 
given in section 3.5 below. 

3.5. Large Nf methods 

An important progress in the treatment of the Anderson model was the re- 
alization by Ramakrishnan (1982) and Anderson (1982) that for the calculation of 
thermodynamic properties 1/Nf can be used as a small parameter. We have shown 
(Gunnarsson and Schönhammer 1983a, b) that similar ideas can be used for spec- 
troscopies. In our method, which in the following will be called the 'intermediate 
state' method, spectral functions at T = 0 are calculated using a set of many-electron 
states. 

Using the (N + 1)- and ( N -  1)-electron eigenstates of the system, spectral 
representations can be obtained for g~ > (z) and g~ < (z). For  g~ <(z) this reads 

p ~ < ( e )  = ~, I (Em(N - 1 ) l @ v l E o ( N ) > 1 2 ô ( e  - [Eo(N ) -E ,ù (N  - 1)]). 
m 

(50) 

The total spectral weight Sp~<(e)de of this photoemission part is given by 
(n~> = n f /N  i. The corresponding formulas for g~ > (z) lead to a total spectral weight 
1 - (nr> = 1 - n f /Nf  for the BIS spectral function p~> (e). In the limit Nf ~ oo the 
ratio Sp > de/~p < de goes to infinity and we therefore proceed to calculate g > and 
g < separately. 

In the first step we calculate the ground stare variationally using a set of N- 
electron basis states {la>} 

IEo(N)> = y~ C«[«>. (5t) 
« 

The choice of the set {]«> } is discussed in section 4.1. An important point is that the 
contributions of the states 1«) can be classified in orders of 1~Ne, if V(e) is assumed 

to decrease with increasing degeneracy like Nf -1/2, i.e., V(e )=  P ( e ) / x / ~  with V(e) 
independent of Nr. If Nf is not very small, a practicable size basis set can therefore 
give a good description of the ground-state energy and the local properties of the 
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ground state. In particular exact ground-state properties can be obtained in the limit 
Nf ~ oo (Gunnarsson and Schönhammer 1983b, 1985a). 

Our general method to calculate spectral functions is presented in this section 
using g~< as an example 

1 
< Z g~ ( ) -- (E°(N)IO~+ z - Eo(N ) + H O~IE°(N)) 

= ~ , ( E o ( N ) l t ~ + l i ) l i  ] 1 I o z -- Eo(N ) + H ~ (J]~9"IE°(N))' (52) 

where a complete set {li)} of (N - 1)-electron basis stares has been introduced 
Inversion of the matrix 

(/4(z))ij =- (il(z - Eo(N) + H)[/> (53) 

would lead to the exact result for g { (z) 

g< (z) = ~, (Eo(N)I@ + li)(/4(z)- 1)ij(jl~~[Eo(N)) (54) 
i , j  

if the procedure could be actually carried out for a complete set of states [i). Our 
approximation consists in truncating the set {1i)}, again using a classification of 
states according to their contribntion in orders of 1~Nr. 

If such a truncated basis set {l i )} is used in the actual calculations, the resulting 
spectral function/Sv(e ) has a 'Lehmann representation' similar to (50) but with exact 
( N -  1)-electron eigenstates and eigenvalues replaced by the approximate eigen- 
stares I Èm(N - 1)) and eigenvalues /~m(N - 1) obtained by diagonalizing H in the 
truncated space {[i)}. This representation shows that independently of the quality 
of the basis set/5,(e) is nonnegative for all energies. This is a property which in, for 
instance, a Green's function decoupling method does not follow automatically. Since 
it is possible to relate peaks in the spectrum to the corresponding final states and 
since the character of these final states can be studied, the physical meaning of the 
structures in the spectrum can be understood in a simple way. 

As discussed in more detail in section 4 the exact result for g<(z) to leading order 
in 1/N r can be calculated analytically for the case U = ~ .  In the 'spin fluctuation 
limit' - e l  ~> NfJ  the corresponding spectral function has a Lorentzian peak of half- 
width NfA near z = af and sharp rise near the Fermi energy, which corresponds to 
the onset of the Kondo peak, which has most of its weight in the BIS spectrum 
slightly above ev. An analogous calculation can be carried out for g > (z). This shows 
in addition to the f2-peak near ef + U a sharp 'P-peak'  just above the Fermi level. 
The position kBTK and width nkBTK/Nf of this 'Kondo'  or 'Abrikosov-Suhl'  
resonance is determined by the 'Kondo temperature' TK for which an explicit 
expression is given in section 4. 

The extension of the large Nf approach to finite temperatures has been carried out 
by various authors (Kuramoto 1983, Keiter and Czycholl 1983, Grewe 1983b, 
Zhang and Lee 1983, 1984, Keiter and Morandi 1984, Coleman 1984, Kojima et al. 
1984, Kuramoto and Kojima 1984). Some of the ideas in these papers can be traced 
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back to earlier work (Keiter and Kimball 1971, Grewe and Keiter 1981, Grewe 1982, 
1983a, Abrikosov 1965, Barnes 1976). All these approaches, though using different 
many-body techniques, lead to the same set of integral equations in the so-called 
'noncrossing approximation' (NCA). A corresponding approximation for the ground 
state had earlier been proposed by Inagaki (1979). Only the case U = 0o is treated 
by these methods, i.e., double and higher occupancy of the f-level is explicitly 
excluded. 

We present a short derivation of these integral equations using Colemans 'slave 
boson' (sb) approach. In this approach an auxiliary boson is introduced as a 
bookkeeping device for the number of f-electrons (Barnes 1976), and the 
Hamiltonian is written as 

Hsb = H o + eßb + b + Vsb , (55) 

with H o defined in (8), b + (b) the boson creation (annihilation) operator and Vsb the 
modified mixing term 

= .ide[V(e)O+ O~~b + V(e)*b + 0+ 0v]. (56) V~b 

This mixing term converts bosons into f-electrons and vice versa, conserving the 
'charge' Q defined as 

Q - b + b  + ~ ~9+ 0«  (57) 
v 

Therefore Hsb commutes with Q, and the subspaces FQ with definite Q are disjoint. 
The following identification is now made 

]) ,  ,I)ll)s; 0~+l)« ,O~+I)I0)B, (58) 
where l) is an arbitrary state of band electrons, and In)B denotes the state with n 
bosons present. The states introduced in (58) are eigenstates of Q with eigenvalue 
Q = 1. The relevant subspace is therefore F1, and in this subspace Hsb is equivalent 
to the original Hamiltonian H (8) under the mapping (58), if ~B = 0 is chosen. 

In the calculation of the f Green's function as defined in (22) one has to make sure 
that the intermediate (N - 1)- and (N + 1)-electron states are in the Q = 1 subspace 
as weil. This can be achieved by creating (annihilating) a boson when the f-electron 
is removed (added). The 'true' f-propagator in the slave boson approach is therefore 
given by Gtj ue defined as 

GtfUe(z) _ ( ( O v b + ;  blp+ ) ) Q = I  ~--- gv(z)" (59) 

Apart from the necessity to project onto the 'physical' subspace F1, the form of the 
slave boson Hamiltonian //sb has the advantage that usual many-body techniques, 
like the generalization of Wick's theorem to finite temperatures, can be used to 
produce a systematic perturbation expansion in the mixing term. Coleman performs 
such an expansion neglecting the restriction on Q and carries out the projection 
onto the Q = 1 subspace in the end of the calculation. For  that purpose he extended 
Abrikosov's scheme (Abrikosov 1965, Bames 1976) of weighting the Q > 1 states by 
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exp [ - 2 ( Q -  1)] and letting the Lagrangian multiplier 2 tend to infinity. 
Technically this is achieved by replacing Hsb by Hsb + 2Q in the diagramatic 
calculations. To calculate G T M  Coleman introduces the boson propagator 
D~(z) - ((b; b + ))(~) and the 'pseudo'-f-propagator GP~(z) =_ ((~~; ~+ ))(~), which 
enter the skeletondiagrams, at the Matsubara frequencies. The selfenergies for these 
propagators are then classified in powers of 1/Nf  

= ~ + O(1/N~), 

X~ ~ = ~ + O(1/Nf3), (60) 

where n denotes the boson selfenergy, X ps the pseudo-f-selfenergy, the dots the 

matrix elements V(e)~ 1 / ~ N f ,  the full line the band propagators ((~P~v; tP~ +))(~), 
the broken line the pseudo f-propagator GP~~ and the wiggly line the boson 
propagator D~. The arrows -* and ~-- indicate electron and 'charge Q' flow. The 
selfenergy diagram shown for n is of order (1/Nf) ° because it involves a summation 
over the degeneracy variable v. The diagram shown for X~,~ is proportional to 1~Nr. 
The selfenergy for the band propagators is not shown, as it vanishes in the limit 

-* ~ .  In this limit the diagrams in (60) are equivalent to the coupled integral 
equations 

D(z) z f [V(e)[2 ps = - G~ (z + ~) f (e)  d~ , 

( f )-1 G~S(z)= z - e f -  [ V ( e ) [ 2 D ( z - e ) ( 1 - f ( e ) ) d e  , (61) 

with D ( z ) = l i m ; ~ o ~ D z ( z - 2 )  and GP~S(z) = _ l im~~~GP?z(z-2).  As already men- 
tioned these functions have no direct physical meaning for the original Anderson 
model. The true f-propagator as defined in (59) is a 'four-point function'. As shown 
by Coleman the corresponding vertex corrections vanish like 1/N2f and the (true) 
spectral function p~(e) = -ImG~fU~(e + i0)/n can be expressed as a convolution of 
the spectral functions of D and G ps. 

z° r , ,  
pNCA(g) = - -  / A r t e  + 8 ' )  B(~)(e -ô(~+~') + e -a«) de', (62) 

Z~vJ 
where A~(~) = - I m  GpS(s +'i0)/n, B(e) = - I m  D(s + i0)/n and ZMV and Z ° are the 
exact and the band (grand) partition functions. The exact partition function ZMV can 
also be expressed in terms of the spectral functions A~ and B. The results (61), (62) 
constitute the so-called noncrossing approximat ion (NCA). 

The integral equations (61) have to be solved numerically. In addition to the f- 
spectral function the temperature dependence of the specific heat and the magnetic 
susceptibility (Kojima et al. 1984, Bickers et al. 1985, Cox 1985) have been 
calculated. In the spin-fluctuation limit the f-spectral functions show the Kondo 
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resonance with a sn~all spectral weight slightly above the Fermi level. At tempera- 
tures much smaller than the Kondo temperature spurious nonanalyticities show up 
in the small frequency range. For  T = 0 this nonphysical behaviour has been 
discussed carefully (Müller-Hartmann 1984, Kuramoto and Müller-Hartmann 
1985): If an order by order in 1~Nr calculation is carried out for 0~ and g~ < 
separately, instead of the selfconsistent solution of the integral equations, our exact 
results (Gunnarsson and Schönhammer 1983a,b) are recovered to leading order in 
1~Nr. The mismatch of the total spectral weight in p~< and p~> in the limit N f  ~ O0 is 
probably the reason for the problems in a combined treatment of both. An attempt 
to overcome these 'low-energy' problems has been carried out with a functional 
integral method (Read and Newns 1983, Read 1985, Coleman 1985). The starting 
point for approximations is the mean field solution obtained by replacing b in (56) 
by a c-number. Coleman has argued that the mean field theory, which corresponds 
to the saddle point approximation for the functional integral, is exact in the limit 
N e ~ o0, if the limit is taken in such a way that Q also tends to infinity with 
q ~ Q/Nf constant. Fluctuations about the mean field solutions have then to be 
included to remove the spurious phase transition occurring for the boson field at a 
special finite temperature. It has been claimed that in this approach the low- 
temperature, low-frequency anomalies can be avoided (Coleman 1985). We present a 
comparison of results in the NCA with results of our approach in section 4.2. 

To end up the discussion of the attempts to calculate spectral functions for the 
Anderson impurity model we shortly mention decoupling schemes for higher-order 
Green's functions (Hewson 1966, Theumann 1969, Lacroix 1981, Oh and Doniach 
1982, Czycholl 1985). The approximations in this method consist of replacements of 
the type ((~b~ ~~~,~~,~, ~ v +  • + ) )  --. ( ~ d ~ ~ , « ) ( ( ~ v , ~ ~  + +  • ) ) .  Apart from the fact that the 
quality of the results for g~ is generally hard to judge, the spectral functions obtained 
this way can have frequency regions with negative spectral weight (Oh and Doniach 
1982). Special attention to the large N e lirnit has been given by Czycholl (1985). To 
leading order in 1~Ne he obtains at T = 0 a sharp Kondo peak at the correct Kondo 
temperature. The exact leading order result for the photoemission part 
limNfù ~Nfp~ < (e) discussed in section 4 has not yet been obtained by this technique. 

4. Spectroscopies 

In this section we discuss various spectroscopies, treating a specific spectroscopy 
in each subsection. We first present the formalism for calculating spectra, and then 
some typical features and results are given. The discussion of results for specific 
systems is postponed to section 5. We focus on the 'intermediate state' method 
presented in section 3.4. Since the calculation of the ground state plays an important 
role in this method, we present the ground-state calculation in section 4.1. Generally 
we first give cal¢ulations for U = ~ and to lowest order in 1/Nf. These calculations 
are very simple and the reader can easily reproduce them to see the general structure 
of the results. We then discuss the effects of taking into account that U is finite, or of 
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working to higher order in 1/Nf. Such calculations usually require computer  
calculations and we therefore only show some typical results. 

4.1. Ground-state calculation 

The ground-state calculation is performed variationally, which requires the 
introduction of a many-electron basis set. It  turns out that the size of this basis set 
can be kept 'manageable '  by a classification of states in orders of l/Ne. For  that 
purpose we let Nf become large. This is a mathematical  trick, which means tha t  the 
parameter Nf in the Hamiltonian (8) becomes large. Thus Nf = 18, for instance, is 
not supposed to simulate g-states, which apart  from having a different degeneracy 
also differ greatly from f-states in many other respects. Instead we want to choose 
the limit Nf ~ o9 so that this limit is similar to, e.g., the case Nf = 14 and gives a 
good but simple starting point for the treatment of the Nf = 14 case. In the 
calculation presented below V(~) enters in the combinations NfV(~) 2 and V(e) 2. We 
therefore define 

V(e) = x/N~-f - V(~), (63) 

and require that ~(e) is independent of Nf (Gunnarsson and Schönhammer 1983a,b). 
This condition allows us to study the limit Nf -+ o9 and to classify the basis states in 
orders of 1/Nf. To lowest order in (1/Nr) the T = 0 ground-state propërties are then 
independent of Nf (or have a trivial dependence on Nf as, for instance, the 
susceptibility). The Nf = 14 case differs from the N r = o9 limit through higher-order 
corrections in 1/Nf. 

To obtain the singlet ground state, we introduce the singlet state 

10> =(~__~ 1 V[ ~~~~0~+]vacuum>, (64) 

where the f-level is empty and the conduction states below the Fermi energy are 
rille& The core level Ic> is also filled. This state is indicated by 0 in fig. 2. It  couples 
via H to the states a in the figure 

0 « b 

/ / 
/ / 

/ / 

/ / 

f e e  / g e o  / h o o  

Fig. 2. Schematic representation of the basis 
states. Solid circles show electrons and open 
circles show holes. The hatched part in- 
dicates the filled conduction band and the 
horizontal line the f-level. The arrows show 
which states couple to each other. A solid 
line indicates the strength V and a dashed 
line the strength r//~/Nf. 
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1 

Is ) - x ~ f f  ~ ff ~+ q&v[0 ) '  (65) 

m which a conduct ion electron has hopped into the f-level. These states couple to 
states with two f-electrons (states b in fig. 2) 

1 ~~~ ~+  + 

lee') x / N f ( N r  - -  1) , I'k~vö«6~~'[0) (66) 

and to states with a conduct ion e lec t ron-conduct ion  hole pair (states c in fig. 2) 

1 
l e e )  - ~ f f  ~ 6E+~p~v[0), (67) 

where E refers to a stare above the Fermi energy (E > er). We assume that  states 
with three or more  f-electrons have such a high energy that they can be neglected. 
The  states lEe} couple to states with an f-electron, a conduct ion electron and two 
holes (states d in fig. 2). We distinguish between states where the holes have the 
same or different quan tum numbers v and v': 

1 + + 
Z ~kE~6~~ ¢ ~,~««10), (68) IEee', 1)  x /Nf(Nf  - 1) v~~' 

1 
lEse', 2} - x/N~ ~ 6E+6~~~b~ + 6«~10). (69) 

In this way an infinite sequence of basis states can be generated. Some further states 
are indicated in fig. 2. T o  avoid linear dependencies, we require e > e' for the states 
(66) and (69). The  states [0} and Is) were used by Varma and Yafet (1976) in a 
calculation for N r = 2, before the 1IN r ideas had been introduced. 

T o  perform the ground-state  calculation, the matrix elements of H are needed. We 
obtain 

( e l H I o )  = ~(s),  (70) 

( s s ' ] H [ s " )  = x / 1  -- l / N f  [~'(e')3(e - # ' )  + ~'(e)6(s' - # ' ) ] ,  (71) 

( E s [ H I e ' )  = l / ( E ) / , , / ~ f 6 ( e  - s'),  (72) 

( Ess' ,  1 [H]E'  s " )  = x / 1  - 1~Nr ~ ' (#)b(E - E ' )3(s  - e"), (73) 

( E e s ' ; 2 l H [ E ' s " )  = [~'(e')6(e -- e") - l/(e),5(e' - # ' ) ]6 (E  -- E ' ) / x ~ f .  (74) 

These calculations illustrate the general result that  within each row in fig. 2 there are 
states which couple with the strength V(e), while states in different rows at most 
couple with a s t r eng th r / ( s ) / x~ f  -. This allows us to classify the states in orders of 
1 /N  r according to their contr ibut ion to the total  energy. Thus  the states in the first, 
second and third row are of the orders (1/Nr) °, (1/Ne) 1 and (1/Nr) 2, respectively. 

As an illustration we now calculate the ground state for U = ~ and to lowest 
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order in 1/Nf. The  ground state is written as (Varma and Yafet 1976) 

0 

I E o ( N ) ) = A [ , O ) +  fdea(e ) ]e ) l .  (75) 

-B 

We define AE and 6 as 

AE -~ 5f - 6 = Eo(N) - (01H[0). (76) 

From the Schrödinger equat ion 

HIEo(N) ) = Eo(N)IEo(N) ) (77) 

we obtain 

AE = .fV(5) a(e) de, (78) 

(AE - ef + 5) a(5) = V(e), (79) 

by applying (0[ and (el, respectively, from the left. This gives an implicit equat ion 
for AE 

0 

f v(e)2 da (80) 
AE = AE - ~f + e 

-B 

The f-occupancy nf is given by 

0 

nf = A 2 f a(5) 2 d5 = C/(1 + C), (81) 

-B 

where 

0 

f 'V(5)2 ds, (82) 
c = (AE ~ 57-+ 5) 2 

-B 

and 

A z = 1 - nf = 1/(1 + C). (83) 

If fr(5): - ~2 = Ä/u is a constant  and 6 ,~B one finds 

AE ~ A-In(f/B), (84) 
7~ 

C nf -- - -  ~ ~ .  ( 8 5 )  
1 -- nf ~6  

For  6 ~A/u  this leads to 
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6 = B expOzAE/Ä ) ~ B exp(gef/Ä). (86) 

The coefficient 

a(e) 2 = (Ä/Tr)/(3 - e) 2 (87) 

grows on the energy scale ô as the Fermi energy is approached from below. The 
energy 6 depends exponentially on rcef/Ä, which suggests that we can interpret 6 as a 
Kondo temperature. This interpretation is supported by the observation that to this 
order in 1/Nf the static, T = 0 susceptibility is given by (Gunnarsson and 
Schönhammer 1983b) 

z = ~ ( N  2 - 1 ) ù # 6 .  (88) 

The energy 5 is later shown to play an important  role for the f-electron spectrum. 
The ground-state calculation can easily be extended to include the states ]Ee) and 

IEe~', 1) of order (1/Nf) 1. The energy AE can even in this case be obtained from an 
implicit equation. The inclusion of the states IEee', 2) requires the solution of an 
integral equation. The matrix element (74) is, however, of the order 1 / x / ~  and this 
state therefore gives a contribution of the order (l /N02 although it belongs to the 
second row. To  a c c u r a c y  ( ] / N f )  1 the complications arising from the stares IEee', 2)  
can therefore be avoided. For U < ~ we must include the states ]~e'), which also 
leads to an integral equation, for U ~ B' the equation becomes separable and it can 
be solved analytically (Gunnarsson and Schönhammer 1985a). 

The accuracy of the 1/Nf treatment is an important issue. The Nf = 1 model 
provides an interesting test case. Since double occupancy of the f-level is then 
automatically suppressed, the Nf = 1 case is a one-particle problem, which can 
easily be solved by direct methods. Since the parameter  1/Nf = l, the Nf = 1 model 
is a stringent test. The results for A E - e f  and nf are shown in tables 1 and 2, 
respectively. These results are obtained for a semi-elliptical form of V(e) 2 

V(~) 2 = 2V2(B: - ~2)1/2/(7~B2). (89) 

For  this energy-dependent V(~) we define 

Ä = NfTrV2(£F) .  (90) 

The tables show that for Nf = 1 a calculation to order (1/Nf) ° can be quite 

TABLE 1 

The  energy AE - ef for different values of the f-level energy ef in a nondegene ra t e  (Nr = 1) Ander son  

model.  The  calculat ions are per formed to different, orders  in 1~Nr for the pa ramete r s  V = 1.5 and B = 6 

(Ä = 0.75). The  state IEee ' ,2 )  has here been included in the (1/Nr) I calculation.  All energies are  in eV. 

Basis set AE - ef 

e l = 2  e r = 0  e « =  - 1  e f = - 2  e l = - 4  

(1/Nf)° - 0.263 - 0.534 - 0.054 -- 0.001 - 0.000 

(1/Nr) 1 - 0 . 2 9 3  - 0 . 7 1 4  - 0 . 4 0 8  - 0 . 2 9 1  - 0 . 1 8 8  

( 1 / N f ) 2  - -  0.294 - 0.726 - 0.416 - 0.294 - 0.189 

Exact  -- 0.294 - 0.726 - 0.416 - 0 . 2 9 4  - 0.189 
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TABLE 2 
The f-occupancy nf for different values of s t in the nondegenerate Anderson model (Nf = 1). The 

parameters are V = 1.5 and B = 6 (Ä = 0.75). All energies are in eV. 

Basis set nf 

gf = 2 ef = 0 s c = - 1 sf = - 2 sf = - 4 

(1/Nf) ° 0.065 0.283 0.813 0.996 1.000 
(1/Nr) 1 0.083 0.487 0.833 0.919 0.967 
(1/Ne)2 0.084 0.497 0.822 0.916 0.967 
Exact 0.084 0.500 0.822 0.916 0.967 

inaccurate. This is in part icular  the case for - e f  >~Ä, for which the (1/Nr) ° results 
differ qualitatively from the exact results. The  results of order (1/Nr) 1 are, however, 
accurate to within 3~o and the results of order (1/Nr) 2 have errors which are smaller 
than 1~o. 

Table 3 shows results for Nf = 14 and for a finite U. If the system is close to the 
spin fluctuation limit (the f0 weight is small), the (1/Nr) ° calculat ion is not  very 
accurate. The compar ison  of the (1/Nf)l and (1/Nr)2 calculations,  however, suggests 
that the (1/Nf) 1 calculat ion is quite accurate also in the spin f luctuation limit. The  
table illustrates that  there is a strong asymmetry between the f0 and f2 weights in 

this limit, a l though the parameters  are 'symmetric '  (2el + U = 0). The  f2 weight is a 
factor 5 larger than the f0 weight for A = 0.75. The reason for this has been 
discussed elsewhere (Gunnar s son  and Schönhammer  1985a,b). 

The description of ground-s ta te  properties in the 1/Nf expansion has also been 

extensively tested by Rasul and  Hewson (1983, 1984a,b). They used a d iagrammat ic  
technique for obta in ing  a 1/Nf expansion (Rasul and Hewson 1984a), extending a 
formalism developed earlier for the Nf = 2 case (Keiter and Kimba l l  1971). A 
relation between the conduct ion  band  width in the Anderson  model  and  the cut-off 
in the Bethe ansatz was deduced (Rasul and Hewson 1984a,b). This  allowed them to 

compare the results of the 1/Nf expansion with the exact Bethe ansatz results. Some 
typicäl results are shown in fig. 3, where the relat ion between the static, T = 0 
susceptibility Z and the f-occupancy is shown for Nf --- 6 and Nf = 8. The figure 
illustrates that there is an excellent agreement  between the expansion to order 

(1/Nr) ~ and the exact Bethe ansatz. Rasul and Hewson concluded that  a calculat ion 

to order (1/Nr) 1 for Z and nf is correct to within a few percent even for Nf as small  

TABLE 3 
The energy AE - sf and the fo, fl and f2 weights for different values of Ä. The parameters are s c = -2.5, 

U = 5, B = 6 and N f  = 14. The states h in fig. 2 were not included. 

Basis set Ä = 0.75 Ä = 3.0 

AE - sf fo ft f2 AE - s e fo fl f2 

(1/Nr) ° -0.221 0.005 0,945 0.050 -1.094 0.128 0.738 0.134 
(l/Nr) 1 -0.247 0.010 0,938 0.052 - 1.202 0.128 0.730 0.142 
(1 /Nf)  2 -0.249 0.011 0.937 0.052 -1.211 0.128 0.730 0.143 
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Fig. 3. The susceptibility X as a function of the f-occupancy nv(=rtf) for N =(N0=8 (a) and 6(b). The full 
curve gives the exact results from the Bethe ansatz, the broken curve gives results of order (1/Nr) ° and the 
crosses results of order 1~Nr. The results are reproduced from Rasul and He~vson (1984b). 

as 2. They  further found that  the (1 /Nr)  1 result for the relation between )~ and nf is 
asymptotically correct as ef -* ~ and ef - ,  - oo. 

It may  seem surprising that  the calculations to order (1/Nr) 1 or ( l /N02 can give a 
good  description eren for Nf = 1 or Nf = 2 .  F r o m  fig. 2 it is clear that our  
calculations to these orders include the creation of one or two conduct ion e lect ron-  
hole pairs relative to the unperturbed Fermi sea. It is, however, known that  the 
introduct ion of a localized perturbation,  such as the interaction with the 4f-level in 
the Anderson model, leads to the creation of an infinite number  of e lect ron-hole  
pairs, the so-called or thogonal i ty  catastrophe (Anderson 1967). It  has however been 
known for some time that a fair description of the effects of the or thogonal i ty  
catastrophe can be obtained by including one or two elect ron-hole  pair excitations 
(Kotani and T o y o z a w a  1974a,b, D ow  and Flynn 1980, Gunnarsson  and 
Schönhammer  1982). This can be illustrated by studying a finite chain with N atoms 
(Gunnarsson and Schönhammer  1985a). As N is increased the local properties of the 
system are practically converged to their N = oo value before the states with two or 
more e lec t ron-hole  pairs become important .  

4.2. Valence photoemission spectroscopy (PES) 

Since a Ce c o m p o u n d  has nf ( ~  1) f-electrons and N« - nf ( ~ N f  -- 1) f-holes, the 
weight of the f-level PES spectrum is of the order 1/Nf smaller than the weight of the 
BIS spectrum. In a 1~Nr type of treatment it is therefore convenient  to treat the part  
of the f-spectrum below ev (PES) separately from the part above er (BIS). This is 
naturally done in the ' intermediate-state '  method. 

Fo r  the f-level PES  we use (18) and calculate 

1 
g~< (z) = (Eo(N)I ¢~+ ¢~IEo(N)).  (91) 

z - Eo(N ) + H 
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PES 
(o) [a) (b) 

(c) . /  (d) , /  (e) 
• b z • ~ • 

BIS 
(o) (b) 

/ / 
(c) ./ (d) . /  (e) 

Fig. 4. Schematic representation of basis states used for 
valence PES and BIS. The notations are the same as in fig. 
2. 

The f-contribution to  the PES is then given by 

1 
Img~(~ - i0) - l I m g f <  (e i0). (92) 

v 

We first consider the U = oo case and work to lowest order  in 1/Nf. In this limit the 
ground state is expressed in the states 10 > and le >. Since 0v 10 > = 0, and 

1 
~vle) = ~~f-~~~10),  (93) 

we introduce the basis states (0 in fig. 4) 

ler> = 0~~10>. (94) 

These are the only states that  overlap with ~9~IEo(N)> if the approximate  ground 
state (75) is used. However ,  the states (a in fig. 4) 

1 
[~ev; 1> x f N ~ ~ - i  «lev)Z + (95) 

couple to the states ler> with a strength ~~'(e) and they must  therefore be included. 
The states (also a in fig. 4) 

lee'v; 2> = ~~+ ~9~,~~~10>, (96) 

where the two holes have the same quan tum number  v, have a coupling ~ ~ ( e ) / x / ~  
to le), and they are not  needed to order (1/Nf) °. The  matrix elements are given by 

<es'v; lIH[e"v ) = x/1 - 1~Nr V(e')õ(e - e"), (97) 

(e~'v, 21Hle"v > = J 1 / N f  [~'(e') 6(8 -- e") -- V (8) 6(~' - 8")]. (98) 

From (93) and (94) it follows that  we need H(z)g,~~,~ where the matrix/är(z) defined in 
(53) has indices referring to the states (94) and (95). The  matrix elements of H in the 
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basis (94) and (95) are given by 

/](e, e') = (z - AE - e) 6(e -- d), (99) 

/ ] ( e e ' ,  e l e 2 )  : (Z - -  AE +/~f - -  e - -  e t )  ~ ( e  - -  E l )  ~(/~ '  - -  e 2 ) ,  (100) 

/](tal, e2) ~ ~'(ei) 6(e - -  e2), (101) 

where we have dropped a factor x/1 - 1 / N f  in eq. (101), since we are working to 
order (1/Nf) °. For the inversion o f / ]  it is convenient to use a block matrix form, 
with the elements/]i1,  /]12,/]21 and/]22, where, e.g.,/]11 refers to / ] (e ,d)  and H22 
to/](ee', exe2). The matrix formula 

( / ] - 1 ) 1 1  : ( / ~ 1 1  - -  / ~ 1 2 / ~ 2 2 1 / ~ 2 1 )  - 1  (102) 

greatly simplifies the problem, since /]22 is diagonal and its inversion is trivial. 
Equation (102) leads to 

(H(z))~~ 1 = (7(z - A E  + e f -  e)ö(e - d ) ,  

where 

O ~ ( z )  - 

with 

~(z) = 

z - e~ - /~(z) '  

(lO3) 

(104) 

0 

f ['(e)2 de. (105) 
Z - - E  

B 

Observe that the integration in (105) only extends to ev = 0. The remaining matrix 
elements o f / ]  1 are not needed, since they do not couple to ~,v[Eo(N)>. Combining 
(75), (91)-(94) and (103) we obtain (Gunnarsson and Schönhammer 1983b) 

0 

A 2 ~ de a(e) 2 ~(z - AE + ef - e). (106) g f  (z) 
, ]  

- B  

This expression is well-behaved for all energies and it does not have the 'infrared 
problems' appearing in the NCA (Müller-Hartmann 1984). An alternative way of 
deriving and analyzing the result (104)-(106) has been given by Allen (1985), who 
used a Fano-type language. The result (106) can easily be generalized to include 
spin-orbit splitting (Gunnarsson and Schönhammer 1983b). 

We first analyze the structure of this lowest-order result. The function Im~(e - i0) 
has a continuum part for - B  --< e < 0 due to the imaginary part of F(e - i0). In 
addition ~(z) has a pole at e = 3 = er - A E ,  since 

/~(6) = - A E  (107) 

as can be seen from eq. (80). The strength of this pole is 

1/(1 dF(z) I d z  z = ~ ) = l - n r '  (108) 
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Fig. 5. The f-level PES spectrum for Nf = oo (full 
curve) and Nf = 1 (dashed curve). We have used a 
constant  density of states with Ä = 0.75 eV and the 
bo t tom of the band is at - 6 e V .  

where we have used (82) and (83). Inserting this result in eq. (106) gives 

1 (1 - -  n f ) 2 V ( ~ )  2 
pf< (e) = - I m g < ( s  - i0) = A 2 a ( g ) 2 ( 1  - n f )  - 

(6 - ~)2 , 

- 6  ~< s ~< 0, (109) 

where we have used (83) and (87). For  s ~< - 6  the con t inuum of ImO(s - i0) also 
contributes to I m g  <. In  addit ion there can be a split-off state below the conduct ion 
band (s < - B ) .  

Equation (109) describes a sharp rise in the spectrum, determined by 6, as s 
approaches ev = 0 from below. In fig. 5 this is illustrated by the Nf = ov curves, In  
section 4.3 we demonst ra te  that  this rise is the tail of a peak at e ~ 6 on the BIS 
(e > 0) side of the spectrum. This peak is the 'Kondo '  peak discussed in section 3. To  
understand the origin of this feature we study the character  of the corresponding 
final states. If we only consider the basis stares (94) and (95) (order (1/Nf) ° for pf< (e)) 
the first energy variable ~ in these states can be considered as a d u m m y  index, since 
different values of e are not  mixed by the matrix elements (97). Thus  we can perform 
a variational calculation for each value of e and obtain a state 

I~v) = ~~J~o(N)),  (110) 

which is identical to the ground-sta te  except for a hole at s (Gunnarsson and 
Schönhammer 1983b). This procedure provides all the lowest final states up to an 
energy 6 above the lowest state. Since 

I(~vl4'v IEo(N))[ 2 -- (1 - nf) 2 a(e)2/N¢, (111) 
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the states Ièv) contribute the weight A2a(e)2(1 - nf)  in agreement with eq. (109). The 
factor A2a(~;) 2 c o m e s  from the weight of le) in the initial state, i.e., from the 
distribution of holes in the initial state. This distribution is the reason for the steep 
rise in the spectrum close to ev. 

Thus we arrive at the interpretation that the structure at ev = 0 corresponds to 
final states where the f-hole created in the photoemission process has been partly 
filled by a conduction electron close to eF, SO that the final state has exactly as many 
f-electrons as the initial state. The shape of the spectrum close to ev = 0 and the 
large weight at ev result from many-body effects. This can be seen in fig. 5, which 
compares results for Nf = oc and Nf = 1. For  Nf = 1 the model reduces to a one- 
particle problem and the spectrum shows no sign of a peak at ev if the f-level is well 
below ev. Integration of the 'pole contribution' (109) from - B  to 0 gives the weight 
nr(1 -ne ) .  In the U = oc limit discussed here, this weight becomes very small for 
ne ~ 1. It is interesting to compare the result (109) with the quasiparticle density of 
states Ap (e) in the local Fermi liquid description of de Chätel (1982) 

Ap(e) = (I - ,,~)L(~_~3 ~ e -,~ ~ j (112) 

For  ~(~) -- ~z constant, this density of states agrees with spectrum (109) apart  from 
an additional (renormalization) factor (1 - nf) in pf< (e). 

We next consider the continuum contribution from Im0(e - i0). For simplicity we 
discuss ~(e) 2 - ~ . 2  = Ä/n constant and we consider the limit Ä 4 . . - e l  ~B .  Then 

ef + P(ef - i0) ~ ef + i3. (113) 

The function Img(e - i0) then has a peak at ef with the half-width Ä. Since a(e) 2 has 
its maximum at e = 0  and decays rapidly as e is reduced, Img<(e - i 0 )  also has a 
peak at roughly er with the half-width Ä. We may consider this as an 'ionization' 
peak corresponding to the removal of an f-electron. A (very narrow) peak would 
result at ef even if we only included the basis states ler) (94) with no f-electron. The 
inclusion of the states (95) gives this peak a broadening with the half-width Ä. This 
result follows, since a conduction electron with energy e ~ er can hop into the f-level. 
The probability that this happens in a given channel v is related to A = nV z. Since 
there are Nf such channels, we obtain the result Ä = NfA (Brenig and Schönhammer 
1974). If we relax the condition Ä ~ - e f ~ ß ,  the peak at ef is shifted and 
distorted. In particular, it tends to merge with the structure at ev = 0 if Ä > - e f .  
This is illustrated in fig. 5a. The figure also illustrates the large difference between 
the Nf = 1 and Nf = oo cases. 

It  has sometimes been suggested that PES is in principle incapable of giving 
information about the low-lying excitations of a Kondo system, since "the high 
photon energy destroys the Kondo system. The comparison of eq. (109) and (112) 
shows that this is not correct. Actually, the large photon energy is a requirement for 
obtaining the result (109), since this result is based on the sudden approximation 
(see section 3.1). For  a small photon energy we would have to study a three-particle 
Green's function, and the relation to the density of low-lying states is rauch less 
clear. In practice the study of the low-lying excitations by PES is greatly com- 
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plicated by two factors. First ly the resolut ion which can presently be obtained is for 
many systems larger than the width of the K o n d o  resonance.  Secondly, the 
additional prefactor  (1 - n r )  in (109) reduces the weight of this resonance. F o r  
systems with a large K o n d o  tempera tu re  5, the K o n d o  resonance can, however,  be 
clearly seen in PES (Allen et al. 1983, Pa t they  et al. 1985). 

The most outs tanding feature in fig. 5 is the large spectral  density at ev = 0. T o  
test the accuracy of the lowest-order  theory, we c o m p a r e  with an exact Fermi-l iquid 
relation (Langreth 1966, Ha ldane  1981, Mar t in  1982, Yoshimor i  and Zawadowsk i  
1982) which relates pf< (eF) to  the f -occupancy 

p~(ev) N~ sinz{~nr~ = ~ ~  ~ ü [ ß '  (114) 

where we have assumed tha t  ~(02 -= ]~2 = 5/7c and that  B is very large. In this limit 
the result (109) takes the form 

n 2, (115) p? (sF) = 3 

where we have used (85). In  the limit Nf -* oo this expression agrees with the exact 
result (114). In fig. 6 the (1/Nr) ° result (115) is compared  with the exact result for 
finite Nr. For  Nf >/6 the lowest-order  result is correct  to  within 10~o. Since the 
'Kondo peak '  does not  appea r  in m a n y  approx ima te  t reatments ,  this peak is 
particularly sensitive to the approx imat ions  made.  The  ra ther  good  result for Nf >~ 6 
in the lowest-order t r ea tment  therefore suggests tha t  the (1/Nr) ° t rea tment  for pf5 (e) 
is rather accurate for Nf >~ 6. On  the other hand the figure also illustrates tha t  the 
lowest-order t rea tment  is insufficient for Nf = 2 and e ren  more  so for Nf = 1. In fig. 
7 we therefore compare  more  accurate  t rea tments  for Nf = 1 with the exact result, 
which can easily be obta ined for Nf = 1. The  Nf = oo curve was obtained by using 
eqs. (104)-(106). This  curve has a large 'Kondo  peak '  at ev = 0, which is absent  in 
the exact solution. The  shoulder  seen at ~v = 0 in the exact curve results f rom the 
cut-off of the PES spec t rum at sv = 0 and f rom the broadening,  and it is not  due to a 
Kondo peak. Thus  the ' K o n d o  peak '  should gradual ly  d isappear  in the approx imate  

I..L 

v~. 
<3 

~T 

I ' I ' I 

~ f = 0.99 

[ ~ Exact  

/ " i ( 1 / N f ) , ,  , I , 0 I , _ 

2 6 N f  10 1l, 

Fig. 6. The weight pf(sF) of the valence 
spectrum at the Fermi energy as a function of 
the degeneracy Nr. The exact result (full cur- 
ve, eq. (114)) is compared with the (1/Nr) ° 
result (dashed curve, eq. (115))for the mixed 
valence (nf = 0.8) and spin-fiuctuation 
(nr = 0.99) regimes. 
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Fig. 7. The f-level PES spectrum for N r = 1. The full line gives the exact result, and the N r = oe curve 
( . . . . .  ) the result of eqs. (104)-(106). The remaining curves show the changes of the results as the states a.c 
and d' in fig. 4 are included. The calculation including the stares 0, a, c and d is of order (1/Nr) 1. The 
parameters are e r = -0.6eV, Ä =  0.SeV and B = 2eV and the form (89) for V(e) 2 has been used. A 
Lorentzian broadening with the FWHM 0.3 eV has been introduced. 

N« = 1 so lu t ions  as we increase  the  a c c u r a c y  in 1/Nf. In  the  N r = oe so lu t ion  we 

inc luded  the  s ta tes  (95) bu t  neg lec t ed  the  states (96). F o r  N r = 1, however ,  the  stares 

(95) d o  n o t  con t r i bu t e , , s i nce  the  r e q u i r e m e n t  v ¢: v'  in the  def in i t ion  requ i res  Nf >~ 2. 

T h u s  the  s tates  (96) are  the  on ly  ones  of  t ype  a in fig. 4, wh ich  c o n t r i b u t e  for Nf  = 1. 

T h e  resul t  us ing  s ta tes  (94) and  (96) is s h o w n  by the  d o t t e d  curve.  T h e  cha in  cu rve  is 

c a l cu l a t ed  us ing  a lso  the  s tates  of  type  c in fig. 4, and  for  t he  d a s h e d  cu rve  the  stares 

d are  inc luded.  Since  the  d o u b l e  o c c u p a n c y  states  d o  n o t  en te r  for Nf  = 1, t he  

d a s h e d  cu rve  is c o r r e c t  to  o rde r  0 / N  0 -  i. T h i s  cu rve  is in ve ry  g o o d  a g r e e m e n t  wi th  
the  exac t  result .  

In  this c o n t e x t  it is in te res t ing  to  c o m p a r e  wi th  the  n o n c r o s s i n g  a p p r o x i m a t i o n  

( N C A )  (eqs. (61) and  (62)). In fig. 8 this t h e o r y  is c o m p a r e d  wi th  the  i n t e r m e d i a t e  

s tates  m e t h o d  and  the exac t  result  for  the s a m e  p a r a m e t e r s  as in fig. 7. T h e  

' i n t e r m e d i a t e  s tates '  m e t h o d  of  the  o rde r  (1/Nf)  a for pf< (e) gives subs tan t i a l ly  m o r e  

a c c u r a t e  results ,  because  (1/Nf)  1 c o n t r i b u t i o n s  are  n o t  co r rec t ly  t rea ted  in the  N C A .  

T h e  co r r ec t  t r e a t m e n t  to  this o rde r  in (1/Nf)  w o u l d  r equ i r e  the  inc lus ion  of ve r tex  
c o r r e c t i o n s  in the N C A .  

4ùo 

C"  

. l a  
r-- 

I ' I ' I 
Exact 

. . . . .  Intermediate states Ef : - 0 . 6  

. . . . .  NCA Ä = 0 . 8  

I J I J ] 

-2  -1 0 

Fig. 8. The f-level PES spectrum for 
N r = 1. The full curve gives the exact 
result, the dashed curve the (1/Nf) 1 result 
of the intermediate-state theory and the 
dashed~totted curve the result of the,, 
NCA. The parameters are the same as in 
fig. 7. 
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Fig. 9. The f-level PES spectrum as a function of U. 
The parameters are Er = -2.5, Ä = 0.94 and B = 6. 
The form (89) was used for V(e) 2. A Lorentzian 
broadening of 0.5 (FWHM) was introduced. All 
energies are in eV. The figure illustrates the sensi- 
tivity of the weight at ZF=0 to the value of U. 
Observe that the peak at ~~r = -2.5eV is not 
related to the bottom of the band at - 6  eV. 

We have so rar cons idered  the case U = oo, since this case is par t i cu la r ly  simple. 
There are, however,  i m p o r t a n t  quant i ta t ive  and e ren  qual i ta t ive  changes  when the 
finite value of U is t aken  into  account .  This  is i l lus t ra ted in fig. 9, where  the 
spectrum is shown as a funct ion of U. In  par t icu la r  close to  e = 0 the U = 5 and 
U = oo spec t ra  differ qual i ta t ively.  The  figure also i l lustrates  tha t  the spec t rum can  
have a two-peak  s t ructure  even if V(e) a is structureless.  In  fig. 9 the b o t t o m  of the 

conduct ion band  is at - 6 e V  rar be low the peak at 5 ~ - 3  eV. This  peak  is 

therefore not a split-off peak.  
The shape of the spec t rum for U < oo has been discussed in deta i l  by  G u n n a r s s o n  

and Schönhammer  (1985a). In  the spin f luctuat ion limit and  to lowest o rder  in 1/Nf 
the domina t ing  con t r ibu t ion  for small  5 is 

pf< (~) ~ A 4 a ( g )  2 1 2gf + U - A E  ' (116) 

where Aa(5) is the coefficient of the  basis  states [5) in the  g round  state. Because of 
the factor a(5) 2 this con t r ibu t ion  decays on the energy scale of a K o n d o  energy and 
it cor responds  to  the  con t r ibu t ion  (109) ob ta ined  for the U = ~ limit. In add i t ion  to  
this rapidly decaying  term, the spec t rum h a s a  con t r i bu t ion  

o 

ds '  2af + U - A E  - 5  - 5 '  
-B 

This term has no  co r re spondence  for U = oo. The  decay of this  t e rm is de te rmined  
by the energy d e n o m i n a t o r  in the in tegral  and has an energy scale 25f + U - AE, i.e. 
a few eV. Because of the prefac tor  P(5) 2, this  t e rm is sensitive to  the energy 
dependence of the  conduc t ion  densi ty  of states and  the hopp ing  mat r ix  elements.  In  
the spin-f luctuat ion l imit  the in tegra ted  weight of eq. (116) becomes  very smal l  
compared  with the  weight  of eq. (117). Because of reso lu t ion  problems,  the sharp  
rise of (116) is ha rd  to see exper imenta l ly  in the spin-f luctuat ion limit. Since its 
weight is small  the con t r ibu t ion  (117) then domina t e s  the b roadened  spec t rum close 

t o g  = 0 ,  
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The discussion so far has been based on the Anderson model eq. (8). In this model 
the conduction band and 4f Coulomb interaction Ufa is only included implicitly as a 
renormalization of ~f and U, while all dynamical effects are neglected. For systems 
where the conduction band has a small (effective) band width, and/or the band 
filling is small, such dynamical effects can lead to additional satellites. This is the 
case for some 3d-elements and compounds (Kotani and Toyozawa 1974a) and for 
some chemisorption systems (Schönhammer and Gunnarsson 1977, 1978a,b, 
Gunnarsson and Schönhammer 1978, Fuggle et al. 1978). This has also been 
proposed as a possible mechanism for explaining the two peak structures seen 
in the f-level PES spectrum of Ce and several of its compounds (Liu and Ho 1982, 
Riseborough 1985, Nunez-Regueiro and Avignon 1985). The conduction band 
width of Ce and its intermetallics is, however, fairly large and the band filling is 
not very small. A large value of Ufd is therefore needed to obtain satetlites with 
an appreciable weight, at least in the Liu-Ho model (Allen et al. 1986). For 
such values of Uf« the peak separation is, however, much larger than has been 
observed experimentally. 

The effects of explicitly including Ufa has been studied by Takeshige et al. (1985) 
for Ce pnictides. In this treatment the f-level degeneracy was taken into account. 
Takeshige et al. (1985) calculated the ground stare in a similar way as in section 4.1, 
except that they considered a magnetic state, which is more appropriate for the 
pnictides. They then used the 'intermediate-state' method for the calculation of the 
spectrum. This calculation also included the creation of an electron-hole pair, due 
to the f-conduction band Coulomb interaction. Although Takeshige et al. (1985) 
used a large value of Ulk (=10eV)  they did not obtain any new satellites due to the 
Ufa term. The main effect of this new interaction was a broadening of the peaks and 
some transfer of weight away from the peak closest to eF (Takeshige et al. 1985). 

4.3. Bremsstrahlung isochromat spectroscopy (BIS) 

In BIS, or inverse photoemission, the sample is bombarded by electrons which 
make radiative transitions into lower-lying (N + 1)-electron states. Here we study 
transitions into the f-level. Then the Green's function (Gunnarsson and 
Schönhammer 1983a) (eq. (20)) 

1 
g? (z) = ~'v (E°(N)l~Vz + Eo(N) - H ~ +~ tE°(N)) (118) 

is needed. First the case U = oo is studied. The integrated weight of the BIS 
spectrum is of the order Nf ((1 - nr)Nr for U = oo) and to obtain results of the order 
(1/Nr) ° for pf> (8)= ]E~p > (8) we have to include states of the order (1/Nf) 1. For  
simplicity we here use a ground state of the order (1/Nr) ° but use intermediate states 
of the order (1IN f)l, since it is then possible to obtain a closed expression. The 
intermediate states to order (1/Nr) 1 (a, c and d in fig. 4) are 

Iv ) = 0 ~+ [0). (119) 

ler) = O e+lO), (120) 
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1 
IZ~~v > - «N~ ~ ~;0:,~ù«10>. (121) 

Since we use a (1/Nf)°-order  g round  state and consider U = m,  it is sufficient to 
calculate the vv element of the inverse of the matr ix  of (z + Eo(N ) - H) in the space 
(119)-(121). This  is done  in a similar way as for the PES spectrum, and eq. (102) is 
used twice. This leads to 

(1 - -  n r ) N r  
g ~  (z) = z + A E  - er - # ( z ) '  (122) 

where 

B' 

f v(E) 2 
p(z )  = z + A E  - E + F ( - z  - -  A E  + E + er) d E .  (123) 

0 

The integrand of (123) has a pole at z = E, as can be seen f fom eq. (107). Using 
(108) we find tha t  the s trength of the pole is (1 - r t f ) .  This leads to 

I m  #(5 - i0) -- (1 - r l f ) T z V ( 8 )  2 ,  0 ~< ~ < õ. (124) 

Since Re#(~- i0 ) , -~  (1/Nf) ~, Re#x(z) does not  contr ibute  to PF (0 to order (1/Nf) ° 
and is neglected there (Gunnarsson  and Schönhammer  1983a,b). This  leads to 

1 im9f> (~ _ i0) - (1 - nf)ZV(a)2 ,  0 ~< e < 6, (125) 
0 - 8) 2 

which joins smooth ly  to the PES  result (109). This  result is obta ined by strictly 
expanding (122) and (123) in powers  of 1~Nr,  while an evaluat ion of (122) and (123) 
as it stands leads to a weak unphysical  pole slightly below e = 0. A different type of 
anomaly appears  in the N C A  at T = 0. (Mül l e r -Har tmann  1984, K u r a m o t o  and 
Mül le r -Har tmann  1985) at e = 0. Equa t ion  (125) describes a s teep rise in the 
spectrum as ~ = 6 is app roached  f rom below. To  describe the region e ~ 6 properly,  
we taust include the imaginary  par t  of /x(e - i0) also in the denomina to r  of (125). 
This results in a na r row peak at ~ ~ 3, with a width of the order (Gunnarsson  and 
Schöhammer 1983b) 

(1 - -  / / f )~V((~) 2 ,~ ~znfÕ/Nf, (126) 

where we have used (85). A more  accurate  t rea tment  of the range ~ >~ 3, however,  
requires the inclusion of the ' con t inuum part '  of the in tegrand of (123) as well. 

For  a compar i son  with exper iment  it is crucial to take into account  tha t  U < oG 
since this leads to a second, f2-1ike peak in the BIS spectrum. This  can be done  by 
using the U < oo ground state and using the intermediate  states (b in fig. 4) 

1 + 

iSV) x / S f  - -  1 «c~~) ~" tP~+ ¢" '0~"]0)"  (127) 

The calculation now requires a numerical  inversion of a matrix. The  f2 peak has a 
broadening of the order  2A = 2 ~ V ( e f  + U) 2 (half-width), since the f2 state can decay 
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Eig. 10. The temperature dependence of the PES and BIS 
spectra in the NCA. Figure (a) shows the unbroadened 
PES + BIS spectrum and (b) shows the unbroadened PES 
spectrum. In (c) the broadened (FWHM = 0.3 eV) PES 
spectrum is shown. The parameters are~« = -0.6, Ä = 0.8, 
U = oc, N r = 6 and B = 2. The form (89) was used for 
V(~) 2. In (b) and (c) the total weight (=nr) has been 
normalized to one to simplify a comparison of the shape of 
the PES spectrum for different T. 

th rough  the hopp ing  of ei ther of the two f-electrons in to  the conduc t ion  band.  The  
f2 peak  also shows a tai l  t owards  higher energies. The  reason is tha t  the  states (127) 
couple  to  the states [~) (65) in the g round  state, which have a d i s t r ibu t ion  with a tai l  
given by  a(e) • (Gunna r s son  S c h ö n h a m m e r  1983b). In the exper imenta l  spec t ra  
mul t ip le t  effects and lifetime broadening ,  which are not  included in the Hami l t on i an  
(8), tend to  d o m i n a t e  over  the effects discussed above.  

The  discussion so far has been l imited to T = 0. We now consider  finite 
tempera tures ,  using the N C A  (Kuramoto  1983, Co leman  1984, Bickers et al. 1985, 
Cox  1985). In fig. 10a we show the valence spec t rum PES  + BIS for T/To = 0.1, 1 
and 2, where To is a K o n d o  t empera tu re  as defined by Cox  (1985). The  spec t rum 
shows a s t rong T-dependence  bo th  in terms of shape and weight. In  fig. 10b we 
show the PES  par t  of the spectrum. Whi le  there is still a s t rong T-dependence  in the  
shape, the weight is now fairly T- independent .  This  is i l lus t ra ted by fig. 10c, where  
we have in t roduced  an ins t rumenta l  b roadening ,  so tha t  the detai ls  of the shape are  
lost. The  figure shows that  the PES  K o n d o  peak is shifted in energy as T is 
increased,  but  tha t  it does -no t  lose weight over  this t empera tu re  range. 

To  unde r s t and  the difference in weight between fig. 10a and 10b we use a sum rule 
valid for U = oo for the BIS spec t rum 

l f l m 0 y  (~- iO)d~ = N e ( 1 -  nr), (128) 

where the BIS weight  for U = oo is p r imar i ly  in the K o n d o  peak.  Since nf can have 
a s t rong t empera tu re  dependence  it is obvious  that  the same is t rue for the BIS par t  
of the welght. T o  under s t and  the relat ive T- independence  of the PES  K o n d o  weight, 
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we first recall the interpretation of the Kondo peak for T = 0 below eq. (111). 
According to this interpretation the weight of the Kondo peak is related to the 
probability that a conduction electron close to eF fills the f-level, after the photo- 
eniission process, in such a way that the Kondo binding energy is gained. This 
probability is related to the fo weight of the f inal  states and is not directly related to 
the character of the initial state. Thus weight close to the Fermi energy has been 
obtained using both a singlet and a nonsinglet ground state (Gunnarsson and 
Schönhammer 1983b). These arguments illustrate that even for magnetic initial 
states, which enter the calculation for T > 0, there is a mechanism which gives 
weight close to e v. The shift of the peak can be made plausible in terms of the 
energies of the initial states. At T = 0 the system is in a singlet state with the Kondo 
binding energy, while at T > T o the system is likely to be in an initial state without 
this binding energy. In both cases there are, however, final stares which have the 
Kondo binding energy and therefore contribute to the Kondo peak. 

For a finite U the fz weight in the initial stare strongly influences the spectrum at 
ev. For this case there are presently no T 4:0 calculations available. Since, however, 
the energy scale involved is of the order of eV for the new f2-related features (117), 
we expect the temperature dependênce to be weak. There has been an experimental 
attempt to observe temperatures effects in the PES spectrum for a Ce compound 
(Wieliczka et al. 1985). With the experimental resolution available no such effects 
could be observed for CeSn 3. 

4.4. X P S  core level spectroscopy 

In the core level X-ray photoemission spectroscopy (XPS), a core electron is 
emitted. Thus we use eq. (17) with 01 = ~c, where ~c annihilates a core electron, and 
study 

1 
g~(z) = (E0(N)[O + z - Eo(N ) ± H qJc[E°(N))' (129) 

We first consider the case U = oe and work to order (1/Nr) °. Thus only the final 
state basis functions ~~]0) and qJc]e) enter the calculation. The Green's function 
(129) can then be calculated using eq. (102) (Gunnarsson and Schönhammer 
1983a,b). Alternatively, the present approximation can be mapped onto the so-called 
filled band model (Schönhammer and Gunnarsson 1978b) in the following way. To 
lowest order in 1/Nf the conduction states above ev do not enter the calculation. 
Thus the actual conduction band can be replaced by a band with a sharp cut-off 
at eF- Then the state ~b~[0) corresponds to a completely filled conduction band. 
Since only the states Oc]0) and Oc[e) are considered, the model can be mapped 

onto a nondegenerate (N~ = 1) model if V(e) is replaced by ~'(e) = x/~fV(e). In this 
Nf = 1 model the matrix elements and the energies are the same as in the Nf va 1 
model. The Nf = 1 filled band model has, however, only one hole and the calculation 
of the initial and final states represents two one-particle problems with different 
parameters ef and e l -  U~~, respectively. This calculation can easily be performed 
exactly (Schönhammer and Gunnarsson 1978b). The result is given by 



M A N Y - B O D Y  F O R M U L A T I O N  O F  SPECTRA O F  M I X E D  V A L E N C E  SYSTEMS 141 

1 f ~ U 2 fc pc(e) = - I m g c  (e - i 0 )  = (1 - n f ) / - - /  /5~(~ - A E  -l-Sf - -  Ufc) ,  (130) 
t,~ - U r o )  

where 

1 1 
Bf(e) = - Im (131) 

rc e - i0 - ef + U f c  - -  ] ~ ( e  - -  i0)' 

is the f density of states of the N f  = 1 filled band model in the presence of the core 
hole. In this limit the core spectrum is therefore related to the valence spectrum 
Bf(e). The multiplying factor [Ufc/(e - Ufc)] 2 changes the weights of the structures 
in/Sf(~), but does not normally introduce new structures. Thus the structures in pc(e) 
can be related to the features in 1Sf(e), which can be related to ~'(e) 2 (Fuggle et al. 
1987. Gunnarsson et al. 1985). For  U < oo we allow double occupancy of the f-level. 
To lowest order in 1/Nf the calculation is then a two-hole problem. This problem 
can also be solved exactly using the properties of a separable perturbation 
(Schönhammer and Gunnarsson 1978b) or using eq. (102) and numerical inversion 
(Gunnarsson and Schönhammer 1983b). 

To  test the accuracy of the 1/Nf method, we have studied the Nf = 1 limit. In this 
limit the core spectrum can be calculated exactly numerically, even without assum- 
ing a filled band (Schönhammer and Gunnarsson 1977, 1978a) by solving a 
Nozières-deDominicis (1969) integral equation. In fig. l l a  we show the exact 
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Fig. 11. The core level spectrum for 
N f  = 1, ef = 0, A = 1.5 and 
Ufc = 9 using the form (89) with 
B = 3 for V(e) 2. In (a) and (b) we 
have used a Lorentzian broaden-  
ing ( F W H M )  of 1.8 and 0.15, re- 
spectively. All energies are in eV. 
In (a) the calculation to order 
(1/Nr) 1, us ing  the states 
0 + a + c + d in fig. 2, agrees with 
the exact result to within the plot- 
ring accuracy. 
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calculation with a realistic broadening of 2F = 1.8 eV due to lifetime broadening 
and instrumental resolution. The dotted curve shows results to lowest order in 1/Nf. 
While the peak positions are rather well described, the peak heights are oft by a 
factor two. The inclusion of the states c in fig. 2, however, gives a rather good 
agreement with the exact result. The further introduction of the states d (order 
(1/Nf) 1) gives agreement with the exact result to within the plotting accuracy. For  
this reason we have reduced the broadening by an order of magnitude in fig. l lb ,  
which shows that the 1IN e calculation is still in a good agreement with the exact 
result. The exact unbroadened result has an 'infrared' singularity at threshold 
(~8.1), which is not present in the approximate result. This is probably the main 
reason why the leading peak is somewhat higher in the exact calculation even after 
broadening. Due to the infrared singularity the leading peak shows a clear asym- 
metry due to the excitation of (an infinite number of) electron-hole pairs (Nozières) 
and deDominicis 1969). Although the (1/Nf) 1 calculation includes excitations with 
at most one conduction electron, one f-electron and two holes it gives a good 
description of this asymmetry except very close to threshold. At threshold the 
approximate solution gives a delta-function, which, however, has an entirely neglig- 
ible weight for parameters realistic for rare earth compounds. 

The leading peak in fig. 11 corresponds to final stares of mainly fl character, while 
the satellite corresponds to f°-like states. Since the f-electrons give a particularly 
efficient screening of the core hole, the leading peak and the satellite are sometimes 
referred to as the 'well screened' and the 'poorly screened' peaks, respectively 
(Fuggle et al. 1980b). For  the rare earth compounds the 'poorly screened' peak is 
assumed to correspond to final states where the core hole is screened by conduction 
electrons, since such a screening is implicitly included in the Hamiltonian (2) as a 
renormalization of Ufc. This mechanism for obtaining additional peaks in the core 
spectrum has been discussed for 3d-systems (Kotani and Toyozawa 1974a), rare 
earths (Kotani and Toyozawa 1974b) and chemisorption systems (Schönhammer 
and Gunnarsson 1977, 1978a). This mechanism is of particular interest if the 
creation of the core hole leads to a substantial change of the relative energies of the 
configurations involved (e.g. fo and fl for La compounds) and the coupling Ä 
between the configurations is not too strong. In such a case both the 'well' and 
'poorly' screened peaks may have a nonnegligible weight. This is the case for the La 
compounds. For  Ce compounds it is important to take f2 configurations into 
account. The core spectrum then orten has three peaks, corresponding to fo, fx and 
f2-1ike stares. Since the initial state is typically of mainly fx character, we may refer 
to the f~ and f2 peaks as the 'poorly' and 'well screened' peaks, respectively. In the 
Ce compounds the parameters are usually such that the f2 peak (shoulder) has a 
small but observable weight. Finally, one should note that the different con- 
figurations in some cases may mix so strongly that the language of 'poorly '  and 'well 
screened' peaks becomes meaningless (Gunnarsson et al. 1985). 

4.5. X-ray absorption spectroscopy (XAS) 

There has been extensive experimental work on the Lù.ni edge in XAS, which 
involves the excitation of a 2p core electron into a continuum d-state. This 
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transition has been studied theoretically by Delley and Beck (1985), and below we 
essentially follow their treatment. The operator 

TL = 2 ~l/d I] / ;  I//c (132) 
d 

is used to describe the excitation from a core level (c) to a conduction state of d- 
symmetry with respect to the impurity. The absorption probability of a photon with 
energy h~o is then given by 

Bp~d(h(.O) = ~ I(Eù(N + 1)[TLIEo(N))[2ö(Eù(N + 1') - Eo(N)-hco), (133) 
tl 

where ]E,,(N + 1)) is a state with N + 1 valence electrons in the presence of a core 
hole (indicated by ~). Since the conduction electrons are treated as noninteracting 
and since we distinguish between conduction electrons of d- and f-symmetry (with 
respect to the impurity), the final states are written as 

~,B I É ~ ) ) .  (134) 

The spectrum is then given by 

Bp~d(h(o) = 2  Wä~I(Eù(N)[@clEo(N))I2 6(E,,(N) + ga - Eo(N)-he)).  (135) 
d n 

The XAS spectrum can then be expressed in terms of the XPS spectrum po(s) 

oo 

pp«d(hO)) = f dED(E)p¢(E - ho~), 
0 

(136) 

where 

D(E) = ~ W~6(E - Ea) (137) 
d 

includes density of states and matrix element effects for the unoccupied d-states 
(Ea > sv = 0). In this approximation the Ln,m spectrum is thus a convolution of the 
XPS spectrum with the function D(E) (Delley and Beck 1985). 

Recently, there have also been studies of the M4, s edge (3d--, 4f transitions) 
(Fuggle et al. 1983a, Kaindl et al. 1984, Thole et al. 1985, van der Laan et al. 1986). 

This spectroscopy has formal similarities with BIS, as an electron is added to the 
f-level. Physically the processes are, however, very different since in 3d ~ 4f XAS the 
final states are calculated in the presence of a core hole. In the formalism this 
difference only enters as a shift of sf ~ s  c - Ufc and we can use the same type of 
basis states as in BIS. If we work to lowest order in 1IN e it is possible to obtain an 
analytical solution even if f2 configurations are included (Gunnarsson and 
Schönhammer 1983b). 
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5. Comparison with experiment 

In the introduction we referred to the 'discrepancy' between thermodynamic and 
spectroscopic estimates of nr and A. In section 5.1 we therefore discuss how 
information about these quantities can be extracted from spectroscopies. We first 
consider a simplified model and then give numerical results for the Anderson modet. 
In the following sections we compare with experiment for specific systems. 
Compounds of Ba and La, with essentially zero f-occupancy in the ground state, are 
studied in section 5.2. In section 5.3 we consider Ce compounds and in section 5.4 
the Yb compounds. To  study the Pr and Nd compounds,  the model (8) should be 
generalized. These compounds  are nevertheless briefly discussed in section 5.5 within 
the model (8). 

5.1. Determination of nf and A from spectroscopies 

To simplify the discussion, we first consider the model (8) in the limit when the 
conduction band width B goes to zero (Gunnarsson and Schönhammer 1983b). This 
model has been used extensively by Fujimori (1983a, b,c). We assume that states 
with more than two f-electrons are suppressed by the large Coulomb potential U. In 
the B = 0 limit, the system then has only three basis states ]fo), i f l )  and [f / ) ,  with 
0, 1 and 2 f-electrons, respectively, and the corresponding number of holes. The 
energies of these configurations are schematically shown in fig. 12 ('no core hole'). 
For the core spectroscopies we are also interested in the energies in the presence of a 
core hole. The figure illustrates that in this case the f2 configuration is the lowest 
one, and that the fl configuration is far below the fo configuration. This effect is 
described by the term (2) in the Hamiltonian, where Uf¢ ~ 10 eV describes how the f- 
level is pulled down by the core hole. 

The ground stare is given by 

]Eo(N) > = a0 L fo)  + al ]fa)  + az I f2>. (138) 

We let the hopping matrix element V be negative. Then the coefficients a 0 and a a 
have the same sign, since the ground state is a bonding state. We now study core 

f2 

fO f~ 

no core hole 

fo~, 
f2 

core hole 

Fig. 12. Schematic representation of the energies of 
different configurations of a Ce impurity without and 
with a core hole. The configurations are labelled accord- 
ing to the number of f-electrons and typical energy 
differences (in eV) are shown. 
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level XPS. According to eq. (12) the final states, in the presence of a core hole, are 
needed. The model has only three basis states, and there are therefore three final 
states. Since the hybridization N f V  2 is fairly small compared with the energy 
separation of the basis states, the mixing is moderate and the final stares can be 
labelled by the configuration contributing most of the weight. Thus we have the final 
states 

I"f""> =C~o")lf°> + c~"~lfl> + c~2"~1f2>, n = 0,1,2, 

where clù ") is large. The weight of the peaks is now calculated from eq. (12) 
2 2 

p(fù) ~ Iù) 
= a m C m • 

m = 0  

(139) 

(140) 

We first consider the f2 peak. Since the final f2 configuration is far below the fo 
configuration, we assume for a moment  that the f2-1ike final state is a linear 
combination of the fl and f2 configurations, i.e. that có ) ~ 0. This gives the f2 
weight 

p ( f 2 )  ~ ] a l  c(12) + a2 c(22)12 (141)  

For  the systems we are interested in al ~ 1 and c~z 2) ~ 1. The f2 weight is then 
primarily determined by a z and c] 2). As the coupling NfV 2 between the con- 
figurations is increased both a z and c] 2) increase. This leads to an increase of p(f2) 
in (141). These simple arguments remain qualitatively correct when the Anderson 
model with a finite band width is considered. This is illustrated in fig. 13 where the 
core spectrum is shown for different values of A. This figure illustrates how the 
weight of the f2 peak in the core XPS spectrum can be used to estimate 3. 

In the same way we can calculate the weight of the f0 peak. In this case we neglect 

[ I I ] 

Nf =14 / /  fl 
U =6.4 / /~ /  f2 

A= 

0.2~ 

0.18 

0.12 

0.09 

0.06 

0.04 

0.02 
-10 -5 0 5 

E (eV) 

Fig. 13. The core level XPS spectrum as a function 
of A. The shape of V(~) 2 w a s  chosen to simulate a 
compound with a transition element and A refers 
to the maximum of ~V(e) 2. The average value of 
V(e) 2 is Aùv = 0.84A. For  details about V(e) 2 see fig. 
6 in Gunnarsson and Schönhammer  (1983b). The 
spectra are normalized to the height of the fl peak 
and a 1.8 eV (FWHM) Lorentzian broadening has 
been introduced. 
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Fig. 14. The intensity ratio p(fO)/[p(fO) + 
p(fl) + p(f2)] for the XPS spectrum (solid curve) 
and the ratio p(ft)/[p(fl) + p(f2)] for the 3d --, 4fXAS 
(dashed curve) and BIS (dashed-dotted curve) spec- 
trum as a function of the fo weight w(f °) in the 
initial state. The shape of V(e) 2 is the same as in fig. 
13, and dar = 0.1 eV. 

the f2 mixing into the f°-like final state, i.e. c~ °) ~ 0. This leads to 

p(fO) ~ laoc(oO~ + at c~°)12. (142) 

Since the final ,fo,, state is an anti-bonding state, the coefficients cò °) and c] °) have 
different signs. The two terms in (142) therefore also have different signs and the 
weight p(fO) of the fo peak is smaller than the fo weight w(f °) = ag in the initial 
state. This is shown in fig. 14, which has been obtained for the finite band width 
Anderson model. 

In 3d --, 4f XAS and in BIS an f-electron is added to the system. Thus the initial fo 
and fl configurations couple to the final fl and f2 configurations, respectively. The 
final f0 configuration can be neglected in this case and we write the weight of the fl 
peak as 

p ( f t )  ~ jaoC~l) + al c~l)]2. (143) 

This shows that the initial state fo weight is related to the weight of the f~ peak. In 
3d -o 4f XAS the f t  configuration is above the f2 configuration, and the , f r , ,  state is 
an antibonding state, while in BIS the ordering is the opposite and the "f t"- l ike 
state is a bonding state. In XAS the terms in (143) therefore have opposite signs, 
while in BIS they have the same sign. Thus p(ft)  < w(f °) in XAS but p(ft)  > w(f °) 
in BIS. This is illustrated in fig. 14 for the finite band width Anderson model. For  
these parameters, w(f °) = 0.1 leads to an fl peak which is about 4 times larger in 
BIS than in 3d ~ 4fXAS. This mixing effect of the 4f configurations therefore plays a 
crucial role when the spectra are interpreted. 

5.2. Ba and La compounds 

The Ba and La compounds are somewhat simpler than the Ce compounds, since 
the f-occupancy in the ground-state is very small, and since the f2 configurations 
play a small role even in the final states. These systems have been studied extensively 
by Schneider et al. (1985). 

Figure 15 shows theoretical and experimental results for the valence XPS and the 
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Fig. 15. Calculated and measured valence XPS and BIS spectra (Schneider et al. 1985, or references 
therein). To the left the assumed shape of V(e) Œ and the position of the f-level (the dashed line denoted fl) 
are shown. The values of nf and A are also shown, where A is the maximum of gV(e) 2. A Gaussian 
instrumental resolution of 0.4 eV (FWHM) was included in the calculations. In the experimental spectra 
the hatched areas show f-related structures. The figure is reproduced from Schneider et al. (1985). 

BIS spectra.  F o r  Ba the f-level pos i t ion is app rox ima te ly  given by an f-related peak  
in the BIS spec t rum at abou t  14eV. Since the  f-level is so far above er, the f- 
occupancy  is very smal l  and  there is no  detec table  f -cont r ibut ion  to the valence PES 
spectrum.  The  s i tua t ion  is s imilar  for the La  compounds .  A l though  the f-level tends 
to be lower than in Ba compounds ,  the coupl ing  Ä is no t  s t rong enough to give an 
apprec iab le  f -occupancy.  The  valence spec t ra  therefore only have a BIS peak  close 
to the f-level posi t ion.  

F igure  16 shows the 3d XPS and the 3d electron energy loss spec t roscopy (EELS) 
core spectra.  The  EELS spect ra  are taken  at energies where 3d ~ 4 f  t rans i t ions  
domina te .  In  Ba and La  c o m p o u n d s  the init ial  s tate is an a lmost  pure  fo con- 
f iguration.  Wi th in  the mode l  discussed here, the center  of gravi ty  of the 3d XPS 
spec t rum therefore  app rox ima te ly  gives the energy of the fo conf igura t ion  in the 
presence of the 3d core  hole. In  EELS,  on the other  hand,  where an f-electron is 
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Fig. 16. Calculated and measured 3d XPS and 3d EELS spectra (Schneider et al. 1985, or references 
therein). The left part shows the energies of the different configurations in the absence of a coupling. The 
calculated spectra have a Lorentzian broadening of 1.2 eV (FWHM) to include lifetime broadening. The 
full curves show the XPS and the dotted curves the EELS spectra. The arrows show the center of gravity 
of the experimental EELS spectra. The figure is reproduced from Schneider et al. (1985). 

added to the system, the center of gravity is approximately equal to the energy of the 
fl configuration in the presence of a core hole. The arrows in the experimental 
spectra show the center of gravity of the EELS spectra. A comparison with the XPS 
spectra, shows that the final state fl  configuration moves  down in energy compared 
with the fo configuration in going from Ba to La 2 0 3 to La (Schneider et al. 1985). 
These experimental observations provide a good  support for the assumptions about 
ef - Uf¢ indicated to the left in fig. 16. The XPS spectra can now be understood in 
terms of the values assumed for af - Uf¢ and A (Schneider et al. 1985). For Ba the fl 
configuration is above the fo configuration in both the initial and final states. The 
coupling Ä- -  N « A  ~ 1.4 eV is not  strong enough to lead to any appreciable mixing 
of the final fo and f~ configurations. The theory therefore predicts essentially a 
Lorentzian peak corresponding to final states of mainly fo states. Experimentally 
one observes plasmon satellites and a peak asymmetry due to conduction electron- 
hole pair excitations (Ley et al. 1980, Schneider et al. 1985). Both these effects are 
neglected in the calculations in fig. 16. For LaF 3 the coupling Ä -,~ 8 eV is very large 
and there is a strong mixing of the final-state configurations. The fo and f~ 
configurations therefore form essentially 'bonding' and 'antibonding' linear com- 
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binations. Both types couple to the initial state giving rise to two peaks in the XPS 
spectrum. In La 2 O» the situation is similar, except that for La 2 0 3 the ordering of 
the fo and fl configurations is changed when the core hole is created. This leads to 
a much larger weight in the satellite, as is shown by both the experimental and 
theoretical spectra. In La, finally, the final f* configuration is fairly rar below 
( ~ 4 e V )  the fo configuration. Since the coupling is not very strong (Ä ~ l eV) 
almost all the weight is in the high-binding-energy peak. The corresponding final 
states are in this case of primarily fo character. 

Figure 16 also shows calculations for the EELS spectrum (Schneider et al. 1985). 
In these calculations a 3d ~ 4 f  transition is asumed to take place and multiplet 

~ 

effects are neglected. The formalism then becomes the same as for the 3d ~ 4f XAS 
calculation. Multiplet effects are seen in the experimental EELS spectra, which 
therefore differ in shape from the theoretical spectra. Multiplet effects also influence 
the apparent relative positions of the peaks in different spectroscopies (Esteva et al. 
1983). 

The XPS core level spectrum of La is orten fairly simple, with two features 
corresponding to fo and fl final states. If, however, the conduction band is broad, 
the f-level may not be pulled below the bottom of the band when the core hole is 
created. This corresponds to Ufc-  sf< B. From eqs. (130) and (131) it can be seen 
that the hybridization between the f-level and the conduction stares then can lead 
to additional structure. Fuggle et al. (1987) found that this is the case for LaAu 
and LaAu2. In these cäses the final stare f-level falls in the large density of stares de- 
rived from the Au d-band. The hybridization with the d-band is then so strong that 
the fo peak tends to be split into two peaks. The result is that the fo XPS peak in 
LaAu and LäAu 2 appears anomalously broad. Strong effects of structures in the den- 
sity of states have also been observed in the core spectrum of CO chemisorbed on a 
Cu surface. In this case the density of states derived from the Cu d-band has such 
a strong variation that an additional peak appears in the core spectrum (Gunnarsson 
and Schönhammer 1978). Interesting effects are also observed in Th compounds. 
These compounds have essentially zero occupancy of the 5f level and they have 
some similarities to the La compounds. The value of Ufc is, however, smaller, and 
the fo and f~ configurations are almost degenerate in the presence of a core hole. An 
analysis of the expressions (130) and (131) shows that the spectrum then becomes 
very sensitive to the shape of V(~) 2. Depending on this shape it was found that the 
high-binding-energy peak may or may not be smeared out (Gunnarsson et al. 1985). 

5.3. Ce compounds 

In the last few years several groups have studied spectra of Ce compounds using 
Anderson like models (Gunnarsson and Schönhammer 1983a,b, 1985a,b,c, Fujimori 
1983a,b,c, Fuggle et al. 1983a,b, Gunnarsson et al. 1983, Wuilloud et al. 1983, 1984, 
1985, Hillebrecht et al. 1984, Delley and Beck 1984, 1985, Sakai et al. 1984, Bickers 
et al. 1985, Watanabe and Sakuma 1985, Takeshige et al. 1985, Kasuya et al. 1985, 
Kotani and Parlebas 1985, Kotani et al. 1985, Patthey et al.-1985, Allen et al. 1986). 
We will therefore not try to give an exhaustive review but rather present some 
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typical examples.  The  alm is to  i l lust ra te  to  wha t  extent  a general ized Anderson  
model  can descr ibe  exper iment  and to  discuss the main  physical  effects which 
emerge from these calcula t ions .  

In fig. 17 we show results  for a typica l  mixed valence intermetal l ic ,  C e N i  2. The  
insert shows the valence P E S  spec t rum taken  at the p h o t o n  energy ho9 = 112 eV. At  
this energy the spec t rum is assumed to be p r imar i ly  due to  the  conduc t ion  electrons.  
Thus we may write this  spec t rum as Pcond(e) = p(e)r.(e) 2, where p(s) is the  conduc t ion  
density of stares and -c(e) 2 includes mat r ix  e lement  effects and effects due  to  the final 
states available.  F r o m  (4)--(8) it follows tha t  V(~) z = p(8)W(~3) 2, where W(~) is an 
appropr ia te  average of the hopp ing  mat r ix  e lement  V~«m. W e  now make  the 
assumption that  W(~)/z(~) is independen t  of energy, which al lows us to  es t imate  the 

energy dependence  V(~) z from Pcoùa(e). This  a p p r o x i m a t i o n  may  involve subs tant ia l  
errors and bet ter  es t imates ,  for ins tance based  on band  ca lcula t ions  (Sakai  et al. 
1984, Monnie r  et al. 1986), are desirable.  The  full curve in the insert  shows the V(e) 2 
used in these ca lcu la t ions  after it has  been b roadened  by the ins t rumenta l  resolut ion.  

B BIS CeNi 2 
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Fig. 17. The experimental (dots) and theoretical (full lines) 
3d-~4f XAS, 3d XPS, 4f PES and BIS spectra of CeNi z. The 
experimental XAS spectrum is from Fuggle et al. (1983a) and 
the XPS, PES and BIS spectra are from Allen et al. (1986). The 
insert shows the off-resonance (h~o = 112eV) spectrum (dots) 
and the (broadened) V(e) 2 used in the calculations. The dashed 
curve in the BIS calculation shows the assumed background. 
The parameters are Uf~ = 10.5eV (XPS) and ll.0eV (XAS), 
U = 7.0eV (XAS, XPS and PES) and Uùv = 5.SeV (BIS). In 
the XPS spectrum 8 is the kinetic energy of the emitted electron 
and in the other cases it is the binding energy. 
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The V(~) 2 w a s  chosen so that it agrees with the l l 2 e V  spectrum after broadening. 
The absolute strength of V(e )  2 is not determined in this procedure. This strength is 
represented by an average Aav of rtV(e) 2 over the occupied part of the conduction 
band. The f-level spin-orbit splitting is included. 

The bottom part of fig. 17 shows the 3d ~ 4f XAS spectrum. The two components 
of the spectrum are due to transitions from the 3d 3/2 and 3d 5/2 levels, respectively. 
The relative weight of these components differ from the ideal 4:6 ratio, and they also 
have a somewhat different shape. This is due to the effects of intermediate coupling 
(Bonnelle et al. 1974, Thole et al. 1985). Each component shows an fl and an f2 
peak. Multiplet effects can clearly be seen in these peaks. In the calculations we have 
adjusted the relative weights of the 3d 3/2 and 3d 5/2 compounds to experiment. A 
weak background was also added as indicated. The relative weights of the fl and f2 
peaks result from the calculation. We have used a Lorentzian broadening 
(FWHM = 2.0 eV) to describe lifetime broadening and instrumental resolution. 

Above the XAS spectrum the 3d core level XPS spectrum is shown. This 
spectrum also has a 3d 3/2 and a 3d 5/2 component, which partly overlap. Each 
component has an f0, an fl and an f2 feature. In the calculation we have assumed 
that the two components have the relative weights 4:6 and that they are separated 
by a spin-orbit splitting of 18.4 eV. A Lorentzian broadening of 1.4eV (FWHM) was 
used to describe lifetime effects and a Gaussian broadening of 1.2 eV (FWHM) to 
take into account the instrumental resolution. This broadening gives a good 
description of the width of the fo peak (at 568 eV), which in the theory has a very 
small intrinsic broadening. The expeilmental fl and f2 peaks are broader than the 
calculated ones. This is probably mainly due to multiplet effects, which are not 
included in the calculation. An inelastic background has been subtracted from the 
experimental data. 

The f-level PES spectrum is shown above the 3d XPS spectrum. An inelastic 
background was subtracted from the experimental spectrum. Both the theoretical 
and experimental spectra show a pronounced two-peak structure. The calculated 
high binding energy peak is at a somewhat too low energy. This deviation from 
experiment could be reduced by using a V(e) 2 which decays more rapidly for 
e ~< - 2  eV or by reducing the overall strength of V(E) 2. 

The BIS spectrum is shown in the top part of the figure. The experimental f2 peak 
is quite broad. This is partly due to multiplet effects but lifetime broadening is 
probably also important. These effects are not included in the theory. To simulate 
the multiplet effects, we ha~ve performed a seiles of calculations where U i = U o + ei 

in the final state calculations. Since the f2 peak position depends on Ui, we can 
choose e~ so that the different f2 peaks have a displacement to each other 
corresponding to the f2 multiplet splitting. These spectra were added with the 
relative weights wi, where ez and wi were obtained from Lang et al. (1981). Thus the 
relative weight of the f• multiplets is an input to the calculation, while the relation 
between the fx and total f2 weights is a result of the calculations. We have further, in 
addition to the instrumental Gaussian broadening, introduced a Lorentzian 
broadening 

F(~)  = F 0 -Il- F 1 (~; - -  •F) 2. (144) 
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The second term has a quadratic energy dependence and it is interpreted as a 
lifetime broadening. A broadening of this type is necessary to describe the width and 
the 'soft' shape of the fŒ peak. The first term is nonzero at e = 0 and it is therefore 
not due to lifetime broadening. Its origin is an interesting issue. Such a broadening is 
needed to describe the fl peak. Finally we have added a background which, at least 
partly, is due to transitions into conduction states and to inelastic effects. Such 
effects are not included in the theory. In fig. 17 we have for simplicity assumed that 
the background is a straight line. This is the reason for the weight below e = 0, 
where the BIS spectrum, apart  from broadening effects, by definition is zero at 
T = 0 .  

Figure 17 illustrates that after multiplet, broadening and background effects have 
been added, the generalized Anderson model (8) can give a satisfactory description 
of the 3d-4f  XAS, 3d XPS, 4f PES and BIS spectra. In fig. 17 slightly different values 
of U and Ufc were used for XPS, XAS and BIS to obtain the experimental f l f 2  
peak separations. In all cases V(e), Aav and rtf were the same. Because of the different 
values of U we also varied ef slightly to obtain the same value of nf for all 
spectroscopies. 

We have here focussed on the relative weights of the peaks, i.e. the fl and f2 peaks 
in XAS, fo, fl and f2 in XPS, the two peaks in PES and the f~ and fz peaks in BIS. 
These weights are essentially determined by the overall strength Aav of V(e) 2 and by 
the value of nf. It  is a strong support for the theory that so many relative weights 
can be rather well described by only two parameters. A comparison of 3d-4f  XAS 
and BIS is particularly striking. Since both spectroscopies involve the transition of 
an electron into the 4f-level, the weight of the f~ peak is in both spectroscopies 
related to the fo weight, w(f°), in the initial stare. The figure illustrates, however, 
that the weight of the fl peak is very different in the two spectroscopies. The reason 
is that there is a nonnegligible mixing of the f~ and f2 configurations, which leads to 
a transfer of weight to the f l  peak in BIS and to the f2 peak in 3d ~ 4 f  XAS. This 
was discussed in more detail in section 5.1. Although there are uncertainties in the 
comparison of the theoretical and experimental peak weights, fig. 17 shows that the 
theory gives a fair account for the dramatic difference between BIS and XAS for 
CeNi 2 . Actually the theory exaggerates this difference. To  obtain the proper weights 
in XAS the assumed value of nf has to be reduced from 0.83 to 0.77. 

The f-level PES spectrum of CeNi 2 has a pronounced two peak structure. The 
peak at ev = 0 has several contributions. As was discussed in section 4.2 below eq. 
(109) the U = oe spectrum has a 'Kondo peak'  at ev = 0. Since the ground state of 
CeNi 2 has a substantial f0 weight (--~0.21), the Kondo peak has an appreciable 
weight. As discussed in the context of fig. 9 the weight of the peak close to ev = 0 is 
further enhanced when the finite value of U is taken into account. Finally there is a 
contribution to this peak which we may refer to as a hybridization contribution 
(Sakai et al. 1984, Gunnarsson and Schönhammer 1985a,b). This comes from the 
continuum part of 0 in eqs. (104)-(106). The /~ entering ~ has a sharp cut-off at 

= 0, due to the large degeneracy, which gives rise to the 'pole contribution' (109) 
and the ' Kondo peak'. Apart  from this cut-off, ~ has the same structure as the f-level 
Green's function of a Nf = 1 (noninteracting) system with the hybridization V(e). 
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Fig. 18. The 3dXPS, 4fPES and BIS spectra of CeAI 
(Allen et al. 1986). The curves have the same meaning as 
in fig. 17. The parameters are Ufo = 10.0eV, U = 6.7eV 
(XPS and PES) and Uùv = 6.5 eV (BIS). 

This hybridizat ion can give rise to further structure. Fo r  CeNi 2 the f-level is located 
close to the peak of V(~) z. The peak in Im0(e - i0) that  one might have expected at 
ef = - 1 . 6 e V  is therefore split into two peaks. One peak appears below the main 
weight of V(e) 2 at roughly e ,~ - 3.5 eV and one is shifted upwards  towards  e ~ 0. 
The function 0 is inserted in eq. (106) and the z-integration is performed. Since a(e) 2 
is rather peaked at ~ = 0, this integration only introduces some broadening. There is 
therefore a hybridizat ion contr ibut ion to the peak close to e = 0 in the spectrum. It 
is interesting that due to the strong hybridization the PES spectrum has a minimum 
close to ef and neither of the peaks is close to er. 

Figure 18 shows results for CeA1 (Allen et al. 1986). For  all the spectra the same 
values of nf and Aav were used. For  the BIS spectrum U was slightly reduced to give 
the appropria te  position for the f2 peak. The PES spectrum was given an additional 
Lorentzian broadening of 0.6 eV (FWHM),  since the structures were otherwise too 
sharp compared  with experiment. The source of this broadening is unclear, but  it 
could conceivably be due to lattice effects or effects f rom the finite välue of Uf« 
discussed by Takeshige et al. (1985). The f0 weight in the g round  state is very small 
( <  0.01) and the K o n d o  peak has negligible weight. It should therefore not  be very 
impor tant  that  we assumed a singlet state in the calculations, a l though CeA1 is 
magnetic. In spite of the unimpor tance  of the Kondo  peak CeA1 has a substantial 
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Fig. 19. Right: the experimental valence PES spectra of CeP, CeAs and Ceßi at resonance (ha) = 122 eV, 
full curve) and oft resonance (ho)= ll2eV, dashed curve) (Franciosi et a[. 1981). Left: the calculated 
PES spectrum for different values of ~f using the V(~) z shown in the insert (Gunnarsson and 
Schönhammer 1985b). The full (dashed) curve shows results for U = 6 eV (U = oe). The parameter N«Aù~ 
was set to 0.7 eV. 

weight close to e r =  O. This is primarily due to finite U effects, illustrating the 
importance of taking into account that U < ~ ,  and to hybridization effeets. 

In fig. 19 results for the valence PES spectra of the Ce pnictides are shown 
(Gunnarsson and Schönhammer 1985b). The off-resonance spectra of the pnictides 
show spectra with a peak at e ~ - 2 e V .  For  simplicity we have therefore used a 
simple triangular shape for V(e) 2 as shown in the insert. The figure shows results for 
both U = oc and for a finite U. In this case the finite U effects have a small influence 
on the spectra. The weight of the 'Kondo  peak'  is also negligible. In these cases the 
hybridization effects dominate. The same conclusion was reached by Sakai et al. 
(1984). 

Valence PES spectra for et- and 7-Ce are shown in fig. 20. There has been rauch 
interest in Ce, since measurements with a good resolution (~0.1 eV) seemed to 
indicate that the low binding energy peak is somewhat below eF in 7-Ce but not in «- 
Ce (Wieliczka et al. 1984). The work by Patthey et al. (1985) in fig. 20 represents an 
important progress, since their high resolution (,-~ 0.02 eV) spectra showed that there 
are actually two structures close to ~v and that there is a transfer of weight away 
from the peak closest to ~F in going from et- to 7-Ce. Patthey et al. (1985) 
demonstrated that these results can be understood if the spin-orbit splitting 
(0.28 eV) of the f-level is ineluded in the formalism (Gunnarsson and Schönhammer 
1983b). Patthey et al. (1985) found that the peaks are related to the 4f 5/2 and 4f 7/2 
levels and that the relative weight of the 4f5/2 level increases in going from 7-Ce to 
ct-Ce. The importance of the spin-orbit splitting for the shape of a high-resolution 
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Fig. 20. Experimental (dots) and 
theoretical (full line) spectra of 0t- 
and 7-Ce. The experimental results 
were obtained for the photon en- 
ergies 40.8 eV (a) and 21.2eV (b). 
The difference (a - b) provides an 
estimate of the f-spectrum. The re- 
sults are reproduced from Patthey 
et al. (1985). 

spectrum was first shown by Bickers et al. (1985) and by Watanabe and Sakuma 
(1985). 

5.4. Yb compounds 

In the Yb compounds  the f13 and f14 configuratlons play the same role as the fl  
and f0 configurations in Ce compounds.  It is therefore possible to map the Ce 
results onto  the Yb compounds,  by considering (the Yb) f-holes instead of (the Ce) f- 
electrons (Bickers et al. 1985, Jones and Wilkins 1985). An interesting difference is, 
however, that the spin-orbit splitting is much larger for Yb (Aso ~ 1.2eV) than for 
Ce (Aso ~ 0.28 eV). This greatly improves the possibilities of seeing the effects of the 
spin-orbit splitting in the Yb spectra. As shown in fig. 2la,  the calculated spectrum 
shows two spin-orbit induced peaks at "~eF_+ Aso for appropriate parameters (Jones 
and Wilkins 1985). The spectrum changes shape in an interesting way as 
~f mm E(f 14) - E ( f  13) becomes smaller than ev + Aso (fig. 21b), and the peak at 
eF + Aso becomes an antiresonance (Bickers et al. 1985). 

Monnier et al. (1986) have studied YbP. They performed a band calculation in the 
LSD approximation. The band structure was parameterized in a linear combination 
of atomic orbital formalism. This allowed the extraction of the hopping matrix 
e l e m e n t s  VkcLm between the 4f state and the non-f  bands. These values of Vk«~ were 
used in the Anderson model (1) and a V(e) 2 was generated. The V(e) 2 has similarities 
with the conduction density of states p(e), but it also has definite deviations from 
p(e). The value of ef was chosen so that the model calculation gave the same value of 
nf as the band calculation. In this approach both V(g) 2 and ef were therefore 
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Fig. 21. The valence spectrum for Yb calculated 
in the NCA. The density of states was assumed 
to have a Lorentzian shape with the half-width 
D = 3. All energies are in eV. The results are 
reproduced from Jones and Wilkins (1985) and 
from Bickers et al. (1985). 

obtained from first principles, and the only adjustable parameter was the value of U. 
Monnier et al. (1986) then calculated the PES and BIS spectra, considering the f12, 
f13 and f~¢ configurations. With an appropriate instrumental broadening their BIS 
spectrum showed a bump centered at ~ ~ 0.22eV and with a width of 0.70eV. 

,Preliminary measurements (Baer et al. 1985) showed a similar feature centered at 
~ 0.65 eV and with a width of ~ 1 eV. The deviation in the peak position was 

ascribed to the method for determining nf and/or the position of the phosphorous p- 
bands in the calculation (Monnier et al. 1986). In general it is nontrivial to 
distinguish between the 'true' 4f-charge on an Yb atom and the l = 3 component of 
the overlapping charge densities from the neighbouring atoms. Monnier et al. (1986) 
therefore concluded that their method would tend to put the f-level at a too low 
energy. Furthermore, the LSD approximation may put the phosphorous p-bands at 
a too high energy, which would also lead to a too large f-occupancy (Monnier et al. 
1986). Both effects could contribute to the deviation from experiment. For  the PES 
spectrum Monnier et al. (1986) obtained peaks at ~ ~ - 6 . 2 e V  and at ~ ~ 0 e V .  
While the peak at ~ ~ - 6.2 eV has been observed experimentally, the peak at e ~ 0 
has a negligible weight (Baer et al. 1985). As for the BIS spectrum, this deviation 
could be ascribed to an overestimate of the f-charge (Monnier et al. 1986). Although 
the approach of Monnier et al. (1986) cannot fully describe the experimental data, 
their calculation of V««m represents a promising attempt to obtain a first principles 
theory of Yb compounds. 

5.5. Pr and Nd compounds 

In La, Ba and Ce compounds the f0 and/or fl  configurations dominate. For  Pr 
and Nd compounds configurations with more f electrons become important, and the 
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Fig. 22. Experimental (full curve) and theoretical (dashed curve) 
results for CeA12, PrAI 2 and NdA12. For Aav the values 0.032 eV 
(CeAI2), 0.022 eV (PrA12) and 0.006eV (NdAIz) were used, and 
for ef the values - 2 . 2  eV (CeAlz), - 3.5 eV (PrA12) and - 5.1 eV 
(NdAI2) were used. The experimental results are reproduced 
from Parks et al. (1984, 1985). 

theory developed for Ce compounds is not automatically applicable. As a pre- 
liminary test one can, however, map the fù+l ( f ù+2 )  configuration of Pr(Nd) onto 
the f" configuration of Ce and use the theory discussed before. In such an approach 
Pr and Nd only differs from Ce through a change of Aav and el. This approach 

neglects that the prefactors of the matrix elements (e.g., x/Nff) depend on the 
number of f-electrons. Furthermore, multiplet effects are then not appropriately 
included or neglected altogether as in the approach here. Finally we assume below 
that the ground state is a singlet although the Pr  and Nd compounds are magnetic. 

This kind of treatment has been applied to Pro.9Tho.1, and PrRu 2 (Gunnarsson 
and Schönhammer 1985a) and to PrA12 and NdA12 (Allen et al. 1986). In fig. 22 we 
show results for CeA12, PrA12 and NdAI•. The experimental results are ffom Parks 
et al. (1984, 1985) and the theoretical results from Allen et al. (1986). The shape of 
V(e) 2 was estimated as described in section 5.3. The curve V(e) 2, shown in the inset 
of fig. 22, has been broadened by the experimental resolution and an inelästic 
background has been added. It is in good agreement with experiment. In the 
calculated PES spectra an instrumental resolution (0.6 eV F W H M  Gaussian) and an 
inelastic background have been included. In such an approach the peak at ~ef is 
too narrow for PrA12 and NdA12. The reason is probably the neglect of lifetime 
broadening effects in the theory. In the calculations we have therefore also in- 
troduced a lifetime broadening (eq. (144)) with F1 = 0.046eV -1. The calculated 
spectra are in good agreement with experiment, although the peak at ~ - 3.8 eV in 
PrA12 is somewhat too narrow and the peak at ~ -2 .5  eV in CeA12 is somewhat too 
broad. In particular, the low-binding-energy structures in CeA12 and PrA12 are weil 
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described. These structures result from hybridization between the f-level and the 
conduction band and from effects due to the finite value of U. These structures are 
not associated with Kondo-like effects. 

6. Concluding remarks 

In this chapter different methods for calculating electron spectra of the Anderson 
impurity model have been presented. In particular, the recent development in terms 
of 1~Nr expansions was emphasized. It was demonstrated that for T = 0 there are 
now fairly accurate calculations available, eren for small values of the degeneracy 
Nr. In particular it is possible to obtain a fair description of the so-called Kondo 
resonance. 

The extension of the work described here to the Anderson lattice is an interesting 
but difficult problem. It would also be interesting to include more terms in the 
Anderson impurity model, describing for instance multiplet effects, Auger decay and 
the direct f-d Coulomb interaction. The determination of the parameters in the 
model from first principles is an important problem. Much progress has been made 
by Herbst et al. (1978) and by Herbst and Wilkins (1979) for U, Ufo and ef and there 
are promising attempts to estimate V««m from band structure calculations. 

The spectra of the Anderson impurity model have been compared extensively with 
experimental results for many different lanthanide compounds. Some of this work 
was reviewed in section 5. It was shown that the model gives a surprisingly good 
description of the experimental results. In particular, it was shown that for a given 
compound essentially the same parameters can be used to describe the different 
spectroscopies. It was, however, also found that the neglected multiplet effects offen 
are important and that there are broadening effects, which are not included in the 
model. 

As mentioned in the introduction, an important issue has been the magnitude of 
the parameters in the Anderson model. The values of A and I~f - er] obtained from 
electron spectroscopies have usually been one or two orders of magnitude larger 
than most estimates based on thermodynamic measurements. Calculations for the 
Anderson model show, however, that for the mixed valence compounds, the 
'spectroscopic' parameters lead to predictions for the thermodynamic properties, 
which are of the right order of magnitude (Gunnarsson and Schönhammer 1983b, 
1985b, Gunnarsson et al. 1983). Although the spectroscopic parameters ( l ~ f -  ~F[, 
NfA) are of the order eV, the model also leads to a small energy scale ( 'Kondo 
temperature') related to a narrow resonance at the Fermi energy, which is necessary 
for the understanding of the thermodynamic properties, such as the susceptibility 
and specific heat at low temperatures. Early work (Kuramoto and Müller- 
Hartmann 1981) on the width F/2 of the quasi-elastic peak in neutron scattering 
suggested that F/2 is proportional to A for nf < 0.6, which was believed to be 
relevant for many Ce compounds. Since F/2 typically is in the meV range, this 
supported the belief that A is very small. More recent work, however, shows that the 
Kondo temperature provides the relevant energy scale for the peak width 
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(Kuramoto and Kojima 1984, Bickers et al. 1985, Gunnarsson and Schönhammer 
1985d,e), making our present values of A consistent with the order of magnitude of 
F/2. This work also predicts an interesting fine structure in the line shape, due to the 
breaking up of the Kondo singlet (Kuramoto and Kojima 1984, Gunnarsson and 
Schönhammer 1985d,e), which appears to have been observed experimentally 
(Galera et al. 1985). The values of nf obtained here are substantially larger than the 
older ones deduced from lattice parameter data. The estimates based on the lattice 
parameter assume that the contribution of the f-stares to the cohesion can be 
neglected. This leads to an underestimate of nr, which can be substantial for the 
present large values of A (Gunnarsson and Schönhammer 1983b). This mechanism 
enters in the so-called Kondo volume collapse model introduced by Allen and 
Martin (1982) to explain the 3,-a transition of Ce. 

Electron spectroscopies are particularly well suited for studies of high-energy 
excitations. Valence PES and BIS can in principle also give information about the 
low-energy excitations (compare eq. (109) and e% (112)). The Kondo peak has, for 
instance, been seen in several Ce mixed valence compounds. For systems closer to 
the spin-fluctuation limit, the spectroscopic study of low-energy excitations is, 
however, in practice very difficult. This is partly due to experimental resolution 
problems and partly due to matrix element effects (see section 4.2), which in this 
limit greatly reduce the integrated weight of the Kondo peak in the one-particle 
spectrum. Nevertheless the electron speetroscopies can complement 'low-energy 
measurements', even for the study of low-energy excitations. With the presently 
available spectroscopic resolution the 'low-energy' experiments are superior in 
probing the quasiparticle density of states. The spectroscopic data, interpreted with 
a theoretical model, can, however, give information about the nature and origin of 
these low-energy excitations. For  the Ce compounds the spectroscopic estimates of 
l e r -  er] and ~ are inconsistent with the promotional model and similar models, 
while they provide a strong support for the interpretation of the large quasiparticle 
density of states at ev as a Kondo resonance. 

7. Recent developments 

Below we briefly review a few of the developments after this chapter had been 
submitted (February, 1986). There has been a substantial amount of work on the 
extension of the impurity model to a lattice model. Rice and Ueda (1985) and 
Fazekas and Brandow (1987) used a generalized Gutzwiller ansatz for the spin- 
degenarate Anderson lattice. Saso and Seino (1986) and Blankenbecler et al. (1987) 
used the Monte Carlo technique for studying a finite one-dimensional chain. Millis 
and Lee (1987) used the slave boson formalism for the large degeneracy Anderson 
lattice. A renormalization group calculation has also been performed for the two- 
impurity model by Jones and Varma (1987). 

Gunnarsson and Schönhammer (1987) and Gunnarsson and Li (1987) have 
developed a formalism for resonance photoemissiola in the 1~Nr technique. The 
constant initial state (CIS) spectrum was studied. It was found that the CIS 
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spectrum is strongly influenced by interference effects between the intermediate f2 
and f3 configurations, which are the important configurations after the 4d--* 4f 
excitation but before the Auger decay. This interference can explain the different CIS 
spectra for the 'Fermi energy peak' and the '2 eV peak' in resonance photoemission. 
Similar effects were also found to be important for the 4fCIS spectrum of UO2 close 
to the resonance due to the 3d ~ 5f transition (Gunnarsson et al. 1987). 

Degiorgi et al. (1987) have studied the 3d core spectrum of YbP. They used the 
values for the hopping matrix elements determined earlier from a first-principle 
band structure calculation (Monnier et al. 1986). The agreement with experiment is 
good, providing important support for their method of calculating hopping matrix 
elements. 

Appendix 

In this appendix we briefly review some numerical methods for the ground-state 
calculations and for the calculations of the spectra. 

For a 'small' basis set the ground-state calculation can be performed directly (see 
section 4.1). For a 'larger' basis set orte can use a Chebyshev iterative method 
(Gunnarsson and Schönhammer 1985a) or Lanczos's method (Parlett 1980). The 
Green's function can be calculated using a 'folding' method (Gunnarsson and 
Schönhammer 1983b), a time-dependent method (Gunnarsson and Schönhammer, 
1985a) or Lanczos's method (Parlett 1980, Haydock 1980). Here we describe the 
Lanczos or recursion method briefly. 

In this method a new basis set is found, which tridiagonalizes H. The spectrum is 
then obtained from a continued ffaction expansion. The first function in the new 
basis set is 

[Vo) = T { E o ( N ) ) ,  (A1) 

where T is, e.g., the operator ~, in eq. (52). Due to this choice, the spectrum is given 
by the element [z - Eo(N  ) + H) -11oo ,  when H is expressed in the new basis. The 
basis states are now generated by the formula 

(H - Eo(N) ) I vù )  = bù+ 11vù+ l ) + aùlvù) + bù]vù_ l ) ,  (A2) 

where I c _ : ) = 0 .  The requirement that ]vù) is orthogonal to [Vn+l) and [vù_:) 
gives 

aù = ( v ù l H  - Eo(N)]vù) ,  (A3) 

bù+ l [vù+ : ) = (H - E o ( N ) ) l v ù )  - anlvù) - bnlvù_ x ) .  (A4) 

and the requirement that Ivù+x) is normalized gives bù+ 1 and ]Vù+l). In this way 
H - Eo(N)  is transformed to a tridiagonal form. Due to numerical rounding errors, 
the set {j vù)}~=o rapidly becomes linearly dependent as N is increased. This method 
can, nevertheless, provide accurate results for a few of the extreme eigenvalues and 
the corresponding eigenstates (Parlett 1980). In particular, for ] v o ) =  ]0) this 
mèthod can be used to calculate the ground state. The element [ z -  E o ( N ) +  
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H)-1]oo,  needed for the spectrum, can be obtained from a continued fraction 
expansion (Haydock, 1980). 

[(z - E o ( N  ) + H)- l ]oo  = 1 / { z  + a o - b ~ / [ z  + a 1 - b ~ / ( z  . . . .  )]}. (A5) 

Provided that z has a finite imaginary part, this provides an efficient method for 
evaluating the Green's functions discussed in section 4. The calculation of (A3) and 
(A4) is fast, since H is very sparse for the cases of interest here. Compared with the 
time-dependent method (Gunnarsson and Schönhammer 1985a), the numerical 
effort is essentially comparable but somewhat smaller in the Lanczos method. Both 
methods give identical results within the numerical accuracy. 
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List of symbols 

PES photoelectron spectroscopy ground state 
BIS (bremsst rahlungisochromat  ~f mean f-eigenvalue in the 

spectroscopy) inverse photo- excited state 
electron spectroscopy ~«f effective binding energy of 

XAS X-ray absorption speetro- the 4f-electron 
scopy E = Eto t total energy 

XPS X-ray photoelectron spectro- AE change of total energy 
scopy n number  of f-electrons 

DOS density of states vBH von Barth-Hedin 
E r Fermi energy KS K o h n - S h a m  
N(Ev) D O S  at E v W M T  warped muffin tin 
rws Wigner-Seitz radius Aex exchange splitting 
( r )  expectation value of dis- Aso spin-orbit splitting 

tance r A _ 4f PES  excitation energy 
U~ er effective intra-atomic f-f A+ 4f BIS. excitation energy 

Coulomb correlation 6 relaxation energy shift 
energy p charge density 

LDA local density approximation 1xt exchange~correlation 
LSD local spin density integral 
LMTO-ASA linearized muffin-tin orbital m spin magnetic moment  

- atomic sphere approxima- Q~, N r number  of electrons of 
tion angular m o m e n t u m  l. 

FLAPW full potential linearized aug- S Stoner enhancement  factor 
mented plane wave U f« interaction between the 3d 

ASCF difference of self-consistent core hole and 4f-electrons 
total energies B bulk modulus 
one electron eigenvalue j total angular m o m e n t u m  

~f rnean f-eigenvalue in the quan tum numbe~; 

1. Introduetion and experiment 

As is clear from other chapters in this volume, the advent of highly sophisticated 
spectroscopic methods directed to the study of the electronic properties of the 
lanthanides has brought new excitement to the field. These methods, especially 
photoemission spectroscopy (PES), bremsstrahlung isochromat spectroscopy (BIS), 
and X-ray absorption spectroscopy (XAS) are now recognized as powerful tools to 
investigate various properties such as the 4f-energy position, the localized or 
delocalized nature of the f-band, valence configurations, the magnitude of the intra- 
atomic Coulomb correlation interactions, etc. 

The first experimental evidence of a double-peaked structure due to f-emission in 
the valence band photoemission spectrum of a lanthanide was reported by 
Märtensson et al. (1982) and Wieliczka et al. (1982) for Ce, by Franciosi et al. (1981) 
and Gudat et al. (1982) for the cerium pnictides. (The spectrum had been seen by 
other groups before, but was not realized as such.) The spectra of Ce exhibit a 
double-peak structure associated with the 4f-electrons, with a peak near E v and 
another 2eV below E v. The data for cerium pnictides indicated a peak about 3eV 
below EF and one about 0.5eV below Ev. Moreover, the intensity ratio between the 
two peaks changed as one worked down the series (CeP, CeAs, CeSb, Ceßi) with 
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CeP having the peak near Er strongest and CeBi having the one 3 eV down the 
strongest. 

Since these experiments give rise to a strong perturbation in the system, the 
observed results are obviously excited stated properties which include Coulomb 
correlation and core-hole relaxation effects. Hence, a comparison between theoreti- 
cal ground state results and the observed excited state results is usually not possible, 
especially for localized electron excitations which are accompanied by strong 
r, èlaxation effects. Thus it is quite clear that the eigenvalues from a ground state 
band structure calculation do not represent the observed energy positions of the 
localized f-electrons at all (Min et al. 1986a, e). Instead, the excitation process has to 
be modelled by calculating total energy changes between initial and final relaxed 
states in order to compare with experiment. Early on, Herbst et al. (1976) calculated 
the 4f excitation energies of the lanthanides by calculating total energy differences 
usmg the renormalized atom method. They assumed that the localized hole in PES 
is:completely screened by the conduction electrons within a unit cell to maintain 
charge neutrality. 

Actually, as we .shall see, these PES experiments have given rise to interesting 
controversies about their origin. There appears to be only a small difference (in 
shape and peak position) between the spectra of y-Ce and ct-Ce. In contrast, the total 
density of states from band structure calculations show only one peak of f-character 
near Ev and another of s~:l character 1.3 eV below Er for both materials. 

B a n y  theoretical models have been proposed to interpret this anomalous two- 
peak structure in relation to the ~,-a transition in Ce metal. Hüfner and Steiner 
(1982a,b) and also Mackintosh (1985) considered the different channels for the 
screening of the 4f excitations to suggest the importance of final state effects in the 
photoemission. Liu and Ho (1983) took into account the final stare concept in 
emphasizing the large Coulomb correlation interaction between 4f-hole and the 
conduction electrons. Allen and Martin (1982), Martin (1982) and Levagna et al. 
(1983) used the concept of a Kondo lattice model (Doniach 1977) to successfully 
account for the thermodynamics of the ~, « transition and interpreted the peak near 
EF as a Kondo resonance peak. Gunnarsson and Schönhammer (G-S)  (1983) repro- 
duced the two-peak structure of Ce with the Anderson model by considering 
available final states. In some ways, the G - S  explanation was seen as radically 
different from a screening model. The lower peak was ascribed to an fl ~ fo 
transition, just as in the screening model (this is essential input into the G - S  model). 
The peak near Er, though, has been variously described as an f-hole screened by f- 
electrons (equivalent to the screening model) or as a manifestation of the Kondo 
resonance. The unclear nature of the interpretation is due to the many-body nature 
of the G-S  solution which makes 'single-particle' interpretations difficult. The G-S 
model is described in detail in chapter 64 of this volume. Fujimori (1983) also 
discussed the photoemission spectra with the similar concept of hybridization using 
a c l~ te r  approach. All of these models assume the constancy of the number of f- 

( 

electrons during the 3'--a transition. Franciosi et al. (1981) interpreted their spectra 
for the Ce pnictides in terms of a screening model with the peak 3 eV down 
repre~enting a d-screened f-photohole, and the one near Ev representing an f- 
photohole which deloCalized due  to p- f  hybridization. 
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We, ourselves, have interpreted these spectra (Norman 1985, Norman et al. 
1985a,b,c Min et al. 1986a,e) in terms of the screening model using first principles 
local-density supercell calculations. This work represents the essential aspect of this 
chapter. 

The next important experimental discovery was the observation of the two-peak 
structure in Pr and Nd compounds by Parks et al. (1984) and Wieliczka et al. 
(1984b). Basically, one sees a similar spectrum as seen in a cerium compound, but 
displaced further below E F (1 eN in the case of Pr and 3 eV in the case of Nd) with 
the peak separation remaining about the same. This observation lead Parks et al. 
(1984) to conclude that a Kondo interpretation of the peak near Ev is incorrect 
(such a resonance would be tied to Er). In fact, the spectrum is most easily 
interpreted from the screening model point of view (see Norman et al. (1985b) and 
Hüfner (1986)). Modifications of the G-S  model, however, seem to account for at 
least the Pr case (Gunnarsson and Schönhammer 1985). 

Recently, a spin--orbit split structure was observed in the case of cerium for the 
peak n e a r  E F by Patthey et al. (1985) which can be interpreted with a modified G-S  
model which includes spin-orbit  effects. Inclusion of spin-orbit  splitting in the 
screening model can also explain this spectrum (Norman 1986). Recently, a two- 
peak structure has been resolved in uranium compounds by Arko (1986). The data 
also seems to be consistent with a screening model interpretation. Finally, we need 
to emphasize that although the two-peak structure seen in all of these cases is 
considered to be an exotic effect, such structure is also seen in the case of nickel, 
where the peak away from Ev is actually a satellite below the nickel d-band. And, of 
course, this multiple peak structure is seen in core level spectroscopy all over the 
periodic table. As we shall see, the observation of such structure in the valence 
emission of f-electron compounds is merely a reflection of the localization of such 
electrons as compared to the other valence electrons. 

2. Ground state properties 

2.1. lntroduction 

As is apparent from previous volumes in this handbook, the lanthanides have 
been studied extensively during the last two decades (Elliot 1972, Gschneidner and 
Eyring 1978) because of their unique electronic and magnetic properties inherent to 
a partially occupied 4f-shell. The lanthanide series is usually divided into two 
groups, the light (La-Eu) and the heavy (Gd-Lu) lanthanide elements. In the gas 
phase, most lanthanide atoms have a divalent configuration [4f"(5d6s) 2] except for 
trivalent La, Ce, Gd, and Lu. In the solid, however, except for Eu and Yb, one 41"- 
electron is promoted to the conduction band resulting in a trivalent configuration 
[4fù-1 (5d6s)3]. This indicates that the energy gained by adding one more bonding 
conduction electron is larger than the energy lost by promoting an f-electron to the 
conduction band. The exceptions, Eu and Yb, retain a divalent configuration even in 
the solid because a half- or completely-filled 4f-shell is strongly favored, also see 
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chapter 69 of this volume; this causes them to display anamalous behavior in many 
of their physical properties. 

In the light lanthanides, the first element, La, is a superconductor with a dhcp 
structure. The second element, Ce, exhibits a number of phases with intriguing and 
different behavior from the other lanthanides, which is due to the presence of both 
localized and delocalized aspects of the 4f-electrons. As a result, Ce has been the 
focus of much research. The next materials, Pr and Nd, are normal trivalent 
lanthanides, while Pm is a radioactive element, which prevents a detailed study of 
this material. These three elements have the dhcp structure. Sm has a typical and 
complicated Sm-type structure and a trivalent configuration. The last element, 
divalent Eu, has a bcc structure. 

All the heavy lanthanides except for divalent Yb, have a stable hcp structure and a 
stable trivalent configuration. The magnetic moment of Gd orders ferromagnetically 
below 293.2 K, while the others except for Yb and Lu, show complicated magnetic 
structures. The three elements, Tb, Dy, and Ho order their moments in the basal 
plane, either in a helical structure or ferromagnetically, and Er änd Tm show c-axis 
ferrimagnetic structures. At low temperature, an antiphase-d0main-type structure 
is observed in Tm with four layers having up spin and the next three having down 
spin. 

Since the 4f-orbitals are located spatially far inside the shells of the 5d and 6s 
conduction electrons, the contribution of these 4f-electrons to the chemical proper- 
ties is usually very small. The 5d and 6s conduction electrons are considered to be 
instrumental in determining the cohesive properties. Hence a number of properties 
in the lanthanide series, with the exception of Ce, Eu, and Yb, are similar due to 
their having the same trivalent conduction electron configurations. For example, the 
equilibrium Wigner-Seitz radii, rws, decrease slightly in a linear fashion in the 
lanthanide series (lanthanide-contraction). In Eu and Yb, the effect of one less 
bonding electron and the consequent increase in screening of the nuclear charge is to 
expand the system to have a larger lattice constant than those of the trivalent 
materials. In Ce, the f-electrons are somewhat delocalized and give rise to a bonding 
effect and a smaller lattice constant. The linear lanthanide contraction with increas- 
ing atomic number relates to the incomplete screening of the nuclear charge by the 
additional f-electrons. 

Recently, Skriver (1983) investigated the ground state properties of the lan- 
thanides within local density theory using the linearized muffin-tin orbital (LMTO) 
band structure method (Andersen 1975) and successfully reproduced the general 
trends found in the experimental Wigner-Seitz radii and bulk moduli in the series. 
Nugent et al. (1973) and Johansson and Rosengren (1975a) discussed the cohesive 
properties of the lanthanides by using an interpolation method based on the 
assumed smooth behavior of the heat of sublimation and the bonding energy in the 
lanthanide series, respectively. Herbst et al. (1978) obtained the cohesive properties 
of the lanthanides with the simpler renormalized atom method. 

An interesting sequence, hcp, Sm-type, dhcp, fcc, is observed for the crystal 
structures in the trivalent elements of the lanthanide series with decreasing atomic 
number. A number of conjectures (Jayaraman 1978) have been pur forward to 
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explain these changes in the crystal structure. Johansson and Rosengren (1975b) 
proposed that a parameter, v, which is the ratio of the Wigner-Seitz radius and the 
ionic radius, correlates with the stable crystal structure as a function of the atomic 
number or pressure. Since v decreases with decreasing atomic number, this variation 
of v can be related to a pressure induced effect. Duthie and Pettifor (1977) extended 
this idea in a microscopic manner to show that v is intimately related to the relative 
occupation of the s-, p-, and d-bands, and they established correlation between the 
crystal structure and the number of  d-electrons. 

In this section, the ground state properties of the lanthanides are studied with a 
first principles all-electron total energy band structure method. The LMTO method 
is employed within the local density (LDA) and local spin density (LSD) functional 
approximations (Hohenberg and Kohn 1964, Kohn and Sham 1965, Gunnarsson 
and Lundqvist 1976). The von Barth-Hedin (1972) interpolaUon formula is used for 
the exchange and correlation potential with the parameters of Hedin and Lundqvist 
(1971) and RPA scaling (Janak 1978). 

2,2. Ground stare properties of the lanthanides 

2.2.1. Localization of the f-electrons 
The f-electrons in the lanthanides except Ce show an atomic-like localized 

behavior. Ce occupies a special position in the lanthanide series due to the presence 
of both the localized and delocalized character of the 4f-electrons. There are three 
important phases, ct-, 13-, and ~-Ce, in the phase diagram. Fcc «-Ce is the most stable 
phase at low temperatures. The f-electron in ct-Ce is considered to form an itinerant 
electron band and to play a significant role in the electronic properties, while the f- 
electrons in dhcp 13-Ce and fcc 7-Ce are often thought to be localized, exhibiting a 
Curie-Weiss paramagnetic behavior, In this study, we investigate this 4f- 
localization. 

A quantitative description of the degree of f-localization is based on the spatial 
extension of the f-orbital within the Wigner-Seitz atomic cell. We calculate the 
radial expectation values of the wave functions at the Fermi level obtained from the 
ground state charge density. These values characterize the average distance from the 
nuclei for each orbital. The radial expectation values, (r~), of the s-, p-, d-, and f- 
electrons, normalized by the experimental Wigner-Seitz radius, are displayed in fig. 
1. The fcc structure is assumed for all lanthanides (because it is expected to give 
properties which are similar to those of the experimentally observed close-packed 
structures), except for Eu where we take the bcc structure. The extension of the s, p, 
and d conduction band orbitals varies weakly across the series and ranges between 
0.7 and 0.8 times the Wigner-Seitz radius. It is seen that (rs)  decreases with atomic 
number, while (%)  increases and (rd)  is almost constant through the series. When 
compared with this behavior of the conduction band electrons, ( r f )  shows a steeper 
decrease and its magnitude is rauch smaller than the values for the conduction 
electrons. This is strong evidence for the localization of the f-orbitals - localization 
which becomes stronger with increasing atomic number. Note that overall ( r f )  
decreases linearly except in the beginning of the series; these deviations from 
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Fig. 1. Radial expectation values, 
<r}, of the lanthanide for the wave 
functions at the Fermi level. (For 
Yb and Lu, we used the 4f wave 
functions at the center of gravity of 
the 4f density of states). The values 
are normalized by their Wignel ~ 
Seitz radii. 

linearity are apparently due to the more delocalized nature of the f-electrons in these 
materials. N o w  since the f-band in La lies above the Fermi level, it naturally shows a 
delocalized nature. The deviation in Ce from the extrapolated va[ue of a straight line 
amounts to 17G. We considered the y-Ce phase in this case and hence ( r r )  of ct-Ce 
is expected to be even more extended. The deviation for Eu is attributed to the 
divalent configuration and to the anomalously large Wigner-Seitz radius in its 
experimentally observed bcc structure. 

2.2.2. Spin-orbit and magnetic exchange interactions 
Relativistic effects, especially the spin-orbit  interaction, become important  in the 

lanthanides due to their large atomic numbers. On the other hand, magnetic 
exchange interactions are also significant because of the large intra-atomic Coulomb 
correlation interaction of the 4f-electrons. In order to investigate the relative 
magnitude of the spin-orbit  and magnetic exchange interactions, we have calculated 
the energy splittings, caused by these interactions, of the 4f-eigenvalues in the 
situation where we neglect all interatomic 4f-overlap, f~l hybridization and crystal 
field effects. When the 4f electrons are treated in a fully relativistic way, the spin- 
orbit splitting between the 41"5/2 and 4f7/2 levels is directly obtained. In order to obtain 
the exchange splitting of the 4f-levels, we treat the 4f-core electrons semirelativisti- 
cally (Koelling and Harmon  1977) and force the spin magnetic moments  to follow 
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Fig. 2. The magnitude of the exchange 
and spin-orbit splittings for the lan- 
thanide series. The 4f band width, Wf, 
is also provided for comparison. 

the first Hund's rule. In the case of Tb, for example, seven out of eight 4f-electrons 
are pur in the spin-up level and the remaining electron in the spin-down level. A 
ferromagnetic structure is assumed to be representative for the magnetic structure of 
the lanthanides. 

The calculated spin-orbit  and exchange splittings are provided in fig. 2. The 4f 
band width from the semirelativistic band structure calculations which treat the f- 
electrons as ordinary valence electrons are also compared with these splittings. The 
band width is chosen as the eigenvalue difference between F~ and F25 at k = 0. The 
spin-orbit splitting, Aso, increases monotonically through the series, from 0.34eV for 
Ce to 1.52 eV for Lu; the 4f band width decreases with increasing atomic number, 
from 0.79 eV for Ce to 0.14eV for Lu. Aso is larger than the band width beyond Pm, 
and hence the two spin-orbit components are separated in energy. Note, however, 
that the magnitude of the exchange splitting, A«x, dominates over both the Ago and 
the band width for most lanthanides besides Ce. The values of A~x increase to a 
maximum value ( ~  5 eV) at Gd (this value of Gd is consistent with the results by 
Harmon (1979) and Sticht and Kübler (1985)) and decrease to zero for the 
nonmagnetic metals Yb and Lu. The dominance of the magnetic exchange 
interaction over the band width of the 4f electrons series also provides evidence for 
the localized nature of the 4f-electrons in the lanthanide series. 

The f-electron exchange-correlation integral, Ix« , from the relation A«x = mI,,¢ (m 
denoting the spin magnetic moment) can be also evaluated. I~c increases monotonically 
(from 0.67 eV for Ce to 0.79 eV for Tm) which indicates that no dramatic changes in 
the wave functions occur and that the magnetic moment, or the occupation of the 
up- and down-spin levels, is the most important factor in determining the energy of 
the levels. The conduction electrons are also polarized due to the exchange 
interaction between the localized spin of the f-electrons and the itinerant spin of the 
6ön~c~iöfi-electrons. The results show that the polarized conduction electrons are 
mainly d-electrons and s-electrons are hardly polarized at all. Note that the self- 
exchange interaction of the conduction electrons is not sufficient to magnetically 
polarize them; the Stoner factor, Ix¢N(Ev), of the conduction electrons alone is much 
less than one (for instance, IxcN(Ev)= 0.37 in the case of Gd). The magnetic 
moments of the conduction electrons also exhibit the same behavior as Axt and have 
a maximum polarization at Gd. The calculated values of conduction electron 
magnetization in Gd, 0.58/~~ for the fcc and 0.70/t B for the hcp structure, are close to 
the experimental value of 0.63/z B (McEwen 1978, Roeland et al. 1975). 
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2.2.3. Equilibrium atomic radii, bulk moduli, and cohesive energies 
Self-consistent paramagnetic total energy calculations are performed to study the 

ground stare properties. In this case the 4f-electrons are treated as localized core 
states. Since the local density approximation is known to overestimate the extent of 
the 4f-orbitals, and hence the effects of interatomic hybridization and overlap, these 
terms in the matrix elements are neglected; the f-states are now atomic-like and in 
that respect can be called core-like. The fcc structure for the lanthanides are 
assumed, except for bcc Eu, because that is the simplest closed packed structure 
which approximates the real structure. 

The calculated equilibrium Wigner-Seitz atomic radii, rws, are compared with the 
experimental values in fig. 3a. The agreement is quite satisfactory; the lanthanide 
contraction and the anomalous large lattice constants of Eu and Yb are well 
reproduced. In Eu and Yb, the divalent configuration leads to these large atomic 
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radii. The calculated rws values of the light lanthanides (Pr-Sm are slightly larger 
than experiment (4 to 5~o), which apparently originates from an underestimation of 
bonding effects. This implies that the contribution to the bondin9 from the 4f- 
electrons is not completely negligible in the light tanthanide metals. It is interesting to 
contrast these results with results of LDA band structure calculations which include 
the interatomic hybridization and overlap of the 4f-electrons; in such a treatment, an 
overestimation of the 4f-bonding contributions and much smaller atomic radii are 
found. On the other hand, the calculated values of rws for the heavy lanthanides are 
close to the experimental values (with deviations of less than 2~). This result is 
consistent with the previous discussion that the f-localization becomes stronger with 
increasing atomic number in the series and gives clear evidence that the 4f-electrons 
in the heavy lanthanides are localized enough to be treated as core electrons and to 
have nonbonding character. 

Next the bulk moduli of the lanthanides are investigated in the same way. The 
agreement between theory and experiment given in fig. 3b is less satisfactory than 
that for the atomic radii; this may originate from our choice of fcc structure which is 
different from the structures observed in the metals. The calculated values are 
overestimated by 30 to 40~o compared with experiment, as was also found by 
Skriver (1983). However, both sets of calculations show similar general trends and a 
monotonic weak increase of the bulk moduli across the series (beside Eu and Yb). 
The dips appearing for Eu and Yb are again associated with their divalent nature. A 
spin-polarized calculation is expected to reduce this discrepancy, as in the case of the 
magnetic 3d transition metals (Moruzzi et al. 1978). 

The cohesive energies (E~oh) of the lanthanides are considered and compared with 
experiment. The cohesive energy is a combined property in that it is the difference in 
energy of the solid and the free atom; hence it is a different quantity from the cases 
of atomic radii and bulk moduli. A correct description of the electronic structure of 
the free atom is thus a prerequisite in determining the cohesive energy. As reference 
atomic energies, a trivalent atomic configuration is taken for La, Ce, Gd, and Lu 
and a divalent atomic configuration for the others, which are the corresponding 
stable configurations in the atomic phases. The effect of spin-polarization for the 
heavy lanthanides is taken into account; here the energy shift from the ground state 
paramagnetic total energy is assumed to be independent of volume near the 
equilibrium lattice constant. This assumption is justified in the band structure 
calculation of Eu (Min et al. 1986d). The results of the spin-polarized calculation are 
indeed similar to those of the paramagnetic calculation except for a constant shift 
between the two total energy curves. The results displayed in fig. 3c predict the 
general trend well, especially the minimum at Eu and the maxima at Gd and Lu. 
However, in contrast to our expectation, the calculated values for the light lan- 
thanides are closer to experiment than are those for the heavy lanthanides (Tb-Tm). 
We have seen that the 4f-electrons in the heavy lanthanides are sufficiently localized 
to be appropriately described by core-like states. Therefore, the anomalous results 
for the cohesive energy probably have to be attributed to errors in the description of 
the electronic structure of the free atoms in LDA. 
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2.2.4. Crystal structures 

2.2.4.1. Lu as a microcosm of  the lanthanides. The stable crystal structure of Lu at 
normal pressure is hcp as is also found for the other heavy trivalent rare-earth 
materials (Gd to Tm). A structural transition from this stable hcp to the Sm-type 
structure was observed (Liu 1975) in high-pressure (P ~ 230 kbar) X-ray diffraction 
experiments. This structural transition points out an interesting mechanism which 
might be operating and which also plays a role to explain the crystal structure 
sequence observed in the trivalent rare-earth series. A sequence of close-packed 
structures, hcp, Sm-type, dhcp, fcc, is observed with decreasing atomic number in the 
trivalent rare-earth series. There have been many conjectures to account for this 
phenomena (Jayaraman 1978). Duthie and Pettifor (1977) found a close relationship 
between the crystal structure and the occupancy of the 5d-band, using a canonical 
band structure method within the atomic sphere approximation. In their work the 
d-band occupancy, No, increases monotonically from right to left in the trivalent 
lanthanide series and determines the stable structure. This mechanism is similar to 
that which occurs in the d-band transition metals (Pettifor 1970) where a hcp-bcc-  
hcp-fcc structural sequence is found as the d-band occupancy increases. (At this 
point, it is important to note that the f-electrons in the lanthanides are believed to be 
completely localized and to play no significant role in determining the crystal 
structure. Among others who believe otherwise, see for example Langley (1982).) 
These concepts were extended by Skriver (1985) to obtain the stable structures 
under pressure in Lu and La based on a comparison of one-electron eigenvalue 
sums for different structres. He found a pressure induced structural transition in Lu 
and La corresponding to the crystal structures which appear in the rare-earth series. 
Unfortunately, Skriver obtained for Lu at ambient pressure, the stable Sm-type 
structure rather than the observed hcp structure. 

The structural properties of Lu under pressure are investigated (Min et al. 1986c) 
with a self-consistent total energy approach for the hcp, Sm-type, double hcp (dhcp), 
and fcc structures. These structures are closely related through the sequence in 
which the hexagonal layers of the atoms are stacked (Beaudry and Gschneidner 
1978). According to the ways of adding successive layers in the z-direction, it can be 
considered that hcp has 100~o hexagonal character, Sm-type has 66.7~ hexagonal 
and 33.3~o cubic character, dhcp has 50~o hexagonal and 50~o cubic character, and 
fcc has 100~o cubic character. Since all these structures are close-packed, the 
LMTO method can be used to calculate the total energy consistently. 

Duthie and Pettifor (1977) found that structural transitions are not sensitive with 
respect to the axial values of c/a; hence, the ideal value (c/a = 1.63) for all the 
structures are assumed. Since it has been seen (Min et al. 1986e) that the 4f-electrons 
do not play an important role in the bonding, we treat the 4f-electrons as core in 
this study, which makes the calculations effectively fast. In fact, although the 4f7/2 
level moves up toward the Fermi level with increasing pressure, it still lies deep 
enough in energy to maintain its localized nature (from 3.9eV below E v at 
rws = 3.62 a.u. to 3.1 eV below E v at rws = 3.3 a.u.). Such a treatment is also justified 
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TABLE 1 
Total energies E~ot, equilibrium Wigner-Seitz radii rws , bulk moduli  B, and cohesive energies Eco h of hcp, 

Sm-type, dhcp, and fcc Lu. 4f-electrons are treated as core in this case. 

Eto t (Ry) rws (a.u.) B (Mbar) Eco h (eV) 

hcp -29144.1464 3.65 0.63 4.76 
Sm-type - 29144.1459 3.65 0.61 4.76 
dhcp -29144.1454 3.64 0.60 4.75 
fcc -29144.1433 3.64 0.59 4.72 

by the fact that almost the same structural transition lattice point from hcp to fcc is 
obtained in both ways of treating the 4f-electrons, i.e., as either valence or core 
electrons (rws = 3.33 a.u. for 4f as valence and rws = 3.32a.u. for 4f as core). 

First, a number of the ground state properties of Lu are considered in different 
close-packed structures; the results are given in table 1. In agreement with 
experiment, hcp is the most stable structure with the Sm-type being the next most 
stable one. However, the energy differences between them are very small but just 
within the precision of the calculations. Note that, in all cases, their bulk moduli and 
cohesive energies are, for all purposes, identical. As an indication of the structural 
transitions with pressure, fig. 4 demonstrates total energy differences between the 
structures plotted with respect to the energy of the fcc phase. The first structural 
transition is from hcp to Sm-type followed by the Sm-type-dhcp-fcc sequence, 
which is exactly the same as occurs in the crystal structures when going from right 
to left in the trivalent lanthanide metals. Except for our obtaining correctly the 
ground state as hcp, these results are similar to those obtained by Skriver (1985); 
this is quite remarkable since our results are obtained from self-consistent all- 
electron total energy calculations in contrast to those from the non-self-consistent 
one-electron eigenvalue sums used by Skriver. 

The predicted structural transition from hcp to Sm-type occurs at rws = 3.48 a.u. 
(V/V o = 0.89), which corresponds to the pressure P ~ l l 0 k b a r .  Compared with the 
observed transition pressure (P ~ 2 3 0 k b a r )  by Liu (1975) the theoretical value is 
smaller by a factor of two. Such a direct comparison may not be possible, however, 
since the experiment was done at the room temperature whereas our calculations 
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are for T = 0 K. The second structural transition from Sm-type to dhcp is predicted 
to occur at rws = 3.3 a.u. (V/V o = 0.76, P = 325 kbar), and the third one from dhcp to 
fcc at rws = 3.05 a.u. (V/V o = 0.60, P = 925 kbar). 

It is of some interest that sp- to d-electron transfer occurs with applied pressure, 
since the d-band moves down in energy with respect to the sp-band. Generally 
speaking, the sp-electrons are more sensitive to pressure because of their large 
spatial extent. With applied pressure, the increase of the kinetic energy of the sp- 
electrons is much larger than that of the d-electrons. Therefore, the sp-band moves 
up with respect to the d-band with pressure. This change of d-occupancy is believed 
to determine the stable structure under pressure (Duthie and Pettifor 1977, 
McMahan and Young 1984). Figure 5 plots the occupation number of s-, p-, and d- 
electrons of Lu as a function of Wigner-Seitz radius and also shows the stable 
structures. One sees that the hcp structure is stable for the range of d-occupancy, 
N « < 1 . 5 2 ,  Sm-type for 1 . 5 2 < N  a<1 .65 ,  dhcp for 1 . 6 5 < N  a < 1 . 8  and fcc for 
N« > 1.8. This correlation between the stable structures and d-occupation number 
can be related to the crystal structure sequence as observed in the trivalent 
lanthanides metal series, as we will discuss in the next section. 

2.2.4.2. d-band occupancy versus crystal structure. In order to investigate the re- 
lationship between the crystal structures observed in the lanthanide series and d- 
band occupancy, the calculated self-consistent s-, p-, and d-band occupancies are 
considered. As Skriver (1983) did, the hybridization betweerl the conduction elec- 
trons is included (besides the f-electrons) in contrast to the case of Duthie and 
Pettifor (1977) who found this relationship using the unhybridized canonical band 
structure method. Fcc structures are assumed for all lanthanides hut bcc Eu and the 
calculations are performed at the experimental lattice constants. 

The resulting values plotted in fig. 6 are close to the values of Skriver (1983). The 
occupancy of the s- and p-bands increases linearly with atomic number and small 
discontinuities are found at Eu and Yb. In contrast to this behavior the d-band 
occupancy decreases with increasing atomic number (from 1.93 for La to 1.44 for 
Lu).and large dips are found at Eu and Yb due to their divalent configurations. The 
electron transfer from the sp- to the d-band with decreasing atomic number is 
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similar to the pressure induced s~t electron transfer. (The electron transfer by 
pressure occurs because the s- and p-bands move up relative to the center of d- 
band.) This behavior is closely related to that of the ( r f )  values discussed in section 
2.2.1. Because ( r f )  is the ionic core radius normalized by the Wigner-Seitz radius, 
the inverse of this value corresponds to the parameter v introduced by Johansson 
and Rosengren (1975b). Hence the decrease of ~rr) with atomic number implies that 
the interstitial region, in which the s- and p-bands are mainly occupied, increases as 
we move from La to Lu. Consequently, the kinetic energy of the s- and p-bands 
decreases and thus the s- and p-bands move down in energy with respect to the d- 
band and so increase their occupancies, consistent with fig. 6. 

The relation between the observed structural sequence in the lanthanides and the 
d-band occupancy can be examined qualitatively using the above values of the 
number of occupied d-electrons. The study of the pressure-induced structural 
transition of Lu above (Min et al. 1986c) shows that the dependence of the d-band 
occupancy on the structure is small at the given lattice constant: the differences 
obtained between structures are only 0.02 or 0.03 electrons. Hence it is possible to 
relate, within a small uncertainty, the observed structures in the lanthanide metals 
with the absolute values of the d-band occupancy obtained in the fcc structure. 
From fig. 6, the resulting ranges of d-band occupancy (Ne) for the stable structures 
are: Nd < 1.7 for hcp and 1.75 < N a < 1.8 for Sm-type and 1.8 < N« < 2.0 for dhcp 
and N a > 2.0 for the fcc structure. Compared with the ranges predicted by Duthie 
and Pettifor (1977), these values are somewhat reduced due to the inclusion of 
hybridization; for example Sm-type is stable for ~1.7 < N« < ,~2.3 in their work, 
compared with 1.75 < N« < 1.8 in this work. 

2.3. Ground state properties of Ce 

2.3.1. Introduction 
Ce metal has unique properties compared with neighboring elements in the 

lanthanide series. It  is generally believed that f-electrons in m o s t o f  the lanthanide 
metals are located far inside the s and d conduction b a n d  orbitals and behave as 
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localized core electrons. However, f-electrons in Ce are much more extended and 
thus f~:l hybridization and even f-f direct interactions between nearest neighbors are 
not small. As a result, Ce shows the intermediate behavior and exhibits both 
localized and delocalized (itinerant) properties which leads to many intriguing 
manifestations expected of Fermi liquid, mixed valence, and Kondo systems, etc. 
Thus, Ce shows either a magnetic or a superconducting phase depending upon 
temperature and pressure (Koskenmaki and Gschneidner 1978). Fcc Œ-Ce, which is 
the most stable phase at normal pressure, behaves as an enhanced Pauli para- 
magnetic metal, and becomes a superconductor below 50mK at a pressure of 
40kbar. With increasing temperature, «-Ce transforms at ambient pressure to dhcp 
[3-Ce at T = 95 K and to fcc y-Ce at T = 263 K. Both of these phases show magnetic 
behavior in that their susceptibilities follow a Curie-Weiss law, which is taken to 
indicate that the f-electrons in J3-Ce and 7-Ce are localized to form magnetic 
moments. Both phases probably show Kondo-like behavior (Koskenmaki and 
Gschneider (1978)). At higher pressure, «-Ce transforms to orthorhombic ct'-Ce 
which is a superconductor with T c = 1.9K. 

The most fascinating property of Ce metal is the occurrence of the 7-~ isostruc- 
tural (fcc to fcc) transition, which ends in a critical point (Ponyatovskii 1958, 
Jayaraman 1965) near 550K and 18kbar in analogy to the well-known liquid-gas 
phase transition. A large volume (a 17~ decrease) and loss of magnetic moment 
follow in going from 7- to c~-Ce. The 7--~ transition was originally suggested 
(Zachariasen 1949, Pauling 1947, Coqblin and Blandin 1968, Ramirez and Falicov 
1971) to be a valence transition in which a magnetic localized 4f-electron is partially 
promoted into the conduction band to form an intermediate valence (Lawrence et 
al. 1981) phase in c~-Ce (promotional model). Various recent experiments, however, 
indicate that there is no appreciable change in the number of 4f-electrons at the y--~ 
transition, whereas the promotional model requires a change of about 50~o. On the 
other hand, Gschneidner (1965) and Gustafson et al. (1969) proposed delocalization 
of the 4f-electrons into a band state. Johansson (1974b) extended this idea to point 
out, on the basis of empirical data, the possibility of a Mott-like transition in which 
the y-phase is the low density insulator side of a Mott  transition and that under 
pressure a localization~telocalization transition of the 4f-electron occurs with a 
concomitant loss of magnetic moment. These arguments appear to be consistent 
with most of the experimental measurements and, in fact, several band structure 
calculations (Glötzel 1978, Pickett et al. 1981, Podloucky and Glötzel 1983, Min 
et al. 1986b) show that the 4f-band in «-Ce is over one electron volt wide and that 
the number of f-electrons changes only slightly from y to ~ in support of Johansson's 
Mott  transition model. 

An LDA band structure calculation is expected to yield a good description of the 
ground stare properties of rather extended 4f-band Ce metal, provided it is carried 
out to self-consistency. Kmetko and Hill (1976) performed the first self-consistent 
APW band structure calculation for y- and «-Ce and pointed out the increase in 
hybridization of the 4f-states with the conduction band with reduction of the atomic 
volume. Glötzel (1978) reported the cohesive and magnetic properties of fcc Ce 
obtained with the self-consistent relativistic LMTO method (Andersen 1975) and 
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found spin polarization to occur near the lattice constant of y-Ce, which is related to 
the localization of the f-electrons. Pickett et al. (1981) performed self-consistent 
relativistic linearized APW band structure (Andersen 1975) calculations for both the 
et- and 7-phases of Ce metal which include the non-spherical potential as well as 
spin-orbit coupling by perturbation theory and discussed the electronic and mag- 
netic properties of Ce metal. Podloucky and Glötzel (1983) studied the ground state 
cohesive properties and calculated Compton profiles of 7- and ct-Ce using the 
LMTO method to confirm the evidence against the promotional model. 

It has been reported (Probst and Wittig 1978) that a-Ce undergoes a phase 
transition at 40kbar and room temperature and that the superconducting T c jumps 
by a factor 40 up to 1.9 K. With greater pressure T c decreases. The high pressure 
phase, ~'-Ce, has an orthorhombic «-U structure, which is ascribed to the existence 
of itinerant f-bonding effects. Wittig (1973) speculated from this that c(-Ce is a 4f- 
band metal, in which delocalized f-band electrons hybridized with the conduction 
band are responsible for the high T c of ct'-Ce. However, the effects of f-electrons on 
the superconducting properties still appear to be in dispute. 

In this section, we describe total energy band structure calculations undertaken to 
investigate the ground state properties of Ce (Min et al., 1986b) by employing both 
the full potential linearized APW (FLAPW) (Jansen and Freeman 1984) and the 
LMTO band structure methods within the local spin density functional  approxi- 
mation. The total energies of the paramagnetic and spin-polarized phases of Ce are 
used to discuss the energetics involved in the 7-et transition. In sections 2.3.2 and 
2.3.3, the results of paramagnetic and spin-polarized band calculations are pre- 
sented. The f-electron localization in the 7 - «  transition is presented in section 2.3.4, 
and discussion follows in section 2.3.5. 

2.3.2. Paramagnetic calculations 
The main features of the resulting band structures, densities of states and Fermi 

surface are close to those obtained previously by Pickett et al. (1981) The one 
difference in this calculation from that of Pickett et al. is the way the 5p-core 
electrons are treated. Min et al. (1986b) find that the 5p-electrons, which are located 
approximately 1Ry below the conduction band, have a nonnegligible density 
outside the muffin-tin sphere, especially at smaller volumes (that is, at higher 
pressures). The interstitial 5p-contribution amounts to almost 0.3 electrons in the 
case of ct-Ce (rws = 3.54a.u.; rws is the Wigner-Seitz radius) and this has a strong 
effect on the total energy. Hence the 5p-electrons are treated in the same way as the 
valence electrons; the resulting band width is of almost 200 mRy for a-Ce. The effect 
of neglecting spin-orbit coupling of the 5p-band is small on the total energy because 
this band is completely filled and the 5p band contribution to the binding energy is 
rauch more important. 

The total energy and band structure~e~lts  (Min et al. 1986b) using the FLAPW 
method are given in fig. 7 and table 2 respectively. The angular momentum 
decomposed densities of states and occupied charges inside the muffin tin and 
interstitial are provided in table 2 as a function of Wigner-Seitz radius; the 4f-band 
widths are also given for comparison. As is seen in fig. 7, there is no evidence of any 
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Fig. 7. F L A P W  total energy results as 
a function of Wigner-Seitz radius. 

first-order structural transition in the total energy curve and hence the 7-ct phase 
transition apparently häs a different origin. We notice, however, thät with increasing 
pressure the number of 4f-electrons increases and the 4f-band broadens. The number 
of 4f-electrons increases because the relative positions of s- and p-bands move up 
and these electrons are converted to d- or f-bands. The change in the number of 4f- 
electrons, however, is small in going from 7-Ce to c~-Ce. The band broadening effect 
is clearly seen in the 4f-band width, W(4f), which is chosen as an eigenvalue 
difference of F 2, and F25 a t  k = 0. The values of W(4f) are 0.78 for 7-Ce 
(rws = 3.81 a.u.) and 1.23eV for c~-Ce (rws = 3.54a.u.). Due to this band broadening, 
the total density of states at the Fermi level, N ( E v )  , decreases from 57,0 states/Ry for 
y-Ceto 37,6states/Ryfor ~-Ce.TheFermilevelislocated near the bot tomofalargef-peak 
in all cases. 

Our resulting cohesive energy (4.9 eV) is close to the experimental value (4.32 eV). 
For the energy of the atom, we use -17716.8397 Ry, which pertains to the LDA 
atomic ground-state configuration of 4fa'65d°'46s 2. The equilibrium value of the 
Wigner-Seitz radius, r ° s  = 3.35 a.u., however, is almost 5~o smaller than the expe- 
rimental value of c~-Ce and the bulk modulus (B = 0.56 Mbar) is larger by a factor of 
three. The reduction in the equilibrium lattice constant is related to the over- 
estimated contribution of the 4f bonding effect in the local density approximation 
which is common in the LDA description of localized bands. For example, 
calculations on Eu and Yb metals (Min et al. 1986d) in which the 4f-electrons are 

o , are almost 12~o and 7~o smaller, respectively, and the very localized, show that rws s 
B's are almost 50~o larger than the experimental values if the 4f-electrons are treated 
as ordinary valence bands. In contrast to Eu and Yb, the 4f-electrons in Ce are 
considered to be closer to the delocalized limit; nevertheless, even here the LDA 
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description is not adequate in reproducing the correct behavior of the lattice 
constant. 

In order to investigate this effect in more detail, the following three cases for Ce 
are considered by employing the L M T O  method. (1) The 4f-electrons are treated as 
ordinary valence band electrons; (2) one occupied 4f-electron is treated as belonging 
to the core still including the f-like radial functions in the description of the valence 
band, and (3) the one 4f-electron is treated as core suppressing f-hybridization in the 
valence band completely. 

The overall results of the L M T O  band structure calculations are found to be the 
same as those obtained with the FLAPW method: the shapes of their total energy 
curves are similar, aside from a 0.3 eV upward shift in the absolute energy for the 
L M T O  cases. The equilibrium Wigner-Seitz radius is 3.37 a.u. in L M T O  compared 
with 3.35 a.u. in F L A P W  and the bulk modulus is 0.57 Mbar  (LMTO) compared 
with 0.56 Mbar  (FLAPW). 

(2: 

-17716.98 

- 1771700 

-17717 I( 

- 1 7 7 1 7 . 1 1  

I I I I ! I I I I f I ' 

) 

t IOmRy 

_ -- ~ , ~ j e ~ [ 2  I 
t 

2/  
- 

I L I I I t I t I I I I 
3 0  32  3 4  3 6  3 8  4 0  

rws (a u) 
Fig. 8. L M T O  total energy results for the three 
cases discussed in the text. 

TABLE 3 
Calculated L M T O  equilibrium Wigner-Seitz atomic radius, rws°, bulk 
modulus, B, and total energy Etot ,  for the three cases discussed in the text. 

Case r~s [a .u .  ] B [Mbar]  Eto t [Ry] 

1 3.34 0.69 -17717.172 
2 3.61 0.52 - 17717.090 
3 3.82 0.56 -17717.015 
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The resulting total energy results for the three cases are displayed in fig. 8 with the 
corresponding values of r°s and B, provided in table 3. In case (2), one still finds 
0.4-0.7 f-valence electrons in addition to the orte 4f core electron consistent with the 
result of case (1), in which 1.4-1.7 f-valence electrons are obtained. The total density 
Of states in cases (2) and (3) are greatly reduced due to the loss of one f-valence 
electron. The equilibrium Wigner-Seitz radii are 3.35, 3.60, and 3.80 a.u., respectively 
for the three cases. It is interesting to note that r°s  of case (3) is close to that of 
experiment for 7-Ce and that rws° of case (2) is close to that of experiment for «-Ce, 
(attributed to the bonding contribution of f-electrons). By treating the 4f-electrons as 
core in cases (2) and (3), one possibly mimics the localized properties of the f- 
electrons; the hybridization between f- and conduction electrons are neglected as 
well as the direct f 4  hopping interaction between nearest neighbors. In fact, in a 
separate study, we found that the experimental lattice constants of the heavy 
lanthanide metals are well reproduced (within errors of less than 2~), if the f- 
electrons are considered to be completely localized. Hence the agreement of the 
calculated equilibrium lattice constant in case (3) and experiment for 7-Ce impties 
that the f-electrons in y-Ce do not contribute much to the cohesive properties, that 
is, they are in the localized limit. In comparison, the experimental equilibrium lattice 
constant of ct-Ce is located between the results of case (1) and case (2) (but closer to 
that of case (2)), which apparently originates from the existence of partial bonding 
effects due to f-electrons in ~t-Ce; f-electrons are more or less delocalized at this 
atomic volume. These results suggest that two competing effects (f-bonding and f- 
localization) determine the stable phase under given external conditions so as to give 
rise to the 7-~t transition. The localized nature of the f-electrons can be also 
simulated by the inclusion of spin polarization - as will be discussed in the next 
section. 

2.3.3. Spin-polarized calculations 
Local spin density calculations were performed (Min et al. 1986b) with the LMTO 

method in order to investigate the magnetic behavior of Ce metal at large volumes. 
From the self-consistent paramagnetic charge density, they first obtained the intra- 
atomic exchange-correlation integral presented in table 4. The total density of states 
at Ev and angular momentum decomposed occupied charges are also given for 
comparison with the FLAPW results. The value of 1xt is almost constant, 0.42eV 
(30mRy), over the whole range of lattice constant, which indicates that I,c is 
essentially a pressure independent parameter. From the product (N(EF)I~c), one can 
derive the Stoner enhancement factor, S [1 ½N(Ev)ix~] 1 = - - ; the calculations predict 
the occurrence of a ferromagnetic instability for values of rws larger than 3.74 a.u. 
This means that •-Ce (rws = 3.81) is located just in the ferromagnetically ordered 
region, which is consistent with the result of Glötzel (1978). The Stoner enhance- 
ment factor of ~-Ce is still large (S = 5.6) and so it behaves as a strongly exchange 
enhanced paramagnetic metal. (Recall that this is similar to the case Pd (S = 4.5)) 
(Watson-Yang et al. 1976, Janak 1977). 

The total energies and magnetic moments obtained in the spin-polarized 
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TABLE 5 
Spin-polarized LMTO results for the total energy, the 4f and total spin magnetic moment (in Bohr 
magnetons) and the spin-up and spin-down density of states in E v (in states/Ry spin)- all as a function of 

Wigner-Seitz radius, rws. 

rws la.u.] Eto t [Ry] m(4f) [#B] mt°t [PB] (N(EF) 
T 

3.74 - 17717.1369 0.31 0.34 40.4 24.4 

3.81 - 17717.1269 0.80 0.90 50.1 17.4 

3.9 - 17717.1132 0.90 1.02 69.3 14.7 

4.0 -17717 . 1009  1.03 1.16 64.3 13.3 

4.1 - 17717.0835 1.13 1.30 88.9 12.6 

4.25 - 17717.0643 1.21 1.40 80.7 10.0 

calculations are given in table 5 and fig. 9. In agreement with the estimate of the 
Stoner instability, the total energy difference between para- and ferromagnetic 
structures plotted in fig. 10 shows that magnetic instability does occur for 
Rws ~ 3.7a.u. The total energy difference between two states is, however, small; 
about 1 mRy for ~-Ce (rws = 3.81). As is clear from fig. 9b, the spin only magnetic 
moments (4f and total) increase as one expands the volume; 4f-moments are fully 
polarized for the atomic radius larger than 4.5 a.u. Further, the band splitting in the 
spin-polarized calculation also supplies a value of Ixc from the relation: 
A E  = E T -E~ = mlxc,  where m is the spin magnetic moment. With m = 0.9 and 
AE=0.03 Ry at k = 0  in the case of 7-Ce, we obtain I x e = 3 3 m R y ,  which is 
consistent with the paramagnetic Stoner calculation fix° = 30 mRy). 

Total energy calculations were performed at selected values of the lattice con- 
stants assuming the first kind of antiferromagnetic ordering in the fcc structure (Min 
et al. 1986b). The difference in total energy obtained for the antiferromagnetic state 
from that for the para- and ferromagnetic states is shown in fig. 10. The fer- 
romagnetic phase is seen to be more stable than the antiferromagnetic phase. Note 
that the energy differences between the different magnetic phases are small, es- 
pecially near the observed lattice constant of 7-Ce. At this lattice constant, the 
antiferromagnetic phase is more stable than the paramagnetic phase by 0.6mRy 
(= 80K) but lies above the ferromagnetic phase by 0.4mRy. These results are 
consistent with observations for the magnetic behavior of 7-Ce, which has a 
disordered magnetic structure at room temperature. Apparently then, no long-range 
magnetic order exists due to the competition of the three phases at room tempera- 
tute; however, local moments are formed so that the susceptibility follows a Curie-  
Weiss law. These predictions for 7-Ce are consistent with the general view that 7-Ce 
is located in the low-density (localized-f) side of Ce metal. 

2.3.4. Coulomb corre la t ion  and local i za t ion  o f  f - e l e c t r o n s  

In contrast to the promotional model, Min et al. (1986b) found that the f-bands 
are broadened with pressure and that the number of f-electrons is constant. This 
result supports the localization and delocalization transition of the 4f-electrons. In 
agreement with Johansson's (1974b) arguments based on empirical data, calcu- 
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lations with the number of 4f-electrons kept fixed in the core yield total energy 
differences between trivalent and tetravalent configurations which are too large for 
a-Ce metal to be a promotional type mixed-valent material. The total energies of 
three valence configurations, di-, tri-, and tetravalent are plotted as a function of 
Wigner-Seitz radius in fig. 11 by treating the f-electrons as core stares. The trivalent 
configuration is lower in energy by about 2.4eV than the tetra- or divalent 
configurations over the fange of lattice constants considered and the divalent 
configuration is more stable than the tetravalent at the lattice constant of et-Ce 
(rws = 3.54a.u.). The energy differences between tri- and tetravalent configurations 
amount to 3.2 eV for 7-Ce and 2.8 eV for a-Ce, which correspond to the localized 4f 
excitation energies in the photoemission experiment (Norman et al. 1984a, Min et al. 
1986a). From these total energies, we can obtain the intra-atomic Coulomb eor- 
relation interaction parameter, U, by the relation: U = E [ f ° ( 5 d 6 s 6 p ) 4 ] +  
E[f2(5d6s6p) 2] - 2 E [ f l ( 5 d 6 s 6 p ) 3 ] .  The resulting values of U are found to vary 
weakly between 5.0 and 5.6 eV over the volume range considered and to decrease 
with pressure. 

Compared with the bandwidth of 0.78 eV for 7-Ce and 1.23 eV for ~-Ce, the value 
of the Coulomb correlation U, is rauch too large (even for a-Ce) for the 4f-band to 
delocalize, in the ordinary sense of the Hubbard model. Recently f-shell localization 
was discussed by Harrison (1984). He proposed the condition for localization of f- 
electrons, which is similar to the form obtained when an Anderson local moment 
forms in a degenerate band. Qualitatively, Harrison's localization condition can be 
written as 

2U 1 ( rrnf ~ 
P -  rr W(4f) s i n 2 \ 2 J +  1 ] > I '  (1) 

where nf is the number of occupied f-electrons (nr = 1 for Ce) and J is the total 
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angular momentum of the f-shell. When spin-orbit coupling is included, the ground 
stare of Ce has J = 5/2, which has six-fold degeneracy. If we apply this relation (eq. 
(1)) with values of the band width, W, and Coulomb correlation, U, considered 
above (W = 1.23 eV and U = 5.4 eV for et-Ce and W = 0.78 eV and U = 5.5 eV for 
7-Ce), we obtain p = 0.7 for ct-Ce and p = 1.1 for 7-Ce. Hence this result indicates «- 
Ce is in the region of delocalization. This result is consistent with the occurrence of 
f-band magnetism which was considered in section 2.3.3. 

In order to investigate the degree of f-localization more quantitatively, we 
consider the spatial extent of the f-orbital within the Wigner-Seitz atomic cell. By 
calculating the radial expectation value, ( r ) ,  of wave functions on the Fermi surface, 
the average distance of the valence electrons is obtained from the nucleus. The ( r ) ' s  
of 6s-, 5p-, 5d-, and 4f-orbitals normalized by the Wigner-Seitz radius are displayed 
in fig. 12 as a function of Wigner-Seitz radius. It is seen that ( r f )  is much smaller 
than those of the other orbitals and thus shows clear evidence for the localized 
nature of the f-electrons. The spatial extent of the 6s and 5d (conduction band) 
orbitals is almost constant over the whole range of volume shown, while that of the 
5p- and 4f-orbitals increase monotonically with decreasing lattice constant. As 
discussed in section 2.3.2, the 5p-electrons become greatly extended with pressure. 
However, (rf) does not indicate any appreciable change between a- and ~'-Ce (0.35 
for 7-Ce and 0.37 for a-Ce). Note that if the f-electrons in 7-Ce are treated as core 
states, (r~) is reduced to be 0.31. The dramatic change in the tail region of the 4f- 
orbitals between 0C-Ce and 3'-Ce is seen when one calculates ( r " )  values with higher 
n values (Picket et al. 1981). 

2.3.5. Discussion 
The calculation of the paramagnetic total energy does not show any dramatic 

features associated with the 7--a transition in Ce metal (Min et al. 1986b). One 
might expect that a spin-polarized calculation will reduce the f-bonding effect, as in 
the case of Am (Skriver et al. 1980) leading to some structure in the total energy 
curve. In fact, a magnetic instability is found close to the lattice constant of ¥-Ce. 
The total energy difference between the para- and ferromagnetic phases is too small, 
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however, to show clear evidence of a first order phase transition; only a small 
change of curvature can be seen in fig. 9. The transition pressure which can be 
obtained using a Maxwell construction in the total energy versus volume plot 
amounts to - 1 2 0  kbar, which is of the same order of magnitude as Glötzel (1978) 
obtained from his pressure calculation. Compared with the experimental transition 
pressure (P = - 1 0 k b a r )  at zero temperature, which is the extrapolated value from 
the 7-et phase line, the estimated transition pressure is larger by orte order of 
magnitude. This large discrepancy implies that a spin-polarized calculation for Ce 
does not adequately describe the localization of the 4f-electrons, unlike the case of 
Am which has about six 5f-electrons in an almost half-filled band. The calculation 
(Min et al. 1986d) for bcc Eu, which has almost seven fully polarized 4f-electrons, 
shows a similar behavior, a spin-polarized calculation substantially improves the 
error in the lattice constant, but is still 5~o oft from experiment. When considering 
the 4f-electrons in Eu as core states, the equilibrium Wigner-Seitz radius is found to 
be 4.33 a.u., which is dose to the experimental value (rws = 4.29 a.u.). This example 
indicates that the 4f-electrons in the heavy lanthanide metals are localized, so that 
the bonding effect of the 4f-electrons can be neglected. In Ce, however, the degree of 
hybridization of the 4f-electrons is smaller than predicted by LDA, but is not 
negligible (in fact, Ce metal under high pressure acts much like a 4f-band metal) to 
make a localization description difficult. 

The actual volume collapse during the 7-ct transition indicates that the electron- 
phonon interaction is an important factor. Hence it is expected that some anomaly 
will be seen in the phonon spectra, which is associated with a possible softening in 
the transition arising from the electronic contribution, as is discussed for La by 
Pickett et al. (1980). To out knowledge, no phonon spectra of ct-Ce are available to 
date due to the difficulties of sample preparation. Once available, the comparison of 
phonon spectra in the various phases of Ce metal will yield crucial insights into the 
nature of the phase transition. We note that phonon data for 7:Ce shows evidence 
for a phonon softening which may be related to the 7 ~ et transformation (Stassis et 
al. 1979, 1982). 

3. Excited state properties 

3.1. In t roduc t ion :  m o d e l  o f  the  p h o t o e m i s s i o n  p roces s  

The differential cross-section for the photoemission and its inverse process is given 
by (Doniach and Sondheimer 1974) 

d2a 
de)de - Y " [ M " I 2 [ ( n ' N  - l l ~ c [ O ' N ) 1 2 a ( E ° ( N )  + e) - E n ( N  - 1) - e), (2) 

/ /  

where the following symbols are used: 

]O,N): initial ground state of the N-electron system, 
]n,N - 1): final eigenstate of the N - 1 electron system, 
E o ( N ) , E ù ( N  - 1): corresponding total energies of these states, 
co: energy of incident photon, 
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e: energy of photoelectron, 
0°: annihilation operator for a 3d core level or a 4f-level, 
Mù: matrix element describing all events from excitation to 

detection. 

Many important  contributions to the intensity are hidden in the matrix element 
Mù, which encompasses all the relaxation effects taking place while the photo- 
emitted electron moves towards the surface, the interactions taking place at the surface, 
and the actual detection process. The second matrix element ~ n , N -  l]~c]0,N ) 
dictates the symmetry restrictions on the possible final stares. 

At present, a full theoretical description of the photoemission process within local 
density functional theory is not feasible. N major step in this direction was taken by 
Pendry in developing a lenghty successful scattering formalism (Hopkinson et al. 
1980, Larsson 1982). Applications have been made to a number of systems 
(Redinger et al. 1985) but to date not on the materials of interest here (Rosina et al. 
1986). As a result, we focus on the so-called three-step model for the photoemission 
process which has been widely used for the interpretation of experimental spectra as 
bulk bands. 

The conceptual model followed is the simple three step process where a photon 
enters the solid causing a transition, the excited electron transports to the surface, 
and exits. It is assumed that relatively little of interest to a discussion of the excited 
state (two-peak) structure occurs in the transport  so all attention is focussed on the 
transition. No consideration is given to resonance effects as they are assumed to be a 
modulation in the driving rate that will cancel out in the energetics. As will be 
discussed later, in the case that orte restricts consideration solely to the two primary 
channels, one is basically studying the poorly screened and fully screened model 
(Fuggle et al. 1980) that has been used successfully to interpret the data for the 
lanthanides (Gudat et al. 1982). 

In this model electrons with primarily s-, p- and d-character may be assumed to 
make transitions between states that are spatially extended over the crystal. In such 
cases, the change in potential upon excitation is negligible and the ground-state 
eigenvalues may then be used as a reasonable approximation to the change in the 
total energy. Identifying these eigenvalues with the excitation energies is the 
standard practice for a treatment of photoemission based on band theory. At the 
current level of sophistication, this treatment is adequate for those states. Such is not 
the case, however, for states involving f-orbitals, and it is the treatment of these 
localized states that introduces new aspects into the problem. These states with high 
f-orbital content have low mobility, so it is more appropriate to assume that the 
excitation is such a local one that in many cases it is essentially restricted to a single 
site. Thus the f-orbital transitions should be described in much the same way as are 
core excitations. (It should be noted, however, that this local nature is assumed as a 
consequence of the excitation process. It  is not necessarily a property of the ground 
state.) The similarity of this situation to that of the 3d transition metals should be 
apparent. 

The next two important  hypothesis in the model are that the transition is not 
sudden: (i) The system is assumed to have time to relax before the exciting electron 
has left the system; and (ii) the  screening can occur by several distinct temporally 
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selected channels. This set of hypotheses has been explored extensively for core-level 
excitations and has proven quite appropriate for the systematic interpretation of 
several complete series of transition-metal compounds (Veal and Paulikus 1983) and 
lanthanide metals (Herbst et al. 1977, Herbst and Watson 1979, Herbst and Wilkins 
1982, Herbst 1982, 1983, also see chapter 68 of this volume). But of more direct 
applicability is the fact that hypothesis (i) is the basis of the rather successful 
renormalized-atom studies of the lanthanide-metal binding energies (Herbst et al. 
1972, Herbst et al. 1976). Johansson (1974a, 1979) has pointed out that for energy 
considerations the time scale is sufficiently long to permit the successful use of 
thermodynamic analysis. These two treatments of the metals also assume an 
extremely local picture - not only the initial excitation but the final screening is 
assumed to occur on a single site. Their successes may be taken as some assurance 
that the perturbations caused by the excitation are quite local. This is useful to 
know since computational limitations restrict orte to moderately local - although 
not site-local- perturbations. The fact that the Anderson-Hamiltonian-based model 
of Gunnarsson and Schönhammer (1983) is an impurity model also argues for this 
assumption (although it is possible in this model to adjust parameters to com- 
pensate for some nonlocality). 

In using such a model without developing the full underlying formalism, the 
content of the results will be determined by one's skill in determining the possible 
excitation (screening) channels and the appropriate ways to represent them. On the 
other hand, it is an implicit assumption of this approach that a relatively standard 
band-theory treatment is an adequate description of the ground state. As discussed 
below this requires some justification in the case of the more localized systems. 

3.2. Method 

3.2,1. Screenin9 channels and their treatrnent 
If the photoemission excitation process is assumed to be local for an f-orbital 

because of its low mobility, an f-hole will be created which can be viewed initially as 
a single-site hole. The excitation process breaks the symmetry of the crystal in a very 
strong sense by creating an impurity-like excited atom. What will happen to this 
hole? Initially, it will move down far in energy (>  7 eV) since this energy is simply 
the unrelaxed self-interaction of the electron (Perdew and Zunger 1981). Such a huge 
perturbation will cause a rapid rearrangement of the orbitals on that site (denoted 
as intra-atomic relaxation) and will shift the effective one-particle level upwards to 
lie about 7eV below the original level. If the surrounding atoms do not react 
significantly to this perturbation, then this 7 eV level should be seen in the spectrum 
as the unscreened hole. Such an excitation is most likely to be seen in insulators, of 
course. On the other hand, rnetals may be expected to adjust to the presence of this 
localized positive hole through interatomic screening which will result in a further 
upward shift of the excitation level. The magnitude of this shift will depend very 
much on the spatial extent of the screening. If the hole were to be filled in 
reoccupation of an f-orbital, the site will return close to its ground state. In this case 
the resulting spectrum should closely reflect the initial state dispersion of the f-levels 



LOCAL DENSITY S UP E R CELL T H E O R Y  193 

and be given adequately by the ground state density of states obtained from a band 
calculation. This is the fully relaxed case. A competing process involves the filling of 
a 5d-level on the Ce hole site. Since the d-levels are quite extended ( ( r )  > 2.5 a.u. 
even for Ce atom), the screening is not complete and the resulting energy shift is not 
nearly as great as in the fully relaxed case. This is the poorly screened case whose 
simulation will be discussed below in more detail. Its accompanying peak is also the 
binding energy dealt with by the renormalized atom (Herbst et al. 1972, Herbst et al. 
1976) and thermodynamic treatments (Johansson 1974a, 1979, also see chapter 69 of 
this volume) for the metals. Note that they refer to it as completely screened, 
implying complete screening on the same site. The characterization used here as 
poorly screened is not inconsistent with that requirement, since it merely requires 
that the screening charge be located at a further distance from the nucleus. Because 
this is a many-body process with substantial relaxation, it is necessary to calculate 
the excitation energy as a difference of total energies. Although quite straightforward 
in the renormalized-atom and thermodynamic approaches, some additional thought 
is required in the present case. 

One's initial prejudice is that the poorly screened peak is the more complex and 
difficult peak to understand. In actuality, this is not the case as it can be attributed 
to a single excitation process. Surprisingly, it is the peak at E v which presents 
greater conceptual difficulties. That peak can arise in one of several ways. It can 
come from a band-like transition since the occupied ground-state f density of states 
(DOS) is concentrated at Ev. This might be possible in the case of CeN and CeRh3 
and is extremely-likely in such actinide materials as URh3 and UIr3. It can also 
come from a fully screened hole as mentioned above. This is more likely the case for 
CeP and CeSb. Both types of excitation are favored by stronger coupling of the f- 
orbitals so the dependence on 'itinerancy' will be the same: these channels will be 
favored in systems with higher itinerancy. There is also the question of whether the 
fully screened channel involves refilling the hole with the same f-orbital or with 
other f-orbitals. Both are possible. In a study of lanthanide trihalides, Rusic et al. 
(1983) performed transition stare calculations on Ce molecules in which they 
explicitly prohibited repopulation of the excited orbital. In that case they found that 
the screening charge replaced the majority of the f-charge removed - a surprising 
result in view of the fact that the system is a molecule with only three ligands 
(halides) to provide the screening charge. It is not unreasonable therefore to assume 
that a nearly complete replacement of f-charge could occur in a metal even if the 
original orbital was not used. Fortunately, at the level of approximation being used, 
the particular choice will not marter since the excitation energetics of all these 
processes will be appropriately described using the ground DOS. When it does 
become significant, one has to make a greater effort to correctly model this channel. 

3.2.2. Supercell method 
It is apparent that this description of the excited state, which plays such a 

fundamental role in the photoemission process, brings one outside the realm (and 
validity) of density functional theory. Now, the construction of the excited final 
states breaks the translational symmetry of the crystal and so the atom on which the 
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localized hole is created forms an impurity in the system. Clearly Bloch's theorem, so 
crucial in simplifying the solution of the electronic structure problem in solids, is no 
longer valid. To retain Bloch's theorem, orte introduces an (artificial) periodicity by 
approximating the geometry of the 'impurity' problem with a supercell approach 
(Zunger and Freeman 1977) in which a large cluster of host atoms plus a central 
impurity is repeated periodically in real space. The effect of the impurity-impurity 
interaction can be traced by utilizing larger and larger supercells. The results to be 
given later show that most of the electronic screening of the localized holes takes 
place in the central impurity site, which implies that the supercell method is an 
efficient approach to solving our specific impurity problems. 

In solving the LDA equations for the localized core electrons, the interaction 
between these electrons on different sites can be safely neglected. As a result, the 
wave functions of these electrons are represented by atomic-like orbitals, which 
makes it straightforward to create a core hole in a given atom. The occupation of 
the 3d-level is simply reduced to nine on this site. The 4f-electrons can be treated in 
a similar way, although they do have some interatomic interaction. Ground state 
calculations show resulting absolute uncertainty of about 1 eV (relative uncer- 
tainties are much smaller!) and hence the approximation concerning the treat- 
ment of the hybridization of the localized electrons constitutes a major source of 
numerical error. These errors, however, still allow us to draw meaningful con- 
clusions from our data given in the next section. 

Two approaches have been followed for solving the local density equations for the 
impurity atom - a total energy method and a Slater transition state (Slater 1974) 
analysis. As is apparent from the fact that the calculation of the matrix elements 
needed to determine intensities is not feasible, we focus in both of these approaches 
on the energetics of the system. Total energies can be obtained with LDA methods 
whenever Oc pertains to a localized level, e.g., corresponding to electrons with a 
characteristic hopping time much longer than the duration of the photoemission 
process from the incoming of the photon to the escape of the photoelectron. This 
type of calculation is based on determining the change in total energy from separate 
self-consistent field calculations (ASCF approach). One thus calculates the total 
energy of the ground state and compares the result with the outcome of a total 
energy calculation in which we force a local level to be unoccupied. A theoretical 
justification of this latter procedure within density functional theory relies on the 
possibility of applying an external field to stabilize this one-hole configuration. This 
approach has been successfully applied to obtain ionization energies and core hole 
binding energies (Zunger and Freeman 1977, Gunnarsson and Lundqvist 1976, 
Williams and Lang 1978). 

For the case of Ce and the other lanthanides, total energies are obtained using 
numerical algorithms based on the linearized muffin-tin orbital method in the 
atomic sphere approximation (LMTO-ASA) (Andersen 1975). Calculations for the 
ground state of Ce show (Min et al. 1986b) that the L M T O - A S A  total energy results 
have a relative precision of about 0.07eV as compared to the values obtained with 
our precise full potential linearized augmented plane wave (FLAPW) method 
(Jansen and Freeman 1984). (There is, of course, an absolute change in the energy 
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scale; in the case of Ce the LMTO-ASA results are higher by 0.4 eV.) The value of 
the relative precision just given is much smaller than the energy differences which we 
will discuss in the next sections, and consequently, the use of the LMTO-ASA 
method is justified. 

In the alternate approach - used for the pnictide compounds - excitation energies 
are determined using a Slater (1974) transition state analysis. Hefe too one first 
notes that one generally cannot use the ground-state eigenvalues. Instead, one first 
considers the fully screened final state (the f-screened hole) which can be approx- 
imately described using the ground-state eigenvalues. The essential idea is that the 
screening charge is sufficiently close to the charge removed by the excitation that the 
energetics of the system is essentially that of the effective one-particle eigenvalue. 
More precisely, we use the idea that the occupation-number derivative of the total 
energy is this eigenvalue, dE/dn = e, and e is essentially unchanged because óf the 
nature of the screening. Thus, the eigenvalue e is equal to the integral of dE/dn for a 
change of one in the excitation charge which is just the change in total energy, i.e., it 
is the excitation energy. This also has the advantage of revealing more about what is 
happening in the system than does calculating the total energy of the initial and final 
states directly. The total-energy difference is written as 

Y Y 

A E = - f ( S E / S n ) d n = - f e f ( n ) d n ,  (3) 

0 0 

using the property of the local-density-approximation (LDA) functional that the 
eigenvalue is the occupation-number derivative of the total energy. Here y is the f- 
occupation in the ground state. This integral can be simply evaluated if one invokes 
the observation that the eigenvalue is to a good approximation a linear function of 
the occupation - a property that is satisfied by the f-orbitals in the Ce atom 
(Koelling 1981). As a result, the integral can be evaluated by taking an average of 
the end points, 

AE = - ( ë f  + ëf)/2 (4) 

where ëf is the mean f-eigenvalue in the ground state and Of is the mean f-eigenvalue 
of the excited state. 

3.3. Ce-excited state properties 

In order to obtain excitation energies, a knowledge of the total energy of both the 
final state and the initial ground state is necessary. A detailed study of the electronic 
structure and total energy of the ground state of Ce and the «-~ phase transition 
were discussed in the previous section (see also Min et al. 1986b); here only the 
results of ground state calculations consistent with the choice of final state in the 
excited state calculations are presented in each table. 

In general, the core electrons in solids are chemically not important. In materials 
with a large nuclear charge, however, this is not exactly true for the higher semi-core 
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electrons like the 5p's in Ce. The spatial extent of these electrons is large enough to 
cause a noticeable overlap with orbitals on neighboring atoms and to result in a 
nonnegligible band width. On the other hand, these electrons approach close 
enough to the nucleus for relativistic effects to be important.  Both features affect the 
screening of the nucleus and hence the energy of the 4f-electrons. The programs used 
in this study do not treat valence electrons fully relativistically and therefore one 
had to make the choice of either treating the 5p-electrons like the other core 
electrons, (i.e., fully relativistically but without interatomic hybridization), or treat- 
ing the 5p-electrons as valence including all overlap but neglecting spin-orbit  
coupling. The difference between these results is a measure of the uncertainty in the 
numerical data. 

3.3.1. 3d core excitation energies 
First, final state calculations are performed for a 3d core hole in a-Ce in which the 

4f-electrons are treated as normal  band states, i.e., without fixing the number of 4f- 
electrons. Three different sizes for the supercell are considered; details are given in 
table 6. In these calculations, the lattice constant, a, is set equal to the experimental 
value for ct-Ce and the 5p-electrons are treated as valence electrons. The results in 
table 7 clearly show that the screening of a 3d core hole takes place predominantly 
in the central cell. The integrated charge in the surrounding atoms (including the 4f- 
shell) in the larger clusters are close to that of the pure system and also the total 
energy hardly changes. There is a strong Coulomb attraction between the core-hole 
and the 4f-electrons and as a result the local 4f-level is pulled tOwards lower energy 
(Oh and Doniach 1982) and the 4f-occupancy of the central cell is increased by more 
than one. Consequently, the spatial extent of these levels is reduced and both the 
central 3d core hole and the 4f-electrons are completely localized within the 
impurity cell. The changes in total energy due to the interaction of the impurity with 
its neighbors are in the mRy range and hence these core level spectra are already 
obtained precisely from a one-atom 'supercell'. 

The experimental 3d core level XPS spectra (Wuilloud et al. 1983) show a 
multiplet structure related to the coupling of the 3d core hole and the localized 4f- 
electrons. The energy splittings of these multiplets are smaller than the energy 
differences between 4f-occupancies, where Coulomb interactions play a larger role. 
Therefore, in the following, only differences in final state 4f-occupation are con- 

TABLE 6 
Description of the supercell calculations. 

Size of Basic Number of Atom type Number of Impurity-impurity 
supercell lattice different atoms per distance in terms 

atoms types of atoms type of lattice parameter 

1 fcc 1 1 1 a/~f2 
4 simple cube 2 1 1 a 

2 3 
8 fcc 3 1 1 x/2a 

2 6 
3 1 
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TABLE 7 

Results of ASCF-supercell calculations for 3d3/2 core-hole excitations of Œ-Ce as a function of the size of 
the supercell. Q's denote angular momentum decomposed integrated charges inside the atomic sphere. 

The ground state results are provided for comparison. 

Size Atom Qs Qp Qd Qf Qtot Eto t AE [Ry] AE [eV] 
type 

1 1 0.47 5.92 1.78 2.83 11.0 -17651.7118 65.4495 890.5 

4 1 0.49 5.94 1.81 2.85 11.8 -70803.1934 65.4518 890.5 

2 0.50 5.93 2.11 1.42 9.97 

8 1 0.49 5.94 1.80 2.84 11.06 -141671.8366 65.4538 890.5 

2 0.50 5.94 2.13 1.42 9.99 

3 0.51 5.94 2.13 1.43 10.01 

Ground 1 0.50 5.94 2.14 1.42 10.00 -17717.1613 

state 

sidered and one has to keep in mind that the results represent some average of the 
available multiplet terms. 

The number of 4f-electrons in the final state is easily controlled by treating these 
electrons as core electrons, neglecting 4f-hybridization, and by subsequently omit- 
ting the l = 3 basis functions on the central atom. Charge distributions and total 
energies as a function of supercell size are given in table 8 for a 3d3/2 core hole in the 
4f 1 final state configuration of 7-Ce. Almost all screening takes place in the impurity 
cell itself. This also shows the strong spatial localization of the 4f-orbitals, since the 
screening of more extended orbitals also includes neighboring atoms. The results in 

TABLE 8 

Results of ASCF-supercell calculations for a 3d3/2 core hole of y-Ce for the 4f 1 final state; symbols are as 

in table 7. 

Size Atom Qs Qp Qd Qf Qtot E,o t AE [Ry] AE [eV] 
type 

1 1 0.61 6.06 3.33 1.0 11.0 -17651.0462 65.9679 897.5 

4 1 0.65 6.06 3.45 1.0 11.15 -70802.1015 65.9549 897.4 

2 0.59 6.05 2.30 1.0 9.95 

8 1 0.66 6.05 3.43 1.0 11.14 - 14167011659 65.9469 897.3 
2 0.61 6.05 2.32 1.0 9.97 
3 0.62 6.05 2.35 1.0 10.02 

Ground 1 0.61 6.05 2.33 1.0 10.0 - 17717.0141 
state 
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table 8 pertain to 7-Ce, in which case the neglect of the 4f interatomic matrix 
elements has smaller effects than for ct-Ce, due to the larger atomic spacing. It is also 
consistent with the fact that the 4f-electrons in 7-Ce are localized to such an extent 
that they are close to a Mott  transition (Johansson 1974b). On the other hand, the 
peak positions in the 3d core-hole spectra for ct-Ce and 7-Ce are similar and hence 
differences in the electronic structure are relatively small, as is also borne out by 
band strueture calculations (Pickett et al. 1981, Podloucky and Glötzel 1983, Min et 
al. 1986b). 

The theoretical results (Min et al. 1986a) for 3d core hole spectra and different 
final state 4f-configurations are given in table 9. Here only one atom 'supercells' have 
been employed, which is sufficient to obtain a precision better than 1 eV, as shown 
above. For 7-Ce the results are Compared with experimental results (Fuggle et al. 
1983) where they are available. From these data it is derived that the energy 
difference is minimal when the number of 4f-electrons is approximately 2.5, which is 
consistent with the results of the first calculation in table 7. 

The results in table 9 show that the experimental 3d core binding energies are 
about 5eV larger than our theoretical values. This number is larger than possible 
discrepaneies due to the effects (Esteva et al. 1983) of selection rules. 

A possible explanation for the absolute shift of the 3d core hole binding energies 
may be found in the LDA itself. Although the Hedin-Lundqvist  (1971) form of the 
exchange and correlation potential produces good results for the valence electrons, 
it is questionable whether it describes a 3d core state with the same accuracy. In 

TABLE 9 
Compafison of ASCF results with experiment considering several 4f" final states. The initial state is 
assumed to be 4f ~. Results in parentheses pertain to calculations in which the 5p-electrons were treated as 

core electrons. 

Final states AE [eV] (ASCF) AE [eV] (expt) Difference [eV] 

y-Ce 3d3/2 4t ̀0 910.5 (909.0) 
4f 1 897.5 (896.6) 901.9 _+0.4 4.2 (5.1) 
4f 2 891.2 (891.1) 896.4 + 1.0 5.2 (5.3) 
4f 3 890.9 (891.7) 

3d5/2 

Œ-Ce 3d3/2 

3d5/2 

4f ° 891.3 (889.7) 
4f ~ 878.3 (877.3) 883.7 +_ 1.0 5.4 (6.4) 
4f 2 871.9 (871.8) 878.5 + 1.0 6.6 (6.7) 
4f 3 871.6 (872.4) 

4f ° 909.7 
4f I 897.0 (895.9) 
4f / 891.1 (891.0) 
4f 3 891.2 

4f ° 890.5 
4f I 877.8 (876.7) 
4f z 871.9 (872.4) 
4f 3 871.9 
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order to test this hypothesis, 3d ionization energies for a Ce atom are calculated. 
Two different formula for the exchange and correlation potential are employed: the 
Hedin-Lundqvist  form and the Kohn-Sham (1965) Gaspar (1954) form. The last 
one only includes the term with the one-third power of the density. The resulting 
ionization energies differ by 1.9eV, which is smaller than the differences we found 
between experiment and theory for the 3d core hole excitations. Though one cannot 
exclude the possibility that the difference resulting from using the Hedin-Lundqvist 
form in LDA or the exact exchange and correlation potential in density functional 
theory will be about 6eV, it is expected that this is probably not the case and that 
the absolute shift in our 3d core binding energies has, at least partly, another 
explanation like the effect of a charged environment. 

In choosing the final stares Min et al. (1986a) restricted themselves to neutral 
supercells. (The samples in the experiment are always grounded to achieve a 
macroscopic charge neutrality.) Locally, however, charge neutrality is determined by 
the difference between the time it takes the photoelectron to leave the sample and 
the time it takes an additional electron to enter the vicinity of the excited atom. In 
order to accurately describe the photoemission process one needs time-dependent 
theory, incorporating the dynamical effects of the screening electrons moving 
towards the d-hole. In our calculations we only consider final states, where the 
conduction electrons are in equilibrium with a certain number of f-electrons and a d- 
hole. Hence, another possible explanation of the absolute shift of the binding 
energies in table 9 is our approximation that we neglect these dynamical effects. 

The difference in total energy between d3/2-configurations and the corresponding 
d»/2-states measures the strength of the spin-orbit interaction for the 3d-levels. The 
theoretical value, 19.3eV, overestimates the experimental value (18.0eV). By con- 
trast, the separation of the 3d-eigenvalues in the ground state calculations is 18.8eV. 
The eigenvalues of the LDA equations do not represent excitation energies because 
of self-energy corrections which are needed to modify the LDA equations into 
Dyson's equations. The results show that the self-energy corrections to the 3d3/2-and 
3ds/2-1evels are similar. The spin-orbit splitting from the LDA eigenvalues is only 
0.5eV smaller than that from the total-energy differences and both are about 1 eV 
larger than the experimental value. The 3d3/2 LDA eigenvalue itself, however, is at 
874.3 eV for the ~t-Ce ground state. The excitation energy is 890.5 eV (table 7), which 
results in a total self-energy correcti-on of 16.2eV for the 3d3/2-1evel, which is much 
larger than the difference between the values for 3d3/2 and 3d5/2. 

3.3.2. 4 f excitation energies 
The peak positions of 4f valence band photoemission spectra are obtained in a 

similar way as in the case of 3d core hole spectra. Here too Min et al. (1986a) first 
studied the convergence with respect to cluster size and the results are given in table 
10. Again it is found that an efficient screening of the localized 4f-hole and only a 
small effect of the size of the supercell occurs. The 4f-occupancy of the central (hole) 
site is treated as before. 

In the first set of calculations, the 4f-electrons at the neighboring sites and the 
ground state were treated as ordinary band states. This is the major reason that the 
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calculated total energy difference (4.5eV) becomes too large compared with the 
experimental value (2 eV). In addition, by neglecting the l = 3 basis functions on the 
central site the variational freedom of the s- and d-like bands was limited, and so the 
total energy will not reach its lowest value. Now a photoemission experiment is 
extremely fast and will see only distinct configurations of 4f-electrons, since they 
have a long hopping time on the time scale of photoemission experiments. Finally, 
in the local density approximation,  the band width of the 4f-electrons is over- 
estimated by an order of magnitude when treated with futl hybridization and this 
results in too large an f-occupancy. 

The solution to this problem is straightforward - force the occupation numbers to 
be integral. This procedure, which is followed next, is closer to the experimental 
situation as observed in photoemission experiments because the fluctuation of f- 
occupation is slow compared to the time scale of the measurement. The resulting 
values of the total energy a re  given in table 11 for y-Ce and c-Ce. The 4f excitation 
energies, 2.4 eV for y-Ce and 1.9 eV for c-Ce correspond to the 2 eV peak in PES. 
The values given in parenthesies (3.3 and 2.8 eV for 7- and «-Ce, respectively) are for 
the case where 5p-electrons are treated as valence band electrons. The agreement 
with experiment is good, since one has to keep in mind that the theoretical values 
have error bars of 1 eV due to the numerical approximations discussed before. 

In both 3d-core and 4f-valence photoemission spectra the size of the supercell 
turned out not to be an important  parameter due to the extreme localization of the 
created hole. One might expect a qualitatively different situation in the BIS spectra, 
because the presence of the additional 4f electron forces the orbitals to be more 
delocalized. The results in table 12, however, show only a small effect; the energy 
difference between a large and a small cluster is only 0.1 eV. Experimental BIS 
spectra show a broad line centered about 4eV above the Fermi level (Wuilloud et al. 
1983) and the Min et al. (1986a) values are in qualitative agreement. The results are 
discussed in more detail in the next section. 

3.3.3. Discussion of results: f-band hybridization, number of f-electrons and Uef f 
In all band structure calculations describing elements in the left side of the 

periodic table one always faces the problem how to treat the extended semi core p- 
states. In pure Ce, the 5p-electrons are sufficiently delocalized to have a direct 
overlap and hence to form a band. This suggests treating them as valence electrons 
and using a larger basis to describe more rapid changes in the charge density in the 
interstitial region near the sphere boundaries. On the other hand, local density 
theory is known to overestimate the band width pertaining to such localized 
electrons, and hence it is possibly more realistic to neglect the hybridization of these 
semicore electrons by describing them as ordinary core states. We have performed 
most of the calculations for both situations in order to investigate the importance of 
the semicore 5p-electrons for the excitation spectra. Since the valence electrons 
are described in a semirelativistic approximation in our method, the neglect of 
spin-orbi t  coupling (which is not a severe approximation for a completely filled 
band) causes an absolute shift of 0.2 Ry between the total energies in the two cases. 
Since we are interested in relative ASCF energy differences, this absolute 
shift is unimportant.  
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The main effect of the hybridization of the 5p semicore levels is a slight 
delocalization of their orbitals. As a result, the atomic core is less well screened and 
the 4f-electrons experience a more attractive potential. Their energy eigenvalues 
drop to a lower value and the 4f-occupation incrèases. The results in table 9 show 
absolute changes in the 3d binding energies of at most 1 eV, which is consistent with 
our earlier estimates and is rauch smaller than the difference between the theoretical 
values and experiment. The effects on the 4f binding energies are also approximately 
leV (see tables 10, 11, 12) and hence one can conclude that theoretical binding 
energies have an absolute error of about l eV due to numerical (LMTO) and 
theoretical (LDA) approximations. 

The total energy E(n) as a function of the number of 4f-electrons, n, can be 
parameterized as follows (Hirst 1970): 

E(n) = Eo + rtSeff q- ½n(n - 1)Uef f. (5) 

U«f is an effective intra-atomic f-f  Coulomb interaction energy and e«f is the 
effective binding energy of the 4f-electron. These are renormalized parameters which 
include all the effects of the conduction electrons. In the presence of a 3d core hole, 
the binding energy e«f is lower than its ground stute value by an amount Uf«, which 
represents the effective interäction energy of the 4f-electron with the core hole. 

The total energy results are fitted to the function given in eq. (5) and resulting e«~ 
and U«f are given in table 13, together with the value of n at which E(n) is minimal. 
The effective intra-atomic f-f interaction U«f is determined directly by the shape of 
the 4f-orbitals and also indirectly by the presence of the conduction electrons. The 
value of U«f is independent of the treatment of the 5p-electrons and is the same for 
et-Ce and 3,-Ce (one cannot attribute any meaning to differences of order 0.1 eV 
because of numerical approximations). 

The value for U«r agrees well with the experimental result (Baer et al. 1981) 
(around 6eV). Since in the calculations only the f-occupation is fixed and the 
conduction electrons are allowed to relax completely, this indicates that the 
quasiparticles seen in the experiment are indeed f-electrons (of holes) dressed with a 
rapidly responding cloud of conduction electrons. 

The average number of f-electrons, n, decreases from 3'-Ce to et-Ce, which is in 
agreement with experiment. For  the free-atom local density theory underestimates 
the 4f-occupancy, i.e., one finds 1.57 instead of 2. I n  the solid, the value of the 
number of 4f-electrons depends on the theoretical treatment of the 5p-semicore. 
Several factors play a role in determining the value of e«f. Neglecting the hy- 
bridization of these 5p-electrons makes them more localized and as a result the 41"- 
orbitals become more extended and less occupied. Hence, in addition to errors due 
to the local density approximation made in describing the 4f-electrons, the 4f 
occupation numbers and related binding energies are also indirectly affected by 
errors due to the local density description of the 5p-electrons. The effects on the 
binding energies are much larger than the effects on the energy U e f  f. 

The average number of 4f-electrons is related to the quasiparticle energy e«f by 
setting ~E(n)/ôn = 0 in eq. (5): 

n = 1 - -  8 e f f / U e f f .  ( 6 )  
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TABLE 13 

Pa rame te r s  in the equat ion:  E = E0 + e«f ÷ ½n(n- 1)Ueff. r/ and  8elf are number  and effective level 
of 4f-electrons respectively. U«f is the effective in t r a -a tomic  C o u l o m b  cor re la t ion  in terac t ion  of 4f- 

electrons.  Uf« is an  in terac t ion  between the 3d core hole and  4f-electrons. 

Ueff ~eff Ufd /1 

7-Ce G r o u n d  s ta te  

5p-valence 5.44 - 3.24 1.10 

5p-core 5.54 - 2.41 0.93 

3d3/2 core hole 
5p-valence 6.35 - 12.86 - 9.61 2.53 
5p-core 6.50 - 12.24 - 9 . 8 3  2.38 

3ds/z core hole  

5p-valence 6.35 - 12.90 - 9 . 6 5  2.53 
5p-core 6.50 - 12.24 - 9 . 8 3  2.38 

ct-Ce G r o u n d  s ta te  

5p-valence 5.43 - 2.84 1.02 

3d3/2 core hole 
5p-valence 6.40 - 12.54 - 9.70 2.46 

3d5/2 core hole 
5p-valence 6.35 - 12.52 - 9 . 6 8  2.47 

Ce a tom G r o u n d  state 4.53 - 4 . 8 6  1.57 

3d3/2 core hole 5.09 - 1 2 . 9 9  - 8 . 1 3  3.04 

3d5/z core hole 5.09 - 1 2 . 9 7  - 8 . 1 1  3.05 

The results show that Uef f is the same for (~-Ce and 7-Ce and hence that changes in 
the n are directly related to changes in ~:eff" Values of the 4f-occupation (Allen et al. 
1983) derived from BIS experiments on the basis of the Gunnarsson-Schönhammer 
(1983) (G-S) model are 1.0 for 7-Ce and 0.85 for ct-Ce. In out case, n is derived in a 
simple way by finding the minimum of the total energy curve and is different from 
the 4f-occupation nurnber in the G - S  model, which is the eigenvalue of a number 
operator in their model Hamiltonian. Since out basic quantities are total energies, a 
direct comparison of our results with the experimental spectra is more appropriate 
than is a comparison with the G-S values. 

Photoemission results show the fo peak to be at 2.0 eV for both ct-Ce and 7-Ce 
and an increasing intensity of the 4f-peak near the Fermi level in ~-Ce. The BIS 
results show, in addition, that the intensity of the 4fl-peak in ct-Ce has become (at 
least partially) more enhanced and is located slightly above the Fermi level. The 
center of the broad 4f2-peak is shifted to slightly higher energies in ct-Ce. Accurate 
assignments of the experimental energy levels depend on the model one uses for the 
line shape; in table 14 some possibilities are presented which agree with the 
experimental spectra and which display the physics involved. In this way, Min et al. 
(1986a) derive ranges for the experimental values of the parameters Eeff, Ueff, and n. 
Note that an overall change in the position of the 4f2-peak only affects Uef f. Also, 
the location of the 4f°-peak at 2.0 eV indicates that the absolute value of ~eff has to 
be smaller than 2.0 eV, because E(4f °) = - e«f + E(4f 1). 
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TABLE 14 
Possible experimental peak assignments in eV. 

a-Ce y-Ce 

E(0) 2.0 2.0 2.0 2.0 2.0 2.0 
E(1) 0.1 0.3 0:3 0.1 0.0 0.0 
E(2) 4.3 4.3 4.8 4.0 4.0 4.5 

/3ef f -1.9 -1.7 -1.7 -1.9 -2.0 -2.0 
Uef f 6.1 5.7 6.2 5.8 6.0 6.5 
n 0.81 0.80 0.77 0.83 0.83 0.81 

The change in the experimental value of U«f between «-Ce and 7-Ce depends on 
the choice of the position of the 4fl-level and is somewhere between 0.0eV and 
0.3eV. The calculated values given in t able 13 indicate a change of less than 0.1 eV, 
which is in fair agreement with experiment. The experimental value of e«f changes 
by 0.2eV and again, given all error bärs, is consistent with our change of 0.4eV. The 
only large discrepancy is in the absolute value of e«f, which is about  1 eV too large 
in out theoretical treatment. 

The discrepancy between the theoretical value of ~eff and the experimental value 
indicates that in the theoretical treatment the potential  for the 4f-electrons is too 
attractive. As a consequence, the position of the 4f-band with respect to the 
conduction band is too low and its occupancy is too large. Neglecting the hy- 
bridization of the 5p semicore electrons contracts the 5p-orbitals and yields a better 
screening of the nucleus. As a result, the 4f-electrons experience a less attractive 
potential and the binding energy becomes smaller as can be seen in table 9. 
Similarly, the decrease in lattice constant between 7-Ce and ~t-Ce increases the 
density of the conduction electrons near the nucleus and again the binding energy 
decreases. In the standard loeal density treatment for Ce the hybridization of the 4f- 
electrons is too strong and gives rise to an overestimated drop in energy of the single 
4f bonding orbital. This effect, however, is already ace0unted for in table 13 since all 
hybridization of the 4f-electrons is neglected. 

The ground state calculätions (Min et al. 1986b) without direct 4f-hybridization 
and overlap yield an equilibrium lattice constant which is slightly larger than the 
value for 7-Ce, indicating that the 5d-bonds alone are not sufficiently strong. A 
direct 4f-contribution is needed. A standard local density ealculation with fuU 4f- 
hybridization, however, gives a lattice constant which is about 6~o smaller than the 
value for ct-Ce. Hence, the 4f-contribution to the bonding is somewhere between 
zero and the LDA value. As a result one expects from a linear interpolation that the 
resulting value of e«f will be around - 2 . 8  eV for 7-Ce, which is too strongly bound. 
Therefore, nonlinear effects are important  and the details of the interactions between 
the f-electrons, the eonduction electrons and the 5p eore electrons are very subtle. 

3.4. Excited state properties of the other lanthanides 

As discussed above, excitations of the 4f-electrons as observed in PES and BIS are 
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accompanied by a strong relaxation of the system. Due to this relaxation, 
Koopman's  theorem certainly does not hold (Slater 1974) for the LDA eigenvalues 
and so a comparison between theoretical ground state results and experiment is not 
possible. Hence, differences of the total energies of self-consistent calculations for the 
initial ground state and the final excited state (ASCF) are needed in order to predict 
the correct f-electron excitation energies as measured in PES and BIS experiments 
(Lang et al. 1981). 

The charge density of the final state can be simulated in a supercell geometry 
(Zunger and Freeman 1977), which puts the ' impurity atom'  with the 4f core hole in 
the center of a cluster of normal atoms with the ground state configuration. If one 
chooses the unit cell (supercell) large enough, one can minimize the intercellular 
impuri ty- impuri ty interaction and use an ordinary LDA band structure calculation 
to obtain a total energy of the excited state. In fact, in a study of localized 4f- 
excitations in Ce, Min et al. (1986a) have established that the dependence on the size 
of the supercell is not significant and that even a one-atom supercell is already 
sufficient for reasonable precision in the total energy as discussed in a previous 
section. 

This idea is extended to the study of 4f-excitations in the lanthanide metals 
assuming them to have the fcc structure - except for Eu which is taken as bcc (Min 
et al. 1986e). Again, the 4f-electrons are treated as core-like and in this way mimic 
the localized nature of the excitation. The configurations are assumed as f"(5d 6s) m 
for the ground state, where m = 2 for Eu and Yb and m = 3 for the others, 
fù 1(5 d 6s)m +1 for PES, and f" + 1 (5d 6s) m- 1 for BIS final states. Hence, the localized 
hole or electron is assumed to be completely screened by conduction electrons as in 
the work of Herbst et al. (1976). The 4f PES excitation energy, A_, is given by 
A_ = E[f  "-1 (5d6s) m+l] -E[ f " (5d6s )mJ  and the 4f BIS excitation energy, A+, is 
given by A + = E[f" + 1 (5d 6s) ~-- 1 ] _ E[-f"(5d 6s)"]. In fact, the experimental results 
show broadened f-PES or BIS peaks due to many effects, such as multiplet 
interactions, crystal field effects, spin-orbit  interaction, many-body effects, energy 
resolution, etc. It is expected that our estimated values of A_ and A + correspond to 
the central positions of the observed broadened peaks. 

The resulting values of the 4f-PES energy A_ are given in fig. 13a and are 
compared with the experimental values. The calculations were performed at the 
experimental lattice constants and the effects of Hund's  rule are included in the spin- 
polarized calculation, as discussed in section 2.2.2, for the heavy lanthanides metals 
(Eu to Tm). The agreement is fairly good, considering the simplicity of the 
calculation and the assumption of the fcc structure; general trends are well repro- 
duced even though some discrepancies are observed. Rather large differences (40 to 
45%) are seen for Er and Tm. The small values of A for Eu and Yb are directly 
related to the existence o f  valence fluctuations (Lawrence et al. 1981) between the 
divalent and trivalent configurations which are observed in some of their 
compounds. 

In the same way, the 4f-BIS energy A+ of the localized 4f-electron are obtained. 
The corresponding theoretical and experimental values are compared in fig. 13b and 
one finds good agreement except for a few heavy lanthanide metals (Ho, Er, and 
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Tm). The minimum for Sm and the maximum for Eu in A + are weil reproduced. The 
small value of A + for Sm is again consistent with the observed valence fluctuations 
in some compounds of Sm. In Er and Tm, the calculated A +'s are quite different 
[rom experiment and become slightly negative which indicates that the assumed 
ground state trivalent configurations for them are higher in energy than are the 
divalent configurations. The error in A_ and A + for these materials is apparently 
due to overestimations of 4f-occupancy in LDA. In fact, the LDA band structure 
calculations giye 4f-occupancies (11.7 for Er and 12.7 for Tm) which are rather 
closer to the divalent configurations. 
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The energies, A_ and A +, considered above, correspond to the peaks for localized 
4f-excitations screened by the conduction electrons. Besides these peaks, there might 
occur an extra peak near the Fermi level in metals which have delocalized f-bands; 
this is the case in Ce which exhibits double peak structures (Wieliczka et al. 1984a, 
Wuilloud et al. 1983) in 4f-PES and BIS. The existence of this extra peak is 
determined by the relation of the PES process time to the f-electron hopping time. If 
the f-electrons are sufficiently delocalized (or strongly hybridized with the d- 
electrons), the 4f localized excitations are screened by the itinerant f-electrons so that 
the final state becomes close to the initial state and this results in a small excitation 
energy. The additional peaks (about 0.5eV below Er), observed in recent PES 
experiments (Wieliczka et al. 1984b, Parks et al. 1984) for the light lanthanides (Pr, 
Nd) and their compounds,  can be interpreted by this mechanism, which implies that 
f-electrons in these compounds are sufficiently delocalized so as to take part  in the 
screening (further discussion will be in section 3.6). 

From the results for A_ and A+, one can estimate the intra-atomic Coulomb 
correlation interaction, U, by the relation U = A_ + A+. Figure 13c provides 
estimated values of U compared with experiment. The agreement is better than for 
A_ or A+ separately; apparently the errors are cancelled in the summation. The 
large U's of Eu and Gd are well predicted and they reflect the strong stability of the 
half-filled 4f-shell. Finally, these large values of the Coulomb correlation compared 
with the 4f-band width give additional strong evidence for the localized nature of the 
4f-electrons. 

To describe the localized 4f-excitations, it is pointed out that self-consistent total 
energy calculatiofis are essential, since the eigenvalues in the LDA one-electron 
equation cannot account for the strong relaxation observed in the experiments. 
However, it is interesting to compare the results from ASCF total energy calcu- 
lations and from LDA band structure eigenvalues for the 4f energy position in the 
ground state. Figure 14 gives the positions of the LDA 4f-levels with respect to E v. 
Compared with A_ in fig. 13a one finds that the overall shape is similar except for 
an almost constant shift in energy. The differences between the two values cor- 
respond to the unrelaxed self-interaction and the relaxation-polarization self-energy 
term (Slater 1974) which comes from the perturbed relaxation of these levels. Hence 
this constant value of the energy differences implies that the response to the 
perturbation is similar in most lanthanide elements. 
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3.5. Ground and excited state properties of the Ce pnictides 

3.5.1. Experimental observations 
Cerium pnictides offer three advantages for the study of the different screening 

channels: (1) they are computationally quite tractable as they crystallize in the rock- 
salt structure; (2) experimental data are available for the series; and (3) by consider- 
ing the different pnictides one can examine a quite itinerant-electron system (CeN) 
or a fairly localized system (CeSb) with some variation in-between. With the 
exception of CeN, cerium pnictides all exhibit rather similar photoemission spectra 
(Baer et al. 1978, Franciosi et al. 1981). The pnictide p-states produce a rather broad 
peak about 2eV below E F. On top of this are superimposed the two peaks derived 
from the f-orbital: one n e a r  E F and the other 3 eV below EF. As one scans down the 
series from CeP to Ceßi, the peak at the Fermi energy diminishes in intensity and 
the lower-energy peak grows in intensity in a manner consistent with the in- 
terpretation of increasing localization (Franciosi et al. 1981). 

The CeN spectrum shows a different structure (Gudat et al. 1982). The nitrogen p- 
states produce a double-peak structure at about 3eV. The f-peak at E v is strongly 
present but the lower f-peak is not observed. An f-orbital-derived peak is present at 
1.2eV, but is thought to be surface related. Although included in table 15 for 
completeness, this structure will not be considered here. (The peak is probably due 
to surface vacancies (Norman et al. 1985c).) 

3.5.2. Calculational techniques 
The basic calculational techniques utilized by Norman (1985) and Norman et al. 

(1985a) are all well documented so this description is quite brief. All calculations 
were performed using a self-consistent linearized augmented-plane-wave (LAPW) 
method (Koelling and Arbman 1975). The warped muffin-tin (WMT) shape approx- 
imation was used. In this approximation, the potential is spherically averaged about 

TABLE 15 
Peak positions relative to the Fermi energy for the cerium pnictides. Peak B in CeN is a surface related 

property only included here for completeness since it is not discussed. Units are electron volts. 

CeN CeP CeSb 

Peak expt b expt a theor expt c expt a theor expt c expt a theor 

A 0.35 0.1 0.1 0.6 0.08 0.08 0.6 0.04 0.04 
B 1.2 0.95 
C1 2.7 2.45 2.1 
C2 3.6 3.35 3.3 2.1 1.58 1.6 2.15 1.59 1.55 
D 3.0 2.48 2.55 3.1 2.54 2.75 
E 5.5 5.25 5.1 

As discussed in the text, the experimental Fermi energy has been reassigned to match peak A to the 
theoretical value (theor). 

b (Gudat et al. 1982). 
(Franciosi et al. 1981). 
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each atomic site (muffin tin) but is of general form elsewhere (interstitial region). 
Relativistic kinematics were included by performing all self-consistency iterations in 
the semi- (or scalar) relativistic approximation (Harmon and Koelling 1974) and 
then including the spin-orbit coupling (MacDonald et al. 1980) in the final analysis 
without further iteration. This procedure allowed Norman (1985) and Norman et al. 
(1985a) to carry out sufficient iterations (25-30) to achieve mRy convergence even 
for the f-levels. All calculations employed the local-density approximation (LDA) for 
the exchange-correlation functional. The functional was chosen to include only the 
exchange part (« = 2/3), since the inclusion of correlation within LDA is thought to 
be inappropriate for f-orbital materials (Koelling 1982). 

Densities of states (DOS) and partial densities of states were obtained using the 
relatively coarse mesh in k-space that was used in the self-consistency process: the 
data of the n/4a cubic mesh (89 points in the irreducible wedge of the zone) were 
linearly interpolated to obtain the body-centered point of the subcube. With use of 
this body-centered point, the cube was then broken up into 12 tetrahedra and 
standard linear tetrahedron analyses were applied to determine the contribution of 
each of these tetrahedra. Clearly such an approach does not give state-of-the-art 
results for the density of states but, since all final results will be compared using a 
broadening factor, it is quite adequate. 

3.5.3. Ground stare results 

The band densities of states for CeN, CeP, and CeSb are shown in fig. 15 
(Norman et al. 1985a). In these plots, the zero of the energy scale has been set at E v. 
As expected for such an isoelectronic sequence, the basic structure of the DOS for 
these materials is similar. There is a two-peaked structure from about - 5 e V  up to 
just below E v that results from the pnictide p-bands. There is also a broad Ce d- 
band DOS starting just about where the pnictide p-bands leave oft and extending 
well above the scale of the plots. Just above E v are the two spin-orbit split peaks 
resulting from the f-orbitals; they clearly appear as nearly localized levels. A 
significant feature is the tail that extends down in energy from the lower level across 
E v. This is the major f-orbital occupation. One sees that this tait is very sharp in 
CeP and CeSb and that E v falls in a region with rapidly rising density of states. 

In CeN, not only do the sharp localized f-levels lie higher above Er, but the tail is 
much broader. In fact, Ev in CeN falls in a region where the band DOS is relatively 
constant as opposed to CeP and CeSb. This will be an important feature to 
remember when discussing the experimental assignment of Ev. The reason for this 
difference is that the Ce-Ce separation in CeN is sufficiently close so that direct f-f  
interactions can become significant. In the other pnictides, the f-orbitals can only 
hybridize with the other conduction-band states - mainly the ligand p-orbitals. This 
difference between CeN and the rest of the pnictides also appears in the p-band 
manifold. In CeP and CeSb, unlike the case for CeN, the upper p-band DOS peak is 
much higher than is the lower peak. In CeP and CeSb, the f-orbitals interact 
strongly with the pnictide p-orbitals and repel them from the vicinity of E v -  an 
effect that compresses the bands. This effect occurs in addition to the diminished 
band width arising from the larger lattice constants (which shows up for the entire 
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TABLE 16 
Selected band results for the cerium pnictides. The angular momentum 
decomposition is a single-site decomposition of the wave function within the 
muffin tins, not the LCAO decomposition. The radial charge density of the 4f- 
orbital at the mtdtine tin boundary and the valence band width (E F - EL1 ) are 
tabulated here as they enter into the discussion of relative peak heights (section 
3.7). Units are atomic units except the band width which is given in electron 

volts. 

CeN CeP CeSb 

Lattice constant 9.493 11.15 12.1 
Ce muffin-tin radius 2.737 3.025 3.025 
Pnictide (X) radius 1.990 2.550 3.025 
/-decomposition 

Ce-s 0.10 0.13 0.12 
Ce-p 0.27 0.17 0.12 
Ce-d 0.93 1.04 0.92 
Ce-f 0.86 1.02 1.07 
X-s 0.02 0.02 0.02 
X-p 3.15 2.54 2.57 
X-d 0.02 0.06 0.07 

~rf(r) 0.0326 0,0150 0.0104 
Band width (eV) 4.76 3,99 3.68 

manifold). Both the lattice constants  and the valence band width are included in 
table 16, where it can be seen that  the valence band of CeN is almost  a full electron 
volt wider than the CeP and CeSb. 

The charge decomposi t ion given in table 16 for each of the pnictides shows that  
the major charge contr ibut ions come from the Ce d-, Ce f-, and pnictide p-orbitals. 
The pnictide s-states have been included in the to re  and thus do not  appear  in this 
valence-band tabulation. Because these numbers  are determined by a decompo-  
sition within a muffin-tin sphere, the size of that sphere will influence the values ob- 
tained - especially for the Ce d- and pnictide p-charge. The Ce f-charge, however, 
should be much less affected as most  of the f-orbital is contained within the 
mufftin-tin sphere. Here one sees another  difference between the members  of this 
series. CeSb has an f-charge of 1.07 which is just about  one f-charge beyond what 
is found in LaSb (the f-charge in LaSb of 0.1 is most ly due to a single-site reanalysis 
of orbitals from other sites). This is consistent with the L12 structure Ce systems 
CeSn3 (Koelling 1982), CeRh3 and CePd» (Koelling 1984), where f - f  interactions 
are not possible. CeN has a rauch lower f-charge of 0.86 which is more  in line with 
the cubic Laves phases where direct f - f  interactions do occur. Pickett and Klein 
(1983) have discussed the question of direct f - f  interaction in CeN and concluded 
that it was of considerable significance. CeP is intermediate between the two ex- 
tremes. The C e - C e  separation is sufficiently large in CeP that direct f - f  interaction 
is not expected. 

Only features resulting from the band- to-band  transitions or f rom the fully 
screened channel should be represented in the g round  state results. Thus, from the 
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Fig. 15. Ground state band DOS (in states per Rydberg per spin) for CeN, CeP, and CeSb. The Fermi 
energy is at zero. 

tabulation of the observed structures in table 15, only the subset consisting of the 
pnictide p-band emission (C) and the Ce f-state emission near the Fermi energy (A) 
should be compared to the DOS in fig. 15. It is necessary to first consider the 
emission at E r to pin down the energy scale. It has been observed that E r assigned 
in the experimental analysis in CeN is probably too high (Gudat et al. 1982). We 
expect that the error will be larger in CeP and CeSb for the following reasons. That 
assignment was based on a simple treatment of the edge shape that includes an 
assumption that the DOS at E F is a constant over the range of the instrument 
broadening. Assuming that a fully screened transition should produce results much 
like the DOS cut offby E r it is significant that the calculated DOS is rising rapidly 
in the vicinity of E r (cf. figs. 15 and 16). If this is broadened by a reasonable 
instrument resolution function (0.2 eV wide), it is found that E v should be nearly at 
the peak. This can be seen in fig. 17 where the broadened results are presented. An 
experimental test of this reassignment of the position of E F should be undertaken 
since it is of interest to know if the fully screened peak represents a completely 
relaxed state. One strong supporting observation for the assignment of E r is that the 
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peak below the valence band bottom. 
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Fig. 17. Broadened DOS for (a) CeP and (b) CeSb 
(in stares per Rydberg per spin). The Fermi energy is 
at zero. These were formed by taking the ground 
state DOS and the f-hole DOS and combining them 
in the manner described in the text (see section 
3.5.5). In CeP, both f-peaks were enhanced by a 
factor of two relative to the p-d  states in order to 
obtain bettet agreement with experiment. 
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pnictide p-band-derived peaks are then found to be in good general agreement with 
experiment. In CeP and CeSb, the two-peak structure seen in the bare DOS is not 
distinguishable when instrument and linewidth broadening are included. Thus there 
is only one peak (C) associated with the pnictide p-bands in these materials. In CeN, 
two peaks are still distinguishable even when broadening effects are included. The 
lower peak (C2) is seen to match rather well once the Fermi-energy correction has 
been applied. The experimental value of the upper peak (C1) lies 0.35 eV below the 
band value. This difference probably relates to the fact that the band calculation 
shows f-hybridization into this peak as previously mentioned by Pickett and Klein 
(1983). 

3.5.4. The poorly screened peak 
Peak D in table 15 is attributed to the poorly screened f-hole channel. In CeP and 

CeSb it is observed 2.5eV below the fully screened peak, but in CeN it is not 
observed at all. This screening channel can be studied using supercell techniques to 
approximate the impurity-like problem arising from the presence of the f-hole. To 
induce the f-hole, one can simply remove from the basis set the variational freedom 
to represent a 4f-orbital on that site. Within the LAPW method, this is trivially done 
by placing the energy parameter for the l -- 3 radial solution in the energy region of 
the 5f-orbital. Because the 5f-orbital is orthogonal to the 4f-orbital, there will be no 
possibility for the resultant basis set to resolve the 4f-solutions on that site. This 
'impurity' atom is then studied by forming a supercell consisting of one such 
impurity together with three standard Ce atoms and their associated pnictides, i.e., 
the full cubic cell for the rock-salt structure with eight atoms per unit cell. The Ce 
atoms are then on a simple-cubic lattice so the impurity atoms are separated by one 
lattice constant. Fortunately, the f-hole turns out to be very local, so this separation 
should be adequate to reduce the impurity interactions to an acceptable level. It is 
necessary to proceed under this assumption in any case since expansion to larger 
supercells would be prohibitively expensive. 

Much larger basis sets are required to achieve the same level of convergence for 
this eight-atom per-unit-cell-simple-cubic structure as for the rock-salt structured 
ground state. By iterating the system to self-consistency, the screening effects are 
incorporated into the model. The system is treated as a neutral solid. This is 
appropriate for a metallic system which is assumed to be in contact with a reservoir 
of electrons. Once self-consistency is achieved, one has established the nature of the 
screening charge and only determination of the excitation energy remains. 

By definition, the relaxation energy shift 3 being sought is the difference between 
the change in total energy of the system AE and the average occupied f-eigenvalue 

ëf: 

AE = -ëe  + 3 = Iërl + 6. (17) 

As discussed in section 3.2.2, the total energy difference is given by 

AE = --(ëf + êf)/2, (8) 
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TABLE 17 
Angular momentum decomposition inside 
the muffin tins for the supercell calcula- 
tions. Ce(1) is the site with the hole, Ce(2) 
are the other three Ce sites, X(1) are the 
three (equivalent) pnictide sites, and X(2) 

the other inequivalent pnictide sites. 

CeN CeP CeSb 

Ce(1)-s 0.11 0.15 0.14 
Ce(1)-p 0.25 0.16 0.12 
Ce(1)-d 1.43 1.73 1.76 
Ce(1)-f 0.07 0.05 0.03 

Ce(2)-s 0.10 0.13 0.12 
Ce(2)-p 0.28 0.17 0.12 
Ce(2)-d 0.96 1.05 0.98 
Ce(2)-f 0.91 1.08 1.14 

X(1)-s 0.02 0.03 0.03 
X(1)-p 3.12 2.50 2.49 
X(l)-d 0.03 0.08 0.09 

X(2)-s 0.02 0.02 0.03 
X(2)-p 3.11 2.50 2.52 
X(2)-d 0.02 0.06 0.07 

where ë« is the mean f-eigenvalue in the ground state and ëf is the mean f-eigenvalue 
of the excited state. Thus 

ö --  (ëf - -  ëf ) /2 .  (9) 

Note that since Of falls below ëf, 6 is a positive number consistent with the poorly 
screened state being a more excited state. If one were then to blindly view AE as the 
position of an f-level, it would appear more deeply bound. 

The mean ground-state f-eigenvalue is taken to be at E v for the transition state 
analysis. The eigenvalues for the excited state are found by performing a calculation 
with use of the supercell potential. The lack of dispersion found is an excellent 
demonstration that the f-hole is quite localized. Further, an examination of the 
charge decomposition in table 17 shows an approximate f-+ d transition. Most of a 
d-electron shows up on the central site after the loss of an f-electron, while the 
surrounding atoms are nearly unchanged. Because of the truncation of the d-orbital 
by the muffin-tin radius, that d-charge in the muffin-tin analysis probably cor- 
responds to very nearly a full d-electron in an LCAO analysis of the wave function. 

When these mean f-eigenvalues are inserted into the transition state analysis, the 
calculated peak position (D in table 15) agrees weil with the experimentally 
observed peak for CeP. The calculated shift is somewhat too large for CeSb, as is 
expected from the fact that the supercell calculation has removed too much ( ~ 1.07) 
f-charge. One can determine the size of the effect of removing too rauch f-charge by 
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a simple calculation based on the assumption of a linear dependence of the 
eigenvalues on occupation number. With use of this assumption to correct back to 
one f-electron of charge removed, the calculated peak would occur at 2.57eV, which 
is closer to the corrected experimental value (2.54eV) than is the result of the direct 
supercell calculation (2.75eV). 

CeN again differs from CeP and CeSb. Because of the width of the valence band, 
the f-hole eigenvalues do not separate energetically from the valence band as they 
did for CeP and CeSb. The impurity site f-DOS is spread throughout the valence 
band and thus the f-orbitals are strongly hybridized with the pnictide p-states, as 
can be seen in fig. 16. Thus, the initial assumption of a well-defined hole is not 
realized and this channel should be extremely weak if at all present in CeN. If one 
were to persist and estimate the mean eigenvalue ëf from the low-lying peak in fig. 
16, the resultant transition state energy would fall in the vicinity of the upper p-band 
peak (C1). Finally, it should be observed that, as there is only 0.86 f-electron in the 
ground state (compared to 0.18 in LaN), a pure f-hole is not a reasonable possibility 
in this model anyway. 

3.5.5. Experimental spectra 
There is a huge variation in the relative intensity of the fully screened and the 

poorly screened f-peaks as one proceeds from CeP to Ceßi (Franciosi et al. 1981). 
This must be considered an important part of the information available from the 
experimental spectra. Although possible in principle, we are not now in a position to 
calculate the intensity ratio. (The many-body matrix elements can be set up, but it 
will be necessary to approximate them to make their evaluation tractable.) Instead, 
it is possible to understand the variation of the ratio at least qualitatively. The fully 
screened peak, like a band transition, will be favored by itinerancy of the f-states. 
Thus, the fully screened peak at E v will be strongest for the more itinerant f-systems 
and, conversely, the poorly screened peak will be favored by localized (immobile) f- 
states. This is because full relaxation is due to an f-electron hopping in to fill the 
hole. 

A good indication of the 4f-orbital being able to couple with the surrounding 
orbitals is that it has significant density at the muffin-tin radius. Accordingly, the 4f 
radial density (4~r2p) at the muffin-tin radius has been included in table 16. Clearly, 
this quantity is quite a bit larger for CeN than CeP or CeSb. It decreases 
monotonically as one scans down the pnictides as does the relative strength of the 
fully screened peak. The ratio of the poorly screened peak (D) to the fully screened 
peak (A) is actually dramatically dependent on the choice of pnictide ranging from 
under 1:2 for CeP to over 2:1 for Ceßi. One suspects that this huge variation is 
caused by the increasing localization of the f-states in the heavier pnictides, which 
would imply a sharp dependence of the probability ratio on the hopping parameter. 

To better understand the relation of the calculated results to the experimental 
data, it is useful to include, at least phenomenologically, such effects as instrument 
resolution, linewidth broadening, thermal broadening and transition strengths. To 
do so, techniques similar to that used for UIr3 have been employed (Arko et al. 
1983), but modified to include the poorly screened peak not present in that material. 
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The resultant model spectra are shown in fig. 17. Comparison of fig. 17 to the 
experimental results of Franciosi et al. (1981) shows a satisfactory resemblance. 
Several details of the various parameters used to produce fig. 17 are of interest. Both 
instrument resolution and linewidth broadening have been approximated as 
Gaussians. The instrument width was taken to be 0.2eV and the temperature to be 
room temperature (0.025eV). The linewidth broadening, assumed to arise primarily 
from Auger processes, increases as the square of the separation of the initial state 
from E v. The coefficient was taken to be 0.05eV -1. To the broadened ground state 
DOS was added a Lorentzian of width 0.4eV centered at the position of the d- 
screened f-hole given in table 15. The height of the Lorentzian was set at some 
arbitrary value. 

In addition to the satisfying ability to reproduce the experimental data, there is 
one important point to be gleaned from fig. 16. In this calculation, the underlying 
Fermi energy is known and is shown in the figure. As noted above, it falls rauch 
closer to the peak than the assignment in the experimental references. This occurs 

• because the DOS is rapidly increasing for all energies within the instrument width of 
Evrather than being nearly constant. It is this observation that is the justification for 
the reassignment of E v in table 15 with its resultant overall improvement in the 
agreement of theory and experiment. It would, however, be desirable for E v to be 
determined experimentally (e.g., by overlayer deposition of a gold film), since it is of 
interest to know if the fully screened peak is completely relaxed or not. 

3.6. Excited state properties of PrSb and NdSb 

3.6.1. Introduction and methods 
Parks et al. (1984) and Wieliczka et al. (1984b) noticed that the two-peak 

structure present in cerium systems also appeared in Pr and Nd systems, but the 
structures there were further removed from Ev. This seems to rule out a Kondo 
explanation for the upper peak since in that model such a feature is inherently tied 
to Ev. It is, therefore, of some interest to see whether out approach followed for the 
Ce compounds would explain the Pr  and Nd pnictides in the same manner as it did 
the Ce pnictides. Comparison will be made with photoemission data on PrSb and 
NdSb (unfortunately, no resonance data exist). 

As in the case of the Ce pnictides, the ground state of each compound was 
determined by performing a standard local-density band calculation using the self- 
consistent warped-muffin-tin, linearized augmented-plane-wave method in a semire- 
lativistic approximation with a perturbative spin-orbit correction (Norman et al. 
1985b). Since one expects the f-electrons to be localized in PrSb and NdSb, the f- 
electrons were treated as j -- 5/2 states in an overlapping (nonfrozen) core model. A 
full exchange-correlation potential was used, the correlation part being that of von 
Barth and Hedin (vBH) (1972). Some calculations were also performed in an 
exchange-only, or Kohn-Sham (KS) potential. The results obtained will be con- 
trasted with those for CeSb when treating the f-electrons as itinerant or localized in 
the ground stare. 
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3.6.2. Results 
Table 18 shows the calculated peak positions for PrSb and NdSb using a full 

exchange-correlation (vBH) potential compared to their experimental values. A 
represents the f-screened hole, B the main peak in the Sb valence band, C the 
shoulder in the Sb valence band, and D the d-screened hole. Also shown are the 
results for CeSb (using an exchange-only (KS) potential), where the f-electrons were 
treated as extended states in the ground state plus two new calculations where the f- 
electrons were treated as localized - one with a KS potential and the other with a 
vBH potential. The shoulder, peak C, is not seen in CeSb since it is masked by the 
screened-hole peak (D). The exp a columns represent shifting the experimental 
positions by a constant so that the Sb valence band (peak B) lines up with the 
theoretical prediction. This shift is 0.3eV for PrSb and 0.0eV for NdSb, indicating 
that there was probably a slightly incorrect experimental assignment of the Fermi 
energy for PrSb (the experimental resolution was 0.55 eV full width at half maxi- 
mum). As can be seen, there is excellent agreement between experiment and theory 
for the two cases. The values for peak A constitute a prediction as to where an f- 
screened hole might be seen in these compounds if resonant photoemission is done 
to enhance that feature. It is quite possible, however, that the f-electrons are so 
localized in the ground stare that the intensity of this feature might be too small to 
resolve. 

As seen above, CeSb is a more difficult system. To probe further the limitation 
previously described and to explore the effect of using a local-orbital approach, 

TABLE 18 
Experimental and theoretical positions for the valence-band spectral peaks in CeSb, PrSb, and NdSb 
with respect to EF[eV]. A is the f-screened f-hole, B the main Sb p-peak, C the Sb p-shoulder, and D the 
d-screened f-hole. KS stands for exchange-only and vBH for von Bar t~Hedin  exchange-correlation 

potentials. 

PrSb (local) NdSb (local) 

Peak - expt b expt a theor (vBH) expt b theor (vBH) 

A ? ? -0.95 ? -2.95 
B -2 .1  -1 .8  -1 .8  -1 .9  -1 .9  
C -3 .4  -3.1 -2 .9  -3 .1  -3 .1  

D -4 .7  -4 .4  -4 .4  -5 .7  -5.75 

CeSb (extended) CeSb (local) 

Peak expt c expt a theor (KS) expt c theor (vBH) theor (KS) 

A - 0.6 - 0.05 - 0.05 - 0.6 - 0.35 + 0.10 

B -2.15 -1 .6  -1 .6  -2.15 -2.15 -2.15 

D -3 .1  -2.55 -2 .8  -3.1 -3 .55 -3 .1  

a Values shifted such that the Sb peak B lines up. 
b (Campagna et al. 1974). 
c (Franciosi, et al. 1981). 
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Fig. 18. The local f-spectra for PrSb, NdSb and CeSb, using a vBH potential. CeSb (ext) is the spectrum 
obtained when the f-electrons are treated as extended in the ground state using a KS potential. 

CeSb calculations treating the f-electrons as localized in the ground state (with an 
occupation number of 1) were performed. The results are shown marked local in 
table 18. It is seen that in the local f-case, no shift is needed to get the valence-band 
peak B to line up but, for the vBH potential which worked well for PrSb and NdSb, 
there is an overshoot of 0.45eV for peak D and an undershoot of 0.25eV for peak A. 
In other words, the separation of the two f emission peaks overshoots by a full 
0.7eV. The effect of reducing the correlation by using the KS potential is to shift 
both f emission features up to 0.45eV, yielding the same separation between the 
peaks with peak D lined up with experiment, but peak A above the Fermi energy. 

In fig. 18, we show the vBH spectra for CeSb, PrSb, and NdSb with the f-states 
treated as local plus the CeSb spectrum with the f-electrons treated as extended. 
These spectra were formed by taking the calculated density of states and Gaussian 
broadening with an instrument broadening factor of 0.2eV, temperature broadening 
with T = 0.025eV, and including a lifetime broadening factor a(e  - E r )  z where EFiS 



LOCAL DENSITY SUPERCELL THEORY 221 

the Fermi energy and a is set at 0.05 eV-  t. To  this was added a Lorentzian of width 
0.4eV centered at the position of the d-screened hole for the local f CeSb spectrum 
(in the extended spectrum, of course, the ground state f-levels are hybridized with 
the other stares and are thus already included). For  the most part, the spectra agree 
rather nicely with experiment. The discrepancies are discussed in the next section. 

3.6.3. Discussion 
Several points need to be considered. First, it is necessary to analyze the trend in 

the f emission features as one proceeds from CeSb to PrSb to NdSb. One sees t h a t  
the separation of the f emission features is not constant, but still does not vary too 
rauch (note that there is no correlation between the separation and atomic number). 
There is, however, a dramatic drop in the absolute positions of these peaks as one 
proceeds from CeSb to PrSb to NdSb, just as was observed by Parks et al. (1984) 
and by Wieliczka et al. (1984b). In fact, the positions of the calculated peaks are in 
the same general energy range as found by Parks et al. (1984) for a variety of Pr and 
Nd compounds.  Theoretically, this result may be extremely important since this 
means that even for localized states, the local-density ground-state eigenvalues may 
have physical meaning as fully screened eigenvalues. This finding should not be hard 
to accept since the major° error in local-density eigenvalues is the self-interaction 
error, and full screening should be equivalent to compensating for the self-inter- 
action error. 

Of course, full screening is equivalent to the f hole hopping oft the site via 
coupling to the Sb p-states. In fact, this explains why Parks et al. (1984) see such a 
huge dispersion in the upper peaks (foscreened hole) in the various Pr and Nd 
compounds. If the f-screening electron originates from Er, one would expect to see a 
sharp peak at Ev. Since this is not observed, the f-screening occurs via coupling to 
the ligand p-band (or d-band for the transition-metal ligands). Since such a band is 
wide and has its main weight a few electron volt below Er, the resulting f-screened 
feature is smeared out (although it is energetically centered about the position of the 
ground-state f-eigenvalue). One can infac t  see this if one attempts to simulate the 
excitation by using the model of Gunnarsson and Schönhammer (1983). In this 
model, one couples a localized f-level to a valence band of a desired shape via an 
Anderson Hamiltonian. One sees that by adjusting parameters, the f-screened 
feature can be pulled down below E v resulting in a large smearing out of that 
feature. This model seems to simulate Pr  spectra fairly well, but whether it will work 
as well for Nd systems where the f-screened feature is a full 3eV below E F remains to 
be determined. 

Consider now the effect of choosing a particular potential. The effect of von 
Barth-Hedin correlation was seen to bring the f-levels down by 0.45eV relative to 
the KS results for CeSb both in the ground and excited state. Other correlation 
potentials should yield similar results. This is exactly the same shift as was found for 
the unoccupied f-states in LaN (Norman et al. 1984b), and was also found for the 
ground-state calculations performed on PrSb. From table 18, we see that using the 
vBH potential yields good results in PrSb and NdSb for the peak-D to peak-B 
separation. One can contrast this to the case where the f-electrons are treated as 
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extended in the ground state. In that case, since if the f-levels dropped in energy, the 
f-occupation would go up resulting in an enormous Coulomb correlation effect (note 
that in the local calculations, the f-occupation is frozen). This has been verified for 
CeSn 3 where additional correlation had virtually no effect on the Fermi-surface 
topology (Norman and Koelling 1985). The result implies that the peak separation 
between the d- and f-screened holes would be larger with the inclusion of correlation 
since in the excited state, the occupation number is frozen at an integer value and 
thus the f-level will drop with inclusion of correlation. (As mentioned above, in the 
localized-f calculations, the peak separation remained the same.) 

The final question to ask is the role and treatment of localized versus extended f- 
states. In CeN, it was necessary to treat the f-states as band states to get a specific 
heat in agreement with experiment, as well as to obtain a spectrum to agree with 
experimental photoemission data (Norman et al. 1985c). On the other hand, in PrSb 
and NdSb, it was completely necessary to treat the f-states as localized in the ground 
state to get peak A to separate significantly from the Fermi energy. As can be seen 
from table 18, it seems hard to choose whether the local or extended calculation 
gives better results in the case of CeSb. In favor of the extended-f-electron calcu- 
lation is the fact that the f-peak separation overshoots experiment by a smaller value 
0.25eV as compared to 0.7eV for the local calculation - although it must be 
remembered that the inclusion of correlation for the extended calculation would 
lead to a larger overshoot. In favor of the local f electron calculation is that the 
experimental Fermi energy need not be shifted to get the experimental and 
theoretical valence bands to line u p -  although this in turn should be tempered by 
the fact that, as can be seen in the figures, the theoretical E v is closer to the centroid 
of peak A than the standard experimental assignment. The situation is further 
complicated by the fact that the itinerant f-calculations do not give precisely ~nf = 1. 
To shed some further light on this question, local f electron calculations were also 
performed for the ground stare of CeP with f occupation numbers of 0.93 and 1.00. 
From the results obtained it appears that the extended calculation does a better job 
for CeP than does either of the two local calculations. 

Finally, a comment is needed on the spectra themselves. To begin with, the 
relative height of the Lorentzian for the localized f-levels with respect to the 
Gaussian broadened DOS was simply set at some arbitrary value. It is of some 
importance to find a way to calculate such a value from first principles. Next, 
consider the valence-band shoulder, peak C; in NdSb, this shoulder agrees rather 
well with experiment, both in its small height and in its position; in PrSb, however, 
this shoulder differs by 0.2 eV from experiment and the calculation shows that it is as 
weak as its NdSb counterpart, whereas experimentally the shoulder has a rather 
large intensity. This might indicate that the valence-band DOS and the (f) peak D 
should be broadened more than has been done, although this would probably smear 
out the shoulder completely. Again, resonance data and better resolution would be 
helpful in clarifying this part of the spectrum. 

In conclusion, good agreement between experiment and theory for PrSb and 
NdSb gives substantial support to the screening mechanisms assumed in carrying 
out these calculations. It should be emphasized that these are unadjusted impurity- 
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like calculations using standard local-density potentials, which for localized exci- 
tations makes the good agreement with experiments even more remarkable. In fact, 
it seems that for localized levels, the local-density ground state eigenvalues have 
physical meaning as fully screened eigenvalues. Finally, it is interesting to note that 
the inclusion of full correlations (say, via vBH potentials) yields correct absolute 
positions for the f-peaks. 

3.7. lnverse photoemission o f  CeP 

3.7.1. Introduction 
A similar two-peak structure is seen in the inverse photoemission (bremsstrahlung 

isochromat spectroscopy (BIS)) spectra of cerium (Land et al. 1981) and several of 
its compounds (Allen et al. 1983). (In a BIS experiment, one adds an elëctron to the 
system.) The first peak is just above E v (~0.5eV) and is dominant in the more 
'itinerant' cerium compounds. The second peak is located 4-5eV above the E v and is 
due to localized fl ~ 1-2 transitions. The BIS spectrum in certain ways thus mirrors 
what is seen in the photoemission spectrum. With this in mind, it was decided to 
apply the techniques of the preceding sections to determine the inverse photoem- 
ission spectrum of CeP (Norman, 1985). 

3.7.2. Calculational procedure 

The use of supercell technique to calculate the photoemission spectra of cerium 
compounds has been extensively discussed above. A similar scheme can be used to 
calculate the inverse photoemission spectra. Here, a brief discussion of the supercell 
technique is given with emphasis on the changes needed to calculate the BIS spectra. 
Basically, one assumes that the f-states are itinerant in the ground state (this is not 
necessary for the technique per se, but it appears appropriate for the model to be 
explored). Norman (1985) thus performed a self-consistent band calculation using 
the LAPW method with a local-density exchange-only potential. The ground state 
should be equivalent to a 'fully relaxed' final state of the photoemission or inverse 
photoemission process, and thus the f-band partial DOS from the band calculations 
is used as an approximation for the peak near E v. To describe the other peak, a 
band calculation was performed on a large unit cell (eight atoms for the cerium 
pnictides as opposed to two for the ground-state calculation). As described pre- 
viously, the excited state for the photoemission was obtained by not allowing any f- 
occupation on the central cerium site. This simulates the f-hole. Although the f-hole 
is periodically repeated, the separation of f-holes is sufficiently large not to affect 
things very much. The system was then allowed to relax resulting in d-screening of 
the hole. 

A similar procedure can be used to obtain the second peak in the BIS spectrum. 
Since this peak is supposedly due to a localized f bound state, this was simulated 
with the same supercell calculation as above but placing two f-electrons in the 'core' 
on the central site. In this way, the f-electrons are treated as site localized (i.e., they 
are not allowed to hybridize), but in all other ways they are treated normally (i.e., 
they were not frozen). In fact, these f-states were treated as j = 5/2 states in an 
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overlapping core model. Once self-consistency was achieved, the final iteration was 
re-rtrfi setting the l -- 3 energy parameter back into the 4f energy region for the 
central site. This is done to see where the 'unoccupied' f-states lie in the new 
potential. The differences between these unoccupied eigenvalues and the supercell 
Fermi energy are taken, and the results divided by two. This yields the appropriate 
transition state values to be used in constructing the supercell contribution to the 
BIS spectrum. 

3.7.3. Results 
In fig. 19 the combined spectrum is shown. This is obtained by taking the 

unoccupied density of states from the band calculation and adding in the un- 
occupied f density of states inside the central muffin tin for the supercell (this latter is 
found as described in the last few sentences of the preceding section). A two-peak 
structure is seen with the peak at 0.4eV above the Fermi energy coming from the 
band calculation and the peak at 4.4eV coming from the supercell calculation. The 
stare forming the peak near the Fermi energy are largely pure f with some d- 
admixture from both Ce and P sites. The states from the upper peak contain a good 
bit of hybridization with d-character on the Ce and P sites as well as p-character on 
the phosphorus sites, although only the f-character inside the central Ce muffin tin 
was used to construct the upper peak in fig. 19. In table 19 angular momentum 
decompositions of the charge for the band calculation and the supercell calculation 
are compared. On sees an enhancement of p-character inside the central Ce muffin 
tin. This is because the semicore Ce 5p-states have risen over 5 eV in response to the 
now more repulsive core and have begun to hybridize more with the valence states. 
Significant depletion of d-character out of the central site is also seen as expected. 
There is a slight depletion of the p-character inside the nearest-neighbor phosphorus 
sites as well as f-character on the other cerium sites. Part  of this effect is due to the 
fact that the electron filling factor for the valence states in the supercell has been 
reduced from 28 to 26 to accommodate  two f-electrons in the 'core'. Also in table 19 
are total charges inside and outside the muffin tins. As can be seen, there is a 
significant reduction of interstitial charge in the supercell. 

o 

0 J 
0 

CeP 

Energy (eV) 

Fig. 19. Calculated BIS spectrum for CeP. This was 
formed by combining the unoccupied band density 
of states with the unoccupied f density of states for 
the supercell Ce central site as described in the text. 
The Fermi energy is at zero. A Gaussian broadening 
factor of 0.2 eV was employed as well as a tempera- 
ture factor of 0.025 eV. 
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TABLE 19 
Angular momentum charge decomposition inside 
the muffin-tin spheres as well as total charges for the 
band and the BIS supercell calculations. A lattice 
constant of l l .15a.u,  and the muffin-tin radii of 
3.025 (Ce) and 2.550 (P) were employed. Ce(1) is the 
modified Ce site, Ce(2) the other three equivalent Ce 
sites; P(1) are the three equivalent P sites which 
border Ce(1), and P(2) is the odd phosphorus site. 
The interstitial charge for the band calculation was 
multiplied by four since there are four formula units 

within the supercell. 

Band Supercell 

Ce(1) s 0.13 0.10 
p 0.17 0.25 
d 1.04 0.54 
f 0.94 2.03 
total 56.15 56.69 

Ce(2) s 0.13 0.13 
p 0.17 0.18 
d 1.04 1.09 
f 0.94 0.89 
total 56.15 56.16 

P(1) p 2.53 2.49 
d 0.06 0.05 
total 14.37 14.39 

P(2) p 2.53 2.52 
d 0.06 0.07 
total 14.37 14.43 

interstitial 9.92 9.23 

3.7.4. D i s c u s s i o n  

Setting two f-electrons in the core on the central site as well as depleting all other 
f-character out of this site is simply a device used to obtain the appropriate potential 
with which to analyze the unoccupied states. As such this method is very general. 
This device has been used to analyze the spectrum of a two-f-electron bound state 
on a cerium site, but one could easily simulate other many-body excitations (two- 
hole bound states, for example). 

In principle, the full many-body matrix elements can be set up, but some way of 
approximating them must be found to make their evaluation tractable. The 
combined spectrum of fig. 19 was obtained by simply adding the two base spectra 
together. The result is to grossly exaggerate the feature at E v. Recent BIS spectra for 
CeAs and CeSb (Hillebrecht et al. 1985) show no feature near E v. The reason for this 
is that there is virtually no pnictide p-character above E v which implies that f-p 
coupling in that energy region is extremely weak. Thus, orte would expect to see at 
most a small bump near E v in CeP if at all. This is in contrast to CeN where a large 
peak is seen near E v as well as one about 5eV above E v (Wuilloud et al. 1985). The 
intensity of the peak near E v is understandable in CeN since this compound appears 
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to be an ordinary f-band metal which would imply a large probability for f-hopping. 
Of course, in a model theory such as that of Gunnarsson and Schönhammer (1983), 
intensity ratios come out naturally and the reader is referred to their chapter 64 in 
this volume to see how the ratio is dependent upon the various model parameters. 

Atthough the effect of the spin-orbit interaction was included for the band peak, it 
was not for the supercell peak since the effect was thought to be too small to be 
worth the effort (the two f-electrons in the core used to construct the potential were 
treated as j = 5/2 states, though). Multiplet effects were also not taken into account. 
In principle, this can be done in the local-density formalism (von Barth 1979), but 
has not been applied to solids to the authors' knowledge. If multiplet effects turn out 
to be crucial for interpreting the BIS spectra of cerium pnictides, then an effort could 
be made to incorporate those effects into the calculation. 

A discussion of the peaks themselves is now in order. The first peak represents the 
extra f electron hopping away and is thus located just above E v. This peak will be 
strong in itinerant f-systems since the probability for f hopping will be greater. The 
second peak due to a two-f bound state is at 4.4eV above E F. This is encouraging 
since the experimental spectra indicate this peak at 4-5 eV for cerium metal (Land et 
al. 1981) and in the various compounds (Allen et al. 1983). The reason this peak is 
not higher is that the final energy is lowered by d-charge moving oft the site in 
response to the extra f-electron (antiscreening). This is simply the mirror process of 
the d-screened f-hole discussed previously. The antiscreening can be seen by 
observing the difference in charges between the band and supercell calculations 
given in table 19 which shows significant depletion of central-site Ce d-character as 
well as interstitial charge. In fact, plots made of the difference in charge density 
between the two calculations inside the central Ce muffin tin show depletion of 
charge from 2a.u. outwards. Plots of the radial wave functions also reveal that the 
supercell 4f-function drops oft more rapidly in this region than does the 
corresponding band function, indicating more localization for the two-f bound state. 
The d-antiscreening, though, makes the fl ~ f2 excitation more extended than the 
corresponding fl ~ fo photoemission process. 
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1. Introduction 

Valence band photoelectron spectroscopy seeks to elucidate fully the electronic 
structure of the sample under investigation by identifying bulk states, surface states, 
and, when appropriate, changes in these states due to chemisorption or reaction. 
This means more than determining just the distribution of states according to their 
binding energies (the density of states). With photoemission, particularly with 
synchrotron radiation photoemission, it is now possible to extract information 
about the nature of the electronic states themselves, including their spin and angular 
momentum character, their degree of localization or hybridization, their ware 
function symmetry, and the detailed energy band structure in the form of energy vs. 
momentum or E(k). Information about the empty states can also be gained from 
angle integrated or angle resolved photoemission or through core level excitation 
spectra near threshold. 

In investigations of Ce and its compounds, the fundamental question to be 
addressed concerns the degree to which the 4f electron can be treated by one- 
electron theory. Indeed, the 4f electron appears to exist in a highly correlated, 
localized state in some cases and a more band-like state in others. A closely related 
second question concerns the nature of the other electronic states and how they mix 
with the 4f states. Photoelectron spectroscopy does not always provide a simple or 
direct answer to these questions (ejection of an electron from a system perturbs the 
system), but photoemission does provide a great deal of insight. 

At the time of this writing, there is a developing concensus on several of the 
controversial questions of interpretation for photoelectron spectra of the 4f and 
valence states of Ce and its compounds. We will address some of these questions in 
this chapter. Others are discussed elsewhere in this volume or in this series of 
volumes. It should be stated at the onset that 'the cerium question' is fundamental in 
solid state physics and this research area is advancing rapidly. As a result, we can 
expect ever greater understanding of 4f-related phenomena in the years to come. 

Electronic structure studies of the 4f and valence electrons in Ce and its 
compounds bring to bear all the techniques of ultraviolet and soff X-ray photoelec- 
tron spectroscopy. We begin this review by describing those techniques, especially 
those utilizing synchrotron radiation as the photon source. We do this because the 
latter differ in many ways from X-ray photoelectron spectroscopy (XPS or ESCA) 
discussed earlier in this volume. We then illustrate some of them with data for CeF 3 
where the interpretation is relatively straightforward. We then turn to et- and y-Ce 
where the experimental results are rar more complicated. As part of the in- 
terpretation of these Ce results, we review in section 4 the theoretical models for the 
4f electron. We then survey photoelectron spectroscopy results for metallic and 
semiconducting Ce compounds, presenting results for La and Pr when possible to 
aid in the interpretation of the 4f character, and conclude with a discussion of Ce 
oxides and oxidation. Our discussion will include photoemission studies of the 4d 
core levels of Ce because these levels are usually within the range of excitation of the 
instrumentation used to obtain valence band spectra (binding energy ~ 100 eV) and 
because their spectra are complementary to direct valence band and 4f electron 
studies. 
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Valence band photoelectron spectroscopy results must not, of course, be viewed in 
isolation. In particular, bremsstrahlung isochromat spectroscopy (BIS) and X-ray 
photoelectron spectroscopy are complementary techniques. These and other 
spectroscopies are discussed elsewhere in this volume (chapters 62, 63, 70, 71 and 72) 
(see also Baer 1984). XPS core level results show a rich satellite structure which 
yields additional information, and valence band results resemble the density of states 
in delocalized electron systems. BIS spectra reveal the empty states which are not 
directly accessed by most other spectroscopies. Thus, a combination of BIS and 
either XPS or UPS provides spectroscopic coverage of the states on both sides of 
the Fermi level. 

2. Valence band photoelectron spectroscopy 

We outline below the simplest description of the photoemission process for a 
solid. More extensive presentations and reviews can be found elsewhere (Smith 1971, 
Eastman 1972, Feuerbacher et al. 1978, Cardona and Ley 1978, Ley and Cardona 
1979, Williams et al. 1980, Smith and Himpsel 1982, Margaritondo and Weaver 
1985). The more complicated (and more correct) formulations are mentioned at the 
end of this section. We do not describe instrumentation, but refer the reader to the 
more thorough discussions of photoelectron spectroscopy just referenced. 

2.1. The photoemission process 

The three-step model (Berglund and Spicer 1964a,b) divides the photoemission 
process into distinct parts: propagation of the photon into the solid with photo- 
excitation of an electron, propagation of the excited electron to the surface, and 
escape of the electron into the vacuum. We use this model for its conceptual 
simplicity, knowing that quantum mechanics requires a one-step model. Such a one- 
step model has been developed and, under appropriate limiting conditions, it 
reduces to the more conceptual model. 

Assume that a radiation beam is incident on the flat surface of the sample as 
shown in fig. 1. The fraction of the incident flux which is reflected is given by R, the 
reflectance. R can be calculated from the Fresnel relations, and it depends on the 
angle of incidence, the state of polarization of the incident radiation, the dielectric 
function of the material, and the quality of the surface. A fraction A = ( 1 -  R) 
penetrates the surface and propagates into the material For a given material, A will 
be larger for p-polarization and angles of incidence near the pseudo-Brewster angle. 
In general, the electromagnetic wave within the medium propagates as an in- 
homogeneous plane wave, and the flux falls as 

I(z) = I(0) exp( - #z) = I0(1 - R) exp(- / lz) ,  (1) 

where # is the material-specific, frequency-dependent absorption coefficient and z is 
the depth normal to the surface, as shown in fig. 1. This expression is valid even at 
non-normal incidence. We ignore non-local optical effects because they have yet to 
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Fig. 1. Schematic of the photoemission three-step model. A photon of energy hv is incident onto a sample 
and excites a photoelectron a distance z below the surface. The photoeleetron has a finite probability of 
propagating to the surface and escaping into vacuum where it is detected. (The motion of the 
photoelectron need not be in the same plane as the photon propagation.) The inset below shows the 
photoelectron final state wave vector inside (kl) and outside (k') the surface. 

be observed in studies on Ce and its compounds .  At  a dep th  z, the number  of 
photons of energy hv which are abso rbed  in dep th  dz per  uni t  t ime and area  is 

d N  = - # I d z / h v .  (2) 

Thus, 95% of the r ad i a t i on  is abso rbed  in a dep th  of 3 # -  1, which is typica l ly  ten to  
hundreds of ängs t roms.  

Quan tum mechanical ly ,  the abso rp t ion  coefficient results  from the exci tat ion of 
electrons from an ini t ial  s ta te  i to a final s tate f. If  we cons ider  these to be Bloch 
states descr ibed by  energies and wave vectors (E~ ,k i )  and ( E f , k O ,  the  abso rp t ion  
coefficient can be wri t ten as (Wooten  1972) 

7[,~ 2 
B(hv) - ~ l e . p i f 1 2 6 ( E f  - E i - h v ) F ( E i ) [ 1  - F(Ef)] ,  (3) 

n c m l )  if 

where F ( E )  is the F e r m i - D i r a c  d i s t r ibu t ion  function, the  factors F and ( 1 -  F )  
ensure that  the ini t ia l  s tate is occupied and the final s tate empty,  n is the index of 
refraction, and  the s u m m a t i o n  is over all init ial  and final states, pif is the d ipole  
matrix e lement  defined by 

Pif = f l / J * P l / J i d 3  r, (4) 

where p is m o m e n t u m  opera tor .  ê is the po la r iza t ion  vector  for the rad ia t ion .  In eq. 
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(3) the refractive index is assumed known, but in reality it depends on frequency as 
much as the absorption coefficient does, and it should be calculated as well. For the 
Bloch states envisioned here and for hv <~ 200eV, the integral vanishes unless 
k i = kf. Since the delta function requires Er = E~ + hv, we can see that both 
momentum and energy are conserved. We have ignored spin since spin-polarized 
photoelectron spectroscopy has not yet been applied to Ce or its compounds. Note  
that the absorption process produces a spectrum which reflects ground and excited 
states of the system rather than just the ground state. 

The second step in photoemission describes transport  of the excited electron to 
the surface. With experimental resolution in the 0.1-0.4 eV range, scattering from 
phonons can be treated as elastic and we need consider only electron-electron and 
electron-plasmon scattering. Such scattering introduces a finite mean free path A 
for inelastic scattering. It is difficult to calculate the mean free path accurately since 
it depends on the details of the electronic structure of the material and the energy of 
the electron. For  our purposes, we simply note that the variations of A from 
material to material generally do not exceed a factor of two. As a result a 'universal' 
curve is often used to describe the kinetic energy dependence of the mean free path, 
as shown in fig. 2 (Powell 1974, Lindau and Spicer 1974, Seah and Dench 1979, 
Leckey 1981). The general shape of the curve can be explained theoretically, and the 
magnitude has been adjusted to fit a large number of measurements on a variety of 
materials. The initial drop in A arises from the increase in the density of states into 
which the electron can scatter as the electron energy increases and from the 
increasing number of electrons which ean cause the seattering when Fermi-Di rac  
statistics are considered. (We assume a metal, or energies larger than the band gap 
of a non-metal.) The subsequent rise is due to a reduction in the scattering matrix 
element. Note that for inhomogeneous samples the eoncept of a single mean free 
path loses its meaning. 

We can see from fig. 2 that the surface sensitivity of photoelectron spectroscopy 

I000 

v 

.1- 

z 
w 100 
.J  

z 

u.I 
I-  IC 

I I I I 
o 

\ \~b \  
\ \ \ ö \  

\\o\ 

\ \ ~  ~ooO" 
\ ~"~k 1 o o /  • k N \  »zä~o 

o~ ~ ~ , =  o~ .. 

~--~~ ooo 
o o 

i i i I 
I I 0  I00  I000 

ELECTRON KINETIC ENERGY (eV) 

Fig. 2. The 'universal curve' 
showing the photoelectron 
scattering length or mean free 
path as a function of its kinetic 
energy. The circles correspond 
to results for the scattering 
lengths for different materials 
and show the spread in scatter- 
ing length (Seah and Dench 
1979). (The mean free path (see 
text) and scattering or attenua- 
tion length are not necessarily 
identical. See Powell (1985). 
However, for out purposes the 
difference is negligible.) 
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can be varied substantially. Indeed, by selecting the right photon energy, the 
photoelectrons may come predominantly from the first two layers of atoms at the 
surface. At the same time, one never detects photoelectrons from deep within the 
solid unless they have scattered inelastically and appear as part of the secondary, or 
scattered, electron background. This high degree of surface sensitivity is both an 
advantage and a disadvantage. On the one hand, we can extract information about 
surface and near-surface effects. On the other, small amounts of surface con- 
tamination can distort the photoelectron spectra or contribute new, contamination- 
derived features. 

The probability that an electron excited at depth z below the surface can reach the 
surface without inelastic scattering is given by 

exp (-z/A cos 0), (5) 

where 0 is the angle of the electron trajectory from the surface normal, shown in fig. 
1. At the same time, inelastically scattered electrons also reach the surface and 
escape, but their spectrum is generally rather featureless. Hence, in a typical energy 
distribution curve or EDC there are structures associated with the primary, or 
unscattered, electrons superimposed on the background of secondaries. 

The third photoemission step corresponds to the escape of the excited electron 
into the vacuum. The classical picture due to Fowler (1931) is used with the three- 
step model. The momentum of the excited electron is resolved into components 
parallel and perpendicular to the surface. The motion through the surface in the 
perpendicular direction is opposed by retarding forces whose action is described by 
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Fig. 3. Construction of an electron 
energy distribution curve (EDC) 
from a density of states. The top 
panel depicts a parabolic density 
of states with structure centered 
around E~. For simplicity, we show 
photoexcitation of three initial 
stare levels by a photon energy hv 
with no account taken of dipole 
matfix element effects. E F is the 
Fermi energy, V0 is the inner po- 
tential, ü~ is the work function, E~ is 
some initial energy, and Ef is some 
final energy reached by excitation 
of energy hv from E~. The center 
panel shows the distribution of es- 
caping electrons as a function of 
their kinetic energy. The bot tom 
panel is the same as the center 
panel except for a shift in 
the direction of the energy scale 
and its origin. A background 
of scattered electrons is shown to 
make the EDC resemble experimen- 
tal spectra. 
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the work function, 45. The electron will then escape if the normal  component  of the 
kinetic energy is large enough, namely, 

h2k2 sin 2 0 > V o. (6) 
2m* 

In this expression V o is the inner potential which is equal to the sum of the Fermi 
energy and the work function, i.e., the energy of the bot tom of the conduction band 
of a metal measured from the vacuum level (see fig. 3). This leads to an escape cone 
defined by the largest value of 0 satisfying eq. (6): for an electron energy of Ef inside 
the crystal, only those electrons travelling within a cone of half-angle 0 e oriented 
normal to the surface will escape, with 

Oe • COS-I(Vo/(Ef + Vo)) 1/2. (7) 

The electron will then emerge with kinetic energy E = E f -  V 0 and, because the 
normal component  of momentum has been reduced, it appears refracted at the 
surface (see fig. 1). The fraction of excited electrons upon escape (ignoring trans- 
port to the surface) is the ratio of the solid angle of the escape cone to 4g, namely. 

0 , E f < E  v + ~  ( E < O ) ,  

kl1  - ~/Vo/(F« + v0)], Ef > EF+a' (E > 0), (8) 

where the final state energies are measured inside (outside) the solid. 
To determine the total electron yield, one forms the product of the three 

probabilities, one for each step, and integrates over the depth of excitation and the 
angle of escape. In principle, all of the emitted electrons can be collected by the 
energy analyzer, but this is never the case. Indeed, it is advantageous to vary the 
angular acceptance of the detector and perform angle resolved photoemission. In 
this case the integration over 0 is reduced to one over the acceptance of the detector. 
In an energy distribution curve (EDC) an additional factor must be inserted to 
account for the fact that we detect only those electrons with a particular energy set 
by the energy analyzer. 

A schematic EDC is shown in the center panel of fig. 3 where the ordinate is the 
count rate and the abscissa is the electron kinetic energy measured in vacuum. 
Generally, the abscissa is the binding energy, E B, measured with respect to the Fermi 
energy of the sample with 

E B = hv  - crA - E. (9) 

To the extent that the dipole matrix elements of eqs. (3) and (4) are constant, the 
EDC resembles a convolution of the empty and filled densities of the states with k- 
conservation assured (Berglund and Spicer 1964a). In general, the matrix elements 
will not be constant unless at least one of the bands is flat or the photon energy is 
very high. Because of the contributions of both initial and final stares, a single EDC 
measured in the band structure regime (where dipole matrix elements are not 
constant) is difficult to interpret unambiguously, and most studies seek sets of EDCs 
taken at different photon energies. At very high photon energies such as those used 
in XPS, the experimental EDCs resemble the filled density of stares since all of the 
final states are approximated as plane waves. 
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The lack of constancy of the dipole matrix elements, which depend on the 
individual states involved in the excitation, is an advantage rather than an impedi- 
ment to interpreting the EDCs. Indeed, the matrix elements can now be calculated 
from first principles, although high accuracy is often difficult to achieve because of 
the oscillations in sign of the integrand of eq. (4). For  fcc and bcc metals, this can be 
done relatively accurately, without recourse to numerica! integration, by an approxi- 
mation technique suitable for Bloch states (Smith and Mattheiss 1974, Traum and 
Smith 1974, Rowe and Smith 1974, Smith 1979, Benbow and Smith 1983). They 
demonstrate that for a single initial state band, [Pi f[ may change considerably as the 
wave vector k i increases from zero to a value on the Brillouin zone boundary. In any 
case, for single crystals in certain orientations, many transitions may be forbidden 
because p~ f = 0 .  

Dipole matrix elements for core electrons in solids are reasonably well approx- 
imated by those cälculated for free atoms, except near the thresholds of the core 
excitations (Cooper 1975, Manson 1978). For a particular core level, the photo- 
excitation cross section varies with photon energy in a way which makes it possible 
to select a photon energy to discriminate for, or against, a particular core electron 
(Eastman and Kuznietz 1971). Typical calculated free-atom one-electron cross 
sections for Ce (Yeh and Lindau 1985) are shown in fig. 4. In general, it may be said 
that the photoexcitation cross sections for s and p electrons increase from threshold, 
then decrease with increasing photon energy. In contrast, d and especially f electrons 
exhibit a delayed rise from threshold due to the l(l + 1)/r 2 or centrifugal barrier term 
in the potential (Fano and Cooper 1968, Cooper 1975, Manson 1978). Atomic 
partial cross sections involving transitions from one subshell may also exhibit a zero 
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Fig. 4. Calculated photoionization cross 
sections for several atomic subshells in 
cerium as a function of photon energy 
(Yeh and Lindau 1985). 
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or Cooper minimum which is useful in suppressing background spectra from the 
electrons not under study. The delayed onset of the photoexcitation of 4f states will 
be particularly important in our discussion of Ce since it allows us to minimize or 
maximize 4f emission relative to overlapping valence band (s, p, d-derived) emission. 

2.2. CIS, CFS and yield spectroscopies 

The synchrotron radiation continuum makes it possible to measure EDCs at any 
photon energy. A set of them defines a surface in the space of emitted current, 
electron kinetic energy, and photon energy. In the early 1970s, when synchrotron 
radiation photoemission studies were first being undertaken, it was realized that this 
space could be explored in several useful ways (Lapeyre et al. 1974a,b). In the EDC 
mode described above, both initial states and final stares change as the electron 
energy is scanned for fixed hv. In the constant initial state or CIS mode, the electron 
kinetic energy is scanned synchronously with the photon energy, as shown in fig. 5. 
In the constant final state or CFS mode, the desired final state energy is fixed and 
the photon energy is scanned. These CIS and CFS scans give spectra which are in 
some respects simpler to interpret than the EDCs and, together, they represent 
different sections through the photocurrent/electron-kinetic-energy/photon-energy 
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p p p 
DOS DOS DOS 

EDC CIS CFS 

IP-~ ~F~ ~/~ 
E h v  or E h~u 
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OF INITIAL AND 
FINAL DOS 

Z~FINAL DOS Z~INITIAL DOS 

Fig. 5. The origin of energy distribution 
curves (EDCs), of constant  initial state 
spectra (CISs), and constant  final state 
spectra (CFSs). For the EDC, the photon 
energy is fixed and the electron energy is 
scanned. For the CIS, the photon and the 
electron energies are scanned synchro- 
nously. For the CFS, the electron energy 
is fixed while the photon energy is scan- 
ned. Matrix element and escape effects 
will distort all these spectra. 
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Fig. 6. The top portion shows a 
series of EDCs in the space of 
photon energy, electron kinetic en- 
ergy, and photocurrent to show 
how the photoelectron spectra 
form a surface in this space. With 
increasing photon energy, we can 
excite electrons from states of 
increasing binding energy, includ- 
ing core levels, as depicted by the 
narrow structure at low kinetic en- 
ergy in the EDC having the high- 
est photon energy. The lower panel 
shows how EDCs, CISs, and CFSs 
are produced by the intersections 
of different planes with that sur- 
face. 

space, as shown in fig. 6. All of the aforementioned photoelectron spectroscopies can 
be carried out with either valence band or core electrons. 

There is an additional spectroscopy related to CFS spectroscopy called total yield 
spectroscopy (Gudat  and Kunz  1972, Kunz  1979). This technique calls for a 
measurement of the inelastically scattered electrons as a function of incident photon  
energy. These electrons may  represent over 90~o of the total yield. They can be 
measured by collecting all photoelectrons with a positively biased collector or, in a 
more restricted sense, by setting an energy analyzer to collect secondary electrons 
within a band of energies that is very low in mean energy, typically a few eV. 
Experiments show that  for a number  of prototypical  solids the yield spectrum is 
similar to the absorption coefficient. In particular, the positions of structures in the 
two spectra are the same and the relative strengths are quite close. The depth 
sampled is of the order of 100 Ä because secondaries are emphasized. Yield spectra 
have proven to be quite useful for Ce and its compounds .  They can be obtained 
easily in any photoelectron spectrometer using synchrot ron  radiation, while the 
photon absorption coefficient spectrum itself requires relatively difficult sample 
preparation methods. 

2.3. Resonance photoemission 

So rar, we have described the photoelectron spectra as they are measured 
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experimentally. We have mentioned the dependence of the photoelectron excitation 
cross section on energy, and we have alluded to the possibility of a minimum in this 
cross section for certain transitions. In the study of rare earths, there is another 
phenomenon called resonance photoemission which has proven to be extremely 
useful in investigation of 4f related phenomena. 

For any lanthanide with n 4f electrons, the 4d--* 4f transitions have unusual 
properties. (The 5d --* 5f transitions in the actinides and p ~ d transitions in the d- 
band metals are analogous.) We can write 

hv + 4d 1° 4f" --* 4d 9 4f "+1. 

These transitions occur at a photon energy of about 100 eV for La with n = 0 and 
progress to higher energy at a rate of about 8 eV per increment in atomic number 
across the lanthanide series. Multiplet structures result from the 'residual" Coulomb 
and exchange interactions among the electrons in unfilled shells. For lanthanides the 
mean radii of the 4d hole and the 4f electrons are comparable, leading to very strong 
electrostatic and exchange interactions among the (n + 1) 4f electrons and the 4d 
hole (Dehmer et al. 1971, Dehmer and Starace 1972, Starace 1972, Sugar 1972). The 
multiplet splitting of the final states is then very large, of the order of 10 eV. As a 
result, a few final states fall below threshold and others are pushed well above, 
where they autoionize by interaction with a continuum of ionization states and 
broaden. The resultant absorption (or yield) spectrum is characterized by a number 
of narrow lines followed by a structured continuum to higher energies. The number 
of lines depends on the value of n, as can be seen in fig. 7 where the optical 
absorption spectra for the trihalides of La and Ce are shown. These spectra can be 
calculated rather accurately by assuming that they arise from free tripositive ions, 
as shown in fig. 7. Spectra for metallic Ce, for CeF3, and for Ce vapor are very 
similar (Wolff et al. 1976), as shown in fig. 8. 

After the 4d--* 4f excitation, the excited stare can decay in a number of ways, 
including 
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Fig. 7a. Photoabsorption 
spectra for the trifluoride of 
La in the region of the 4d- 
4f excitation (Olson and 
Lynch 1982). The vertical 
lines are the absorption lines 
calculated for the free tripo- 
sitive lanthanide ion (Sugar 
1972). 
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Fig. 8. Absorption spectra of 7-Ce and Ce vapor (Wolff et al. 1976), and calculated spectra. The dashed 
vertical lines indicate the positions and strengths of absorption lines for a free tripositive ion (Sugar 1972) 
and the solid lines are the result for calculations of a free neutral Ce atom (Wolff et al. 1976). 

where v represents a valence electron and e is the energy in the continuum of the 
emitted electron. The probability of each decay mode depends on the energy of the 
photon absorbed (Zangwill and Soven 1980, Zangwill 1982). In general, for photon 
energies in the region of the 'fine structure' (see fig. 7 or 8), the decay by emission of 
a 4f electron is the most probable. At higher energies, decay by emission of electrons 
with larger mean radii becomes more probable, as shown in fig. 9. Thus, 4f emission 
is enhanced by using a photon energy corresponding to one of the sharp peaks of 
the fine structure, while only a small energy difference in the exciting energy results 
in suppression of 4d ~ 4f transitions and little 4f emission is expected. Similar, but 
less dramatic, effects occur in the continuum part of the 4d --* 4f excitation spectrum. 
The theoretical picture has been tested (Gerken et al. 1982) and has been found to 
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Fig. 9. Probability or cross section 
for resonant decay of the 4d-4f  
excitation in Ce by emission of a 
4f, 5s, or 5p electron. The dashed 
line is the cross section for direct 
4d emission. (After Zangwill and 
Soven 1980.) 

be qualitatively correct, but some details which are important for Ce have not been 
confirmed, particularly the degree of overlap in excitation energy of the decays via 
the 4f and the 5f electrons (to be discussed below). 

2.4. Angle resolved photoemission 

Angle resolved photoemission (Pendry 1975, Plummer and Eberhardt 1982) 
differs from the above techniques in that electrons are analyzed only when they are 
emitted into a relatively small solid angle. The advantage is that an angle resolved 
EDC selects electrons with a small spread in momentum. The simplest and most 
easily interpreted angle resolved EDC is that which collects only electrons emitted 
normal to the surface. These electrons must have momenta along a particular 
direction in k-space to be emitted normal to the corresponding surface (e.g. k IF [100] 
to be emitted from the (100) surface). 

Angle resolved photoemission is best discussed with the aid of fig. 1. For a fixed 
angle of incidence and polarization, the probability of exciting an electron with a 
given initial state k~ to a final state of wave vector kf is proportional to [ê. Pifl z. If 
this electron propagates to the surface and escapes, the normal component of 
velocity will be reduced by those microscopic forces responsible for the work 
function. For a clean, well-defined crystalline surface, however, the parallel com- 
ponent of velocity or ware vector is unchanged as the electron passes through the 
surface. Once in vacuum, the escaping (free) electron has a wave vector k' and 
energy/~2 k,Z/2m. An angle resolving detector determines the kinetic energy and the 
direction of propagation to get k'll and k'~ individually. If the other component of the 
(internal) final state wave vector can be found, and there are schemes for determin- 
ing this (not needed for this chapter), one can map the band structure E vs. k for the 
material. To date, only 7-Ce has been examined with angle resolved photoemission. 

Angle resolved photoemission can also be used to obtain symmetry information 
for the electronic states. Consider the situation shown in fig. 10 where the incident 
photon, the surface normal, and the detector axis define a plane. The angle of 
incidence and the angle of the detector axis may be arbitrary in this plane. If it 
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coincides with a plane of mirror symmetry for the crystal, Hermanson (1977) and 
Jacobi et al. (1977) have shown that the symmetry of the electronic states involved in 
the photoemission process can be determined. In the limit of infinite angular 
resolution, the only final states which can be detected are those that are even with 
respect to reflection in the mirror plane. The odd states have a node in this plane, 
and therefore no amplitude. For  the photoexcitation process to have non-zero 
probability, ê'Plf in eq. (4) must not vanish. If ~uf is even, ê. p~U i must be even. If 7~i 
is even, then p~Ui is odd and if ~ui is odd, then P~i is even. ê, which is parallel to the 
electric field of the radiation, will be even with respect to reflection in the mirror 
plane for p-polarized radiation (fig. 10) and odd for s-polarization. Putting these 
together, the quantity ê.p~r does not vanish for even initial states when s- 
polarization is used and for odd initial states when p-polarization is used. These 
selection rules have proven to be very useful. To employ them, the highly polarized 
continuum of synchrotron radiation is highly advantageous. 

2.5. Surface core level shifts 

It is well known that the binding energies of core electrons in atoms on the surface 
will differ from the corresponding energies of bulk atoms. This surface core level 
shift is a chemical shift and may be of either sign (Citrin et al. 1978, van der Veen et 
al. 1980, Citrin et al. 1983, Citrin and Wertheim 1983). The fact that valence band 
studies of Ce, especially those using resonance photoemission, involve photoelectron 
kinetic energies near those which give a minimum mean free path for inelastic 
scattering (fig. 2) suggests that surface contributions to the spectrum might fange 
from minor to important. Since the 4f electrons of heavy rare earth metals resemble 
core electrons, there has been interest in their  surface binding energy shifts. The 
surface binding energy shifts of all of the stable rare earths have been measured by 
Parks et al. (1982) and Gerken et al. (1982, 1985). The surface shifts for the heavy 
rare earths were found to be as large as 0.8 eV. They decrease as the atomic number 
decreases, extrapolating to about 0.3 eV for Ce, a splitting so small that it could not 
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be determined by the fitting procedure on the data for Ce. (The fits to the Ce data 
gave a surface 4f binding energy shift of 0.3 eV (Parks et al. 1982) and 0-0.4 eV 
(Gerken et al. 1985).) The significance of this result for the two-peaked structure of 
Ce (to be discussed in detail in section 3.2) is that it is a shift too small to account 
for the peaks themselves, but may play a role in any detailed line-shape analysis of 
surface sensitive spectra. A reliable fit to the shape of the Ce 4f contribution to the 
EDCs is not possible with the present state of the theories of their origin (see section 
4). 

A related problem occurs for studies of 7- and ~-Ce which use films condensed 
onto substrates at different temperatures (Wieliczka et al. 1982, 1984). Schneider et 
al. (1983) studied films of Yb evaporated on substrates at different temperatures. The 
shapes of the 4f contributions to the EDCs, measured with a photon energy giving 
high surface sensitivity, varied with temperature. This was interpreted as arising 
from a variety of surface shifts, each corresponding to a different surface atom 
coordination. The relative distribution of coordination numbers depended on the 
substrate temperature, with lower-coordinated surface atoms favored for cold 
substrates. Although important for Yb with surface core level shifts of 0.51-0.86 eV, 
depending on coordination, this effect should be negligible for Ce. It is not large 
enough to lead to different line shapes measured at 40 K for films deposited at that 
temperature and films deposited at 300 K. 

2.6. Complications in photoemission 

The description we have given for photoemission is conceptually the simplest but 
there a r e a  number of inadequacies in it. "In the study of Ce and its compounds, 
some of these inadequacies become apparent. In the following we mention several of 
them. 

First, photoemission does not occur in three temporally sequential steps. Since the 
mean free path for inelastic scattering may be only a few interatomic spacings, 
photoelectron transport to the surface and escape through it are part of one process. 
A quantum mechanically correct picture is to view an initial state consisting of a 
photon and a solid with N electrons which makes a transition to a final state 
consisting of a solid with N - 1 electrons plus an electron that is outside the solid. 
The formal treatment of photoernission as a one-step process was given retatively 
early and considered subsequently (Adawi 1964, Mahan 1970, Schaich and Aschroft 
1970, 1971, Schaich 1978, Ashcroft 1978, Pendry 1976, 1978 Spanjaard et al. 1977, 
Maham 1978, Inglesfield 1983, Ambladh 1985, Bardyszewski and Hedin, 1985, 
Borstel 1985), but it has not been applied to many specific cases. Feibelman and 
Eastman (1974) recast a many-body form of it (Caroli et al. 1973) into a more 
transparent form and showed under what conditions the one-step picture reduced to  
the three-step picture (non-interacting electrons, long mean free path for inelastic 
scattering). 

The second shortcoming of our treatment above, one that is very important for 
this chapter, is that the energy of the outgoing electron is related to the energy of the 
(N - 1)-electron final state, not to the energy of just one of the electrons in that state 
and not to the energy of any initial state electron. Thus, photoelectron spectroscopy 
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does not necessarily give a spectrum related simply to the initial (ground) state 
spectrum. Although the starting point is the ground state of the many-electron 
system, the final state may not be the ground state of the ionized system. 

There are two approximations used to characterize the photoemission process 
and the role of the final state. In the adiabatic approximation, the photoelectron is 
removed very slowly so that the N - 1 remaining electrons adjust to minimize the 
total energy at each stage of the process and the final state hole is left well screened. 
The final state would then be the ground state of the ionized system, and the 
apparent binding energy of the electron would be a minimum for this fully relaxed 
final state. This binding energy is smaller than thät given by Koopmans' theorem 
since the latter is the energy of a ground state orbital assuming all other orbitals are 
frozen and cannot relax. This adiabatic photoionization may be the predominant 
process when the photoelectron kinetic energy is low. In contrast, if the photoelec- 
tron is removed with much greater velocity, then the sudden approximation may be 
more appropriate. Hefe the N - 1 electrons have the same wave functions they had 
before photoexcitation. However, since they are not eigenfunctions of the new 
Hamiltonian, they must be expanded in terms of at least several of the new 
eigenfunctions. They represent linear combinations of many stares of the (N - 1) 
electron system, all but orte of which will be excited states. By conservation of 
energy, the outgoing photoelectrons will have a distribution of energies lower than 
in the adiabatic case. These will appear as contributions of the spectrum that come 
from initial state electrons of apparent higher binding energy than the adiabatic 
contribution. 

These excited stares are easily seen in the X-ray änduced photoelectron spectra of 
atoms where they cause discrete peaks in the spectra at energies roughly cor- 
responding to excitation energies of the atom - not the atom excited but the one of 
next-higher atomic number because the nucleus plus the inner shell hole in the final 
state can be approximated by the nucleus of the hext atom in the periodic chart (the 
Z + 1 or equivalent-cores approximation). An introductory discussion of final stare 
effects with many references can be found in Carlson (1975). See also Martin and 
Shirley (1976a,b). Such satellites are found in the XPS spectra of molecules and 
solids as well. The crossover from adiabatic to sudden approximations was once 
thought to occur at energies several hundred eV above threshold (Carlson and 
Krause 1965), but a recent study suggested that the transition can be nearly 
complete by 10-20 eV (Stöhr et al. 1983). 

To reiterate, a single core level can give rise to several features in XPS spectra, 
some at higher binding energy than the calculated binding energy of a Koopmans' 
theorem value and some at lower. There is a sum rule, in fact, which stares that the 
intensity-weighted average of the energies of all the structures from one level will 
equal the Koopmans' theorem value (Lundqvist 1969, Hedin and Lundqvist 1969, 
Manne and Äberg 1970). Unfortunately, it is difficult to apply this rule because some 
structures, especially those which are broad, may be difficult to distinguish from the 
background of inelastically scattered electrons. 

The difference between the adiabatic and sudden approximations is generally not 
important for valence band photoelectron spectroscopy of metals because a large 
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number of electrons respond to the presence of a hole, and each one may shift in 
energy by an immeasurably small amount. However, for a hole in a localized core 
level or the 4f shell of Ce, a smaller number of electrons may undergo measurable 
shifts in response to the potential of the newly created hole. This is important  
because it means that studies of the 4f electrons in Ce compounds do not provide the 
binding energies of the 4f states in the ground state of the system. Indeed, whenever 
the interaction energy of two electrons on one atomic site is of the order of a band 
width, the simple interpretation of the photoemission spectrum breaks down. With 
this reiteration of the cautionary words of the leading paragraphs of this chapter, we 
now turn to case studies. 

3. Experimental results 

3.1. Cerium trihalides: systems with strai9htforward 4f character 

CeF 3 is an ionic insulator with a band gap of about 10eV (Olson et al. 1978). 
Each tripositive Ce ion is surrounded by eleven fluorine ions (Huschke 1979) and is 
isolated from other Ce ions. Because the the neighboring F -  ions have closed shells, 
hybridization is expected to be extremely small. Since the Ce ion has lost three 
electrons, the 4f spectrum for CeF 3 should closely resemble that of a free ion. 
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Fig. 11. Valence band photoemission for LaF3, CeF3, 
CeC13, and CeBr 3 (Sato 1976). The ordinates are in 
arbitrary units for each spectrum. Normalization to the 
common Ce 5p core level peaks (C and D) would allow 
a quantitative comparison of valence band spectra, 
denoted by A and A'. Feature A o reflects the 4f emission 
and is abseht in LaF 3. 
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The first photoelectron study of CeF 3 was reported by Sato (1976). He used XPS 
to obtain valence band spectra of the trifluorides, trichlorides, and tribromides of 
both La and Ce. His spectra for LaF 3 and the Ce halides are shown in fig. 11. The 
resolution was about 1 eV, and the zero of energy is in the center of the band gap. 
The band with the structures labeled A and A' is the valence band and is derived 
almost exclusively from the 2p, 3p, and 4p stares of F, C1, and Br, respectively. Since 
it is broader than the resolution of the spectra and contains structure, it shows the 
effects of valence band dispersion. Peak B arises from the C1 3s and Br 4s states 
which broaden only slightly, if at all, into a band. The corresponding peak is not 
seen in CeF» Peaks C and D arise from the lanthanide 5p shallow core levels; they 
exhibit a spin-orbit splitting of 2.4 and 3.1eV in La and Ce, respectively. The 
remaining peak, A0, is not present in the La trihalides but is observed in the Ce. 
trihalides because it is due to the Ce 4f electron. Peak A o falls in the band gap in 
CeF 3 but it overlaps with the valence band when the gap narrows with increasing 
halogen atomic number. 

It is tempting to conclude that fig. 11 shows the positions of the 4f levels with 
respect to the valence bands, but it is not correct to do so. As discussed above, a 
photo-induced hole in the 4f level and a hole in the valence band do not give rise to 
identical responses of the system because relaxation or screening energies can be 
different. For these insulating systems, the screening is provided by remaining 
electrons in the subshell of the hole, by outer electrons on the ion in the case of the 
Ce 4f hole, and by electrons on neighboring ions. Unfortunately, the details of the 
screening processes in insulators such as CeF 3 are not well understood. An extensive 
study of relaxation around core holes in transition metal halides was carried out by 
Veal and Paulikas (1985) but their results can be applied only qualitatively to Ce 
halides. 

Resonant photoemission provides important  information about the degree of 
mixing of Ce 4f electrons with valence band states, and we will use this technique 
repeatedly throughout the following sections. In preparation for those discussions, it 
is important to understand the details of the absorption spectrum itself in the 
photon energy range 100-150eV. Since CeF a is a nearly ideal case in which to 
examine the d ~ f resonance, we reproduce its absorption spectra in fig. 7. In 
general, the optical transitions in the d ~ f region are of the form 

hv+ 4 d a ° 4 f " ~ 4 f 9 4 f  "+1 

for all of the lanthanides. As described in the last section, the 4f electron and the 4d 
hole have comparable radii and there is a large multiplet splitting in the 4f 9 4f n+l 
configuration. The multiplet structures below the autoionization threshold remain 
sharp in the solid and they appear to be relatively insensitive to the environment of 
the lanthanide a tom because of the small radii of the 4f and 4d electrons (fig. 7). 
Calculations have been carried out for these transitions for many of the rare earths 
in which the system was assumed to be a free tripositive ion (Starace 1972, Sugar 
1972, Dehmer and Starace 1972). Although calculated Coulomb and exchange 
integrals gare poor agreement with experiment, there was a very successful fit to the 
spectra when these integrals were treated as fitting parameters. 
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The calculated multiplet absorption features for Ce are shown as dashed lines in 
fig. 8 where the heights of the lines indicate the calculated oscillator strengths. Only 
five fitting parameters were adjusted to yield a good fit for the positions and 
strengths of all of the sharp lines. The solid lines in fig. 8 are the result of a similar 
calculation for the free Ce atom. The region below the autoionization limit is fit very 
well by the free ion spectrum for both CeF3 and metallic 7-Ce. After the calculations 
were done, the photoabsorption spectrum of atomic Ce was measured by Wolff et al. 
(1976). The spectrum for atomic Ce agrees very well with that for solid Ce in the 
region below the autoionization limit. At the same time, there were subtle differences 
in the details of the absorption spectra which are important for assessing changes in 
the degree of hybridization of the 4f electron. 

There have been no theoretical treatments of the autoionization region of the 
d ~ f transition, but it is clear from the spectra for CeF 3 and metallic Ce that there 
are effects of the Ce environment in this region. Two mechanisms have been 
proposed to account for these high energy structures. One is that they arise from 
differences in the density of states into which autoionization takes place, and the 
other suggests that they could be near-edge absorption fine structure (Bianconi et al. 
1985). For the latter, structure results from interference between the out-going final 
state wave function and wave function backscattered from neighboring nuclei, both 
being the result of photoexcitation ten or more eV above a threshold, in this case 
one of the strong lines. 

3.2. ~t- and 7-cerium 

One of the foremost goals of photoemission studies of metallic cerium has been to 
locate the 4f electron within the valence band of, more accurately, to investigate 41"- 
derived features in the photoemission spectra for correlation to ground state 
phenomena (see section 2.6). These studies were motivated by (and have sub- 
sequently been the source of motivation for) models which seek to elucidate the 
mechanism for the y-et phase transition. In the mid-1970s, there were three models 
for the y-ct transition. The oldest, the promotion model (Pauling 1950, Zachariasen 
1973), held that the 4f electrons were 'promoted' under pressure into the conduction 
band, i.e. the 4f occupancy in «-Ce was zero. The delocalization, or Mott  transiti0n, 
model (Johansson 1974) had the 4f ware functions, localized in the 7 phase, 
overlapping with increasing pressure sufficiently to delocalize in the ~ phase. A 
hybridization model was proposed by Hill and Kmetko in 1975. The first and last of 
these models require that the 4f level be located near the Fermi level. Recent studies 
have shown the successes and limitations of these models. In this section and the 
next, we focus on experimental results pertaining to elemental ct- and 7-Ce and to Ce 
clusters. In section 4 we review the theoretical picture for the Ce 4f, discussing in 
detail the many models which have been proposed for the phase transition in the 
context of the experimental results. 

Early ultraviolet photoemission (Helms and Spicer 1972) and X-ray photoem- 
ission studies (Baer and Busch 1973, 1974, Pollak et al. 1976, Steiner et al. 1977, 
Baer and Zürcher, 1977, Crecelius et al. 1978) of metallic y-cerium showed the 
difficulty of separating the 4f contribution from that of the '5d' and '6s' electrons 
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when single photon energies were used to probe the electronic states. These studies 
reported values for the 4f binding energy which ranged from 0.5 to 1.9 eV. In a study 
which used several photon energies (21.2, 40.8 and 1253.6eV) to vary the 4f 
photoionization cross section, Platau and Karlsson (1978) reported that the 4f 
electron had an apparent binding energy of 1.9 eV. Lang et al. (1981) also obtained a 
binding energy of 1.9eV by XPS measurements while Crecelius et al. (1978) 
obtained 1.8 eV. Baer et al. (1981) reported XPS and bremsstrahlung isochromat 
spectra which supported a conclusion based on synchrotron radiation studies that a 
second 4f feature appeared near the Fermi level (see below). At the time of most of 
this work, an apparent binding energy as large as 2 eV was not considered to be 
consistent with the promotion model or the hybridization model, but it was 
consistent with the Mott transition model for the phase transition. The possibility of 
two 4f-derived photoemission features sparked many stimulating discussions. 

Synchrotron radiation with its tunable photon energy made it possible to vary 
more fully the relative photoionization cross section of the various valence band 
states. With synchrotron radiation, it also became possible to develop the technique 
of resonance photoemission for studies of the 4f states via the 4d ~ 4f transitions. 
The first such study of 7-Ce using resonance photoemission was reported by 
Johansson et al. (1978) who again observed the 4f peak to be at 1.9 eV apparent 
binding energy. A second resonance photoemission study by Allen et al. (198la,b) 
concluded that the 4f-derived peak had a binding energy of 2.2 eV for 7-Ce. The next 
two studies by Märtensson et al. (1982) and Wieliczka et al. (1982) used several 
synchrotron radiation photoemission techniques to show unambiguously that the 4f 
contributions to the EDCs of both 7- and ct-Ce consisted of two peaks, not one, 
making the interpretation of the spectra in terms of the earlier pictures of the 
electronic states of Ce less straightforward than expected. 

The 4f contributions to the EDCs of 7-Ce were identified by these authors in two 
ways. One made use of the fact that the ratio of 4f to valence electron photo- 
ionization cross sections increased with hv in the range from 20 to 90 eV (see fig. 4). 
Hence, comparison of spectra taken at 30 and 60eV showed the growth of the 4f- 
derived emission. The resulting difference curves were obtained by normalizing the 
spectra at some energy in the valence band that contained little or no 4f character. 
The second method used resonance photoemission and compared spectra taken at 
energies on resonance (,-~120eV) and oft resonance ( ~ l l 5 e V ,  see fig. 8). These 
revealed the 4f contribution since the most likely decay mechanism involved 4f 
emission. Both techniques showed the existence of a two-peaked contribution from 
the 4f electrons in the spectrum of 7-Ce, as shown in fig. 12 (Wieliczka et al. 1982). 

It should be noted that the observation of two 4f-derived peaks in Ce metal was 
preceded by the detection of such structure in the cerium pnictides CeP, CeAs, and 
CeBi, as will be discussed in section 5.2 (Franciosi et al. 1981). These two final state 
peaks were seen more easily in these semimetaUic compounds than in Ce metal 
because they were not so well masked by contributions from other electrons. 

The two photoemission techniques which were used to demonstrate the double- 
peak character of the 4f emission in the EDCs of 7-Ce were also brought tO bear in 
studies of «-Ce. Temperature-dependent studies showed the very intriguing result 
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Fig. 12. Valence band photoemission for y-Ce which 
highlights the 4f contribution. The top two panels 
show EDCs which have low 4f content (hv of 30 and 
ll5eV) and high 4f content (60 and 120eV). The 
difference curves in the lowest panel clearly show 
two 4f-derived structures. (After Wieliczka et al. 
1982.) 

that differences in the EDCs between 7- and a-Ce were rather small. Parks et al. 
(1982) examined Ce0.9Th0.~ which, upon cooling, goes from the 7 phase to the « 
phase without an intervening 13 phase. Their study had the advantage that spectra 
could be taken very close to each other in time at nearly the same temperature, even 
though they were not examining pure Ce phases. Wieliczka et al. (1982) used films of 
ct-Ce produced by evaporation onto a 300 K substrate, then cooled to ca. 40 K to 
yield a-Ce, and films of ~-Ce produced by evaporation onto cold substrates which 
were later warmed to 300 K to yield 7-Ce. The advantage was that the films were 
high-purity Ce and the disadvantage was that there were longer time intervals 
between studies of the two phases. To investigate the possibility of some 13-phase 
contamination in the low-temperature studies of «-Ce, Wieliczka and Olson (1983) 
also examined the intermediate ]3-phase of Ce. They found that the EDCs for [3-Ce 
closely resembled those for 7-Ce. 

Figure 13 shows a comparison of the 4f contribution to the EDCs of 7- and Œ-Ce 
taken at photon energies which highlight the 4f emission (Wieiiczka et al. 1982). The 
only change in the 4f spectrum due to the phase transition is a decrease in the 
strength of the component near 2 eV binding energy and an increase in the strength 
of the component near the Fermi level. No shift in binding energies was observed in 
these measurements. Similar conclusions were reached by Märtensson et al. for 
Ceo.9Tho.1. Taken together, the experimental results convincingly argued for the 
existence of two 4f-derived features and demonstrated that the photoemission results 
were inconsistent with formal conversion from 4f 1 to 4f ° upon entering the c~-phase. 
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The observation of the double-peaked structure motivated several theoretical 
attempts to model final state effects in this correlated electron system. In  turn,  the 
predictions provided the impetus  for further experimental  studies. In  particular,  

Wieliczka et al (1984) under took  higher resolut ion measurements  (0.12eV) to 
determine whether or not  the peak near the Fermi energy was really a t  the Fermi 

energy, as some theoretical models for the double-peak structure predicted. The 
results shown in fig. 14 reveal peaks in 7-Ce at 2.0 and 0.2 eV b ind ing  energy while 
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those in a-Ce appear at 2.1 and about 0.1 eV. The observed peak at 0.1 eV in a-Ce is 
believed to indicate that the actual position of the maximum is at the Fermi energy, 
shifted by the experimental instrument function. (Model convolution of a Gaussian 
function with the original spectrum consisting of a peak near the Fermi edge 
indicated that the peak must lie in the binding energy range of 0 to 0.05 eV. A peak 
as deep as 0.1 eV would be shifted by the instrument function to an energy 
detectably greater than that observed.) These results then showed that a 4f peak was 
not pinned to E F and that the deeper of the two features shifted in energy during the 
phase transition. 

Still higher resolution studies of evaporated films of ?-Ce and «-Ce were carried 
out very recently by Patthey et al. (1985). They used the inherently sharp He 
resonance lines at 21.2 and 40.8 eV and a very low pass energy in their electron 
energy analyzer to achieve an overall resolution of 20 meV. To reduce thermal 
broadening of the spectra of ?-Ce, they cooled their samples to 150 K. (The 13 phase 
should be the stable phase at this temperature, but its spectrum is similar to that of 
?-Ce, based on lower energy resolution results of Wieliczka and Olson (1983).) The 
results of fig. 15 show that Œ-Ce has a structured peak at the Fermi level, while ?-Ce 
has a peak at the Fermi level and another peak about 350 meV lower. These two 
were unresolved in earlier measurements and they were ascribed to spin-orbit-split 
4t"5/2 and 4f7/2 levels (see later). 

When temperature-dependent studies are performed, there is a question as to 
whether a shift in binding energy of a spectral feature might be due to simple 
temperature changes alone. We therefore note that typical temperature shifts of 
electronic levels äre in the range of 1-10 x 10 - 4  eV/K. This linear shift is valid to a 
temperature of the order of the Debye temperature, below which it smoothly reaches 
a zero shift at 0 K. Since the sign of the shift is usually negative, we can expect the 
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Fig. 15a. Photoemission spectra of 7- and 
a-Ce taken with 20 meV resolution for the 
valence bands within 600 meV of E F. The 
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Gunnarsson and Schönhammer (1983b) 
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et al. 1985.) 
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fig. 15a. The upper curves are the experimental data. (After Patthey et al. 1985.) 

binding energy of a localized level to shift by as much as 0.2 eV upon cooling from 
300 to 20 K. This may account for the shift of the deeper peak from 2.0 to 2.1 eV in 
Ce as one goes from 7- to «-Ce. In fact, since part of the temperature shift arises 
from thermal expansion, the reduction in the volume of a-Ce with respect to 7-Ce 
may account for a significant part of this shift. It is important  to note, however, that  
the lower binding energy peak shifts in the opposite direction upon cooling, and We 
conclude that at least one of these two peaks shifts for a reason in addition to 
temperature change. 

Wieliczka et al. (1984) undertook a photoemission study of evaporated films of La 
to determine the baseline or reference level of emission of 5d6s valence states when 
4f levels are absent. As shown in fig. 16, the expected fall-oft of the photoionization 
cross section was observed, but it was greater than anticipated. Indeed, the EDCs 
for La decreased in intensity by about a factor of 100 between 32 and 60 eV photon 
energy, but showed minimal changes in shape. This indicated that dipole matrix 
element effects are small at these photon energies corresponding to the density of 
states limit in angle integrated photoemission of the light rare  earths. More 
important for Ce, the results suggest that at 60 eV most of the EDC intensity in Ce 
arises from the 4f electrons. This is so because the matrix element fall-oft with energy 
depends on the 5d wave function radial distribution" and this does not vary 
significantly for La and Ce. Hence, in the normalization procedure for comparing Y- 
and «-Ce, Wieliczka et al. (1982) subtracted some 4f contribution to both spectra. 
Similar comparative measurements were made by Parks et al. (1982) for Ce0.gTho.t 
and La0.9Th0.1, but the foregoing conclusions could not be drawn, apparently 
because of a spurious peak in the EDCs at higher photon energies. 

Jensen and Wieliczka (1984) undertook the first angle resolved photoemission 
study of Ce to examine the details of the 7-Ce band structure and to distinguish 4f- 
derived features. The results are shown in fig. 17. By orienting the analyzer and 
photon beam in a (011) mirror plane of the (100) surface, they were able to vary the 
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polarization of the incident radiation by selecting different orthogonal, but equiva- 
lent, mirror planes. The spectra for the two polarizations are quite different at 24 eV, but 
they are nearly the same at 60 eV. At 24 eV they were exciting primarily valence 
electrons and, to a lesser extent, 4f electrons; at 60 eV they were exciting primarily 
4f electrons. The initial state for emission from valence bands 0-2eV below 
the Fermi level is expected to be even, according to band structure calculations 
(Pickett et al. 1981, Podloucky and Glötzel 1983), in agreement with the measured 
spectra. At 60eV, the polarization anisotropy analogous to that at 24eV is rauch 
less pronounced, even though the calculated 4f bands predict a specific symmetry. 
The 4f emission peak was also found not to disperse in energy as the parallel com- 
ponent of ware vector was changed. The authors concluded that Bloch states were 
not good zero-order descriptions of the 4f states since there appeared to be a lack 
of dispersion in the states and symmetry selection rules were violated. (Some small 
amount of anisotropy is consistent with the data, but it is small.) Further, Jensen and 
Wieliczka measured the dispersion of the non-4f bands at a photon energy of 24 eV and 
found that agreement with the calculated valence bands was not particularly good. 

Rosina et al. (1985, 1986) recently reported angle resolved photoemission results 
from a (100) face of 7-Ce, using several discrete line sources with energies between 12 
and 40eV. They noted that the 4f-derived peaks did not vary with the angle of 
emission, i.e., their apparent initial state energies did not depend on wave vector. 
Significantly, they found evidence for 4f contribution to the EDCs at photon 
energies as low as l l .8eV. Interband transitions involving 5d-derived states were 
observed to disperse, as expected from their own band structure calculations which 
extended to 22 eV above Er, and polarization selection rules were obeyed. 

Gerken et al. (1982) reported a study of resonance photoemission in several light 
rare earths which sought to determine the contribution of each process to the decay 
of the 4d94f n+l excited state, including ordinary Auger decay subsequent to the 
resonance process. They followed all possible core level emission and emission at 0.5 
and 2 eV binding energy. After background subtraction and normalization of the 
spectra, they obtained the contribution of each decay process, as shown in fig. 18. 
(The units are arbitrary, but they are the same for each spectrum.) The decay 
channels which involve emission of electrons from states at 0.5 and 2eV binding 
energy have the same magnitudes and shapes, implying the same mixture of 4f and 
valence electrons at both binding energies. The shapes were fitted to a Fano line 
shape and compared with the calculations of Zangwill and Soven (fig. 9) with good 
agreement observed. The fit to theory is not as good, however, for the 5s and 4d 
resonances since there are peak shifts of about 4 eV. The shape similarity of the 0.5 
and 2 eV resonances led to the conclusion that both contained 4f character hut the 
degree of the valence electron contribution could not be determined. Nevertheless, 
the fact that resonance photoemission and the use of the energy-dependent photo- 
excitation cross section below resonance both give the same 4f spectral shapes (fig. 
12), coupled with the very small photoionization cross sections of the valence 
electrons of La in the 60 eV region, suggests that the valence electron contribution 
to the two peaks is rather small and that resonance decay via 4f electrons is much 
more probable than decay via valence electron emission. 

Meyer et al. (1986) studied resonance photoemission from Ce vapor. The 
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measured partial cross sections generally resembled those calculated by Zangwill for 
the emission of 4d, 5s, and 5p electrons. They could separate the 4f emission from 
that of the 5d and 6s electron. The partial cross section for all these together gave a 
peak coincident with that of the experimental 5p partial cross section, not with the 
expected 4f partial cross section peak shown in fig. 9. The experimental peak was 
narrower on the high energy side than the calculated peak, the measured 5s peak 
was at the same position as the measured 4d peak, and the calculated 5s peak (fig. 9) 
was at the position of the 4d peak. From this, we conclude that agreement of the 
calculated partial yields with experiment is not yet quantitative. 

Other photoemission measurements which have been made on Ce metal also 
refute the promotion model. The yield spectra for ?- and ~t-Ce are shown in fig. 19 for 
the region of 4d --, 4f excitations (Wieliczka et al. 1982). As can be seen, there is very 
little difference in the spectra. Since we know that these transitions are very sensitive 
to the number of 4f electrons in the initial stare (assuming integral values for the free 
ions on which the calculations have been carried out), we can say that this number 
has changed very little between y- and a-Ce. If one 4f electron were lost, Ce would 
have a similar spectrum to La, as shown in fig. 7, although the spectrum would be 
shifted about 8 eV to higher energy due to the extra nuclear charge. Such a spectrum 
is, in fact, observed for heavily oxidized Ce (Wieliczka 1982). 

Cerium and its compounds are not unique in displaying 4f-derived double-peaked 
structure in valence band EDCs. Intermetallic compounds of Pr and Nd were 
studied by Parks et al. (1982, 1984). Pr has a 4f peak at a binding energy of 3.6eV, 
one that is well known from XPS studies. Wieliczka et al. (1984) examined Pr with 
synchrotron radiation and reported a second 4f-derived peak at 0.75 eV. Its width 
was large, 0.5-1 eV, and there was considerable amplitude at E v. Parks et  al. (1982, 
1984a,b) brought out the corresponding structures in the intermetallics PrRu 2 and 
PrPd 3 by using resonance photoemission techniques (4f peaks at 1.5 and 3.5 eV in 
PrRu 2 and 2.2 and 4.8 in PrPd3). They also showed a weaker feature in the 
corresponding Nd compounds (fig. 20) where both peaks are at larger binding 
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PrRu 2, and NdRu 2. The solid lines are the total 4f contri- 
bution since secondary and prirnary valence electron con- 
tributions have been removed through subtraction. The 
dashed and dotted lines represent the individual contri- 
butions obtained by fitting a Lorentzian to the structure at 
larger binding energy. (After Parks et al. 1984a,b.) 

energies. The peak separations of some 2 eV are about the same as observed in the 
Pr intermetallics, Ce metal, and Ce intermetallic compounds and alloys. 

3.3. Cerium clusters 

The discussion of section 3.2 shows that photoemission spectra for ~t- and ?-Ce 
are not simple. In principle; the corresponding photoemission spectra for Ce vapor 
would be simpler than those of the metal because there are fewer valence electrons 
to respond to the photohole. Valence-electron photoemission measurements of Ce 
vapor have not as yet been carried out. Studies of small clusters of Ce metal have, 
however, been reported by Fujimori et al. (1985). 

Cerium clusters can be prepared by the evaporation of Ce onto single-crystal Si 
surfaces when the coverage range is less than the equivalent of about 0.6 monolayers 
(Grioni et al. 1984a,b). The 4f contribution to the emission spectra can then be 
highlighted by measuring EDCs at 35 and 60eV photon energies and taking the 
difference, as discussed above for Ce metal and shown for Ce/Si(111) in fig. 21. At 
low coverage, there is a single 4f-derived peak which is shifted 1.3eV to higher 
binding energy with respect to the 2 eV peak in bulk Ce and is broader than that 
observed for bulk Ce. Corresponding binding energy shifts of localized levels in 
small clusters have been observed for non-4f levels in several metals, as summarized 
by Fujimori et al. (1985). The main feature of interest here is not the shift but rather 
that the 4f-derived structure near the Fermi energy is not observed for small clusters. 
Unfortunately, the structure and sizes of the clusters were not known, although the 
authors inferred that they were probably no larger than about 100 atoms (the 
spectra exhibited no Fermi level cutoff). 
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Fig. 21. Photoemission difference curves for Ce 
deposited onto Si( l l l )  based on EDCs taken at 
60 and 35 eV to highlight the changing 4f contri- 
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are for Ce clusters of small but unknown size. 
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solution. These results show that the 4f feature 
near E F does not appear until the Ce matrix is 
extended. (After Fujimori et al. 1985.) 

In the cluster, if the lattice parameter  were larger than that of y-Ce and/or if most  
of the atoms were atoms with fewer than full coordination, we would expect to 
observe y-Ce-like emission but with less 4f-conduction electron hybridization and 
weaker 4f-5d Coulomb interaction. Significantly, in discussions of the double- 
peaked structure in metallic Ce (next section), when diminishing 4f conduction 
electron hybridization or 4f-5d Coulomb interaction have been considered, the 
structure nearer the Fermi level is the one that weakens. The observed behavior for 
Ce clusters then encourages further consideration of these parameters. 

As the Ce coverage on Si(111) increases, the 4f-derived peak is observed to shift to 
the position of the peak in bulk Ce, although it remains broader. The second peak 
near the Fermi level does not appear until still larger coverages are attained. At 
these coverages the morphology of the material being sampled in the measurement 
is more complicated than at low coverage, and its details are even harder to surmise, 
but present modeling of the interface suggests that it is likely to be a solution of Si in 
a Ce matrix. It appears, however, that if the lattice parameter  of the matrix is close 
to that of bulk y-Ce, a fairly extensive volume of Ce is needed to produce bulk-like 
behavior, i.e. the 4f wave functions are extended or hybridized with rather extended 
ware functions. Likewise, modification of the lattice by Si in solid solution is 
sufficient to alter the 4f spectral signature of Ce metal. 

Studies of the evolving Ce/GaAs( l l0)  interface by Weaver et al. (1985) showed 
analogous slow convergence to Ce-like behavior. In this work, however, there was 
immediate reaction between Ce and GaAs, and the resultant phase showed the spec- 
tral signature of CeAs at low coverage. Interestingly, the size threshold for the double- 
featured 4f structure in the CeAs reaction products was much lower than for Ce itself 
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Results for Ce clusters grown by matrix isolation in films of solid Xe were 
reported by Wieliczka et al. (1986). They found that small amounts of evaporated Ce 
exhibited only a structureless valence band EDC. The deposition of additional Ce 
atoms resulted in an EDC with a peak at 2 eV binding energy and a weak structure 
at the Fermi level. The structure at E v grew with respect to the 2 eV peak as the 
amount  of deposited Ce increased. The many-body picture of the photoemission 
spectra for Ce thus requires a threshold size for Ce clusters before the model is 
applicable, but that threshold size is not yet known. 

4. Theory of cerium 4f electron photoemission 

The one-electron band model which has been used so successfully to interpret the 
photoelectron spectra of the valence bands of many metals clearly will not be 
satisfactory by itself to interpret the 4f spectra of Ce. Indeed, self-consistent band 
calculations for both 7- and ct-Ce yield a 4f band about I eV wide which straddles 
the Fermi level (Glötzel 1978, Pickett et al. 1981, Podloucky and Glötzel, 1983). The 
filled portion extends only ~0 .1eV below the Fermi level and contains approx- 
imately one electron. It  is hybridized with other states and is not a pure 4f band. The 
simple one-electron picture of photoemission based on these bands would predict a 
narrow 4f-derived peak at the Fermi level in both phases of Ce, and this is not 
observed. To describe adequately the photoemission spectra, we must then move 
beyond the one-electron picture. As discussed above, photoelectron spectra are f ina l  

stare spectra which reflect the initial stares to a greater or lesser extent depending on 
the localization of the states themselves. 

In the following we examine models for ~t- and y-Ce which seek to explain the 
double structures observed in the 4f spectra. First, we consider satellite phenomena 
as they have been observed in a variety of systems, but then turn to the specific 
models which center around the Anderson Hamiltonian. Subsequent discussion 
examines other proposals. 

Satellite lines often appear in the XPS spectra of core levels of free atoms and 
solids on either the high or low binding energy side of the main line. (The main line 
is often assumed to correspond to ionization of the core electron with no change in 
the states of other electrons or with a small relaxation shift.) Those on the high 
binding energy side have been called shake-up or shake-off structures (Carlson 1975, 
Wendin 1981) while those on the low energy side are termed shake-down. Shake-up  
or shake-off features correspond, respectively, to the system left in an excited or 
doubly ionized state, respectively, as a result of the presence of the photohole. 
(Excited or ionized hefe refers not to the ground state of the original system but to 
the lowest energy state of the system containing the photohole, i.e., the state reached 
if the photohole were produced adiabatically.) The sudden approximation leads to 
many states as possible final states, not just the ground stare of the residual ion. The 
shake-up satellites are the result of a final ion with a core hole and a discrete 
excitation of a valence electron. The shake-off continuum arises from the core hole 
plus a valence electron that has been excited to the continuum. If the remaining 
electrons respond to the core hole by relaxing or polarizing around the hole, then 
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the photoelectron emerges with an increased kinetic energy. The result is a shake- 
down satellite on the low binding energy side of the main line. (These are not the 
only sources of satellite or multiple structures in XPS spectra.) 

Several authors have shown that for rare earth core levels it is not always easy or 
meaningful to distinguish between main line and satellite features (Schönhammer 
and Gunnarsson 1977, 1978a,b, Fuggle et al. 1980). The analogy with core levels is 
introduced here to show that the response of the system to a single hole can give rise 
to a multiply-peaked spectrum and a similar effect could cause such structure in Ce 
and its compounds. 

Hüfner and Steiner (1982) pointed out that inadequate screening of the photohole 
from a 4f state which was close to the Fermi level before excitation could produce a 
photoemission feature ~ 2eV below Ev. Hüfner (1986) later showed that screening 
arguments, elaborated in following sections, could be used to explain the double- 
peaked 4f structures found in Ce, Pr, Nd, and their compounds. In each case, the 
peak at greater binding energy arose from a 4f hole screened by 5d electrons and the 
shallower peak arose from a 4f hole screened by a 4f electron (leaving a 5d hole at 
the Fermi level). The energy difference between these two is 2.0-2.5 eV and can be 
obtained from thermodynamic arguments. As has been shown by Johansson (1974) 
(and chapter 68 of this volume), thermodynamic arguments can be most useful in 
discussing many properties, including photoemission spectra which represent excited 
stares. The Hüfner and Steiner interpretation has been further elaborated in Hüfner 
1984, and Hüfner and Schlapbach (1986). 

Since the Ce atom has only a single 4f electron and crystal field and spin-orbit 
splittings are small on the scale of 2 eV, the two-peaked structure is presumably a 
many-body effect involving the interaction of the 4f electron with other 4f electrons 
or with the valence electrons. The latter interaction has long been believed to be the 
origin of intermediate valence phenomena in Ce-based solids and the Kondo effect 
in many systems containing impurities with magnetic moments (Grüner and 
Zawadowski 1974, Robinson 1979, Lawrence et al. 1981, Brandt and Moschalkov 
1984). 

The first calculation of the 4f photoemission spectrum for Ce was reported by 
Herbst et al. 1972, 1976 (see also chapter 67 of this volume). They calculated the 
difference in energy between the ground state of the rare earth metal and the system 
with a 4f hole for all the rare earths. This was done by treating the 4f states as 
localized in each cell of the crystal and using approximately self-consistent bands for 
the valence electrons (Herbst et al., 1976). As a result, there was a hole at each 
atomic site in the final state. This gave poor agreement with the 4f XPS spectra of 
the rare earths (one peak for Ce was known at the time) because screening of the 4f 
hole was not included. Including screening by placing an extra valence electron at 
each site in the final state and allowing it to relax around the hole during the 
iterations to self-consistency gave very good agreement with binding energies from 
XPS spectra for all the rare earths. For Ce, the 4f binding energy was 1.9 eV. In their 
calculations, the final state giving rise to the peak at 1.9 eV involved a 4f hole which 
was screened as completely as possible by valence electrons, with primary screening 
from 5d electrons. Screening by a 4f electron by refilling the 4f hole was not 
considered. 
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When the two-peaked structures were unambiguously observed for Ce and many 
of its compounds,  several theoretical approaches were taken to explain their origin. 
Most of these studies of valence and 4f photoemission in Ce began with the 
assumption that the 4f state was best described as localized. Authors disagreed, 
however, not only on which terms were important  in the Hamiltonian, but also on 
whether the double-peaked structure was present in the ground state or not. Many 
began with the Anderson Hamiltonian in which the 4f system is treated as an 
impurity on one site of the system (the origin) which can be written as 

H =  Z Ek c+ «,,, ck,« + E f f  + f,7 q- U ~,f~+ f« f+-,,f_,, 
k , a  a 

(10) 

+ ~ (V«,«f~ + Ck,« + h.c.) + ~, U«,«,c[,« «k,,«f«f«+, 
k , q  k,k ' ,  a, ff' 

Hefe C+k,« and Ck,, are the creation and annihilation operators for a conduction 
electron of ware vector k and spin a, and f~+ and f ,  are the corresponding 
operators for a localized (4f) electron on the single impurity-like site. The first two 
terms are for non-interacting conduction and 4f electrons. The third term represents 
the repulsion of two 4f electrons on the impurity site. As written, it omits the 
multiplet structure. The fourth term represents the hybridization between the 4f 
electron and the conduction electrons. Vk, « is often called a hopping matrix element 
and is the matrix element of the one-electron Hamiltonian for the system between a 
4f and a conduction band state. The last term represents the Coulomb repulsion 
between a 4f electron and conduction electron or, written differently, the Coulomb 
attraction between a 4f hole and a conduction electron. (Strictly speaking, the last 
term in eq. (10) is an addition to the Anderson Hamiltonian. It  was introduced by 
Falicov and Kimball (1969) in a Hamiltonian with no hybridization term.) By 
ignoring the third and last terms, this Hamiltonian reduces to a one-electron 
descfiption which will give the band structure, E(k), of the system for the coupled 
conduction and 4f states when all sites are allowed to have 4f electrons and these 
states become band states. One can extend this Hamiltonian by summing the second 
term over lattice sites, thereby locating a 4f electron on each lattice site. The 4f 
electrons on different sites do not interact by direct overlap to form a 4f band. Only 
4f conduction band overlap is implied. 

Allen and Martin (1982) and Lavagna et al. (1982, 1983) proposed that the y - a  
transition in Ce was related to the Kondo effect. Since Kondo systems have densities 
of states with two peaks, one very close to the Fermi level and one below, this 
offered a possible explanation of the two peaks in the photoelectron spectra, 
assuming that the photoabsorpt ion process would transfer the structure in the 
density of states to the emitted spectrum. Detailed calculafions of a photoelectron 
spectrum were not, however, carried out. The Kondo (or Abrikosov Suhl) resonance 
in the density of states can be obtained from the Anderson Hamiltonian in the limit 
U ~ oo (Lacroix 1981). For a Fermi level in the center of a valence band of width 
2D and a constant density of states coupled by a constant matrix element V to an 
Nf-fold degenerate localized level at energy e t below Er, two peaks can arise in the 
density of states of the coupled system at low temperatures if ef is not too small. As 
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shown in fig. 22, one will be near ef. It will have a width NfA and a height 1/(2hA), 
with A = nV2/2D. The other will be very near the Fermi energy. Its height will be 
1/nA and its width will be kTK where T~ is the Kondo temperature. (Low 
temperatures mean T~,,TK.) The Kondo temperature here is approximately 
T K = (DA)  1/2 exp(n(ef - Ev)/NfA). As T rises toward T K, this peak weakens until it 
vanishes at T K. For  modeling ct-Ce, T K is of the order of 1000 K (Lavagna et al. 
1982). Smaller values for T K used in earlier discussions of thermodynamic properties 
call for a peak near the Fermi level of such a small strength and width that it would 
not be detectable in photoemission. Figure 22 actually shows a 4f spectral density 
for removal of a 4f electron, as in photoemission, in the region below E v and for the 
addition of a 4f electron, as in BIS, in the region above E v (see eq. (22) in chapter 64 
of this volume). This function is what is calculated in the work to be described next. 

A more extensive picture of the photoemission process in Ce which was based on 
the Anderson Hamiltonian (eq. 10))  was proposed by Gunnarsson and 
Schönhammer (1983a,b, 1985a,b) (see also chapter 64 of this volume). They initially 
assumed that the Coulomb interaction between the 4f hole and the conduction 
electron (the last term in eq. (10)) could be neglected, arguing that it might 
renormalize some parameters in their model but would not give rise to the basic 
physics of the spectrum. The hybridization term was therefore the key term in the 
Hamiltonian. It  eliminated angular momentum as a good quantum number, making 
the ground state of Ce a combination of 4f °, 4f 1, and 4f z configurations, the latter 
two mixed with conduction band states, while the former is just a conduction band 
state (4f 2 states occur only if U is not infinite). The final stares were similarly not 
eigenstates of angular momentum and were mixed 4f conduction band stares. This 
Hamiltonian was used with variationally-determined singlet wave functions for a 
system resembling «-Ce. The valence band was simplified to one with an elliptical 
density of stares. The degeneracy of the 4f level was considered, and was shown to be 
important. The valence photoelectron spectrum, the spectra of several core levels, 
and the 3d ~ 4f X-ray absorption spectrum were calculated at T = 0 K using the 
sudden approximation. Rather good agreement with experiment was achieved with 
a hybridization matrix element about ten times larger than previously used in fitting 
other types of data for several Ce-based systems, of the order of 0.1 eV. (Not all 
authors define this matrix element the same way.) Despite the large hybridization 
matrix element, the model still allows a small Kondo energy, kTK, for reconciliation 
with thermodynamic data. This model then was further employed to study a variety 
of spectra for other Ce compounds (Gunnarsson and Schönhammer 1983b; Fuggle 

Fig. 22. Schematic representation of 
the Kondo picture of the spectral 
density of a Ce impurity in an elec- 
tron gas. The region below E v can 
be studied by photoemission and the 
region above E F is accessible to BIS. 
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et al. 1983a,b, Gunnarsson et al. 1983, Hillebrecht et al. 1984). A pedagogical version 
of the calculations has been given by Allen, 1985b, and the reader is referred to 
chapter 64 in this volume by Gunnarsson and Schönhammer. 

Imer and Wuilloud (1987) have developed a simplified version of the 
Gunnarsson-Schönhammer model and applied it to 4f valence band photoemission, 
3d level XPS, electron energy loss spectra, and inverse photoemission (see also 
Wuilloud and Imer (1986) and chapter 62 of this volume). The ground state consists 
of a valence state, If°) ,  at E = 0, and non-degenerate states 14f 1) and 14f z)  at Ef 
and 2Er+ U, respectively. The states neighboring in energy are coupled by a single 
hybridization integral V. The valence state has no dispersion and can be represented 
by a single state instead of a band. The ground state energies and wave functions 
can be obtained by diagonalizing a 3 x 3 matrix. Final states are obtained from the 
same matrix (photoemission) or a different, but similar, one (core-level XPS, BIS, 
core-level electron energy loss spectra). The intensities of the lines in the spectra can 
be calculated from the coefficients in the wave functions. Broadening these into 
Lorentzians can give a remarkably good fit to measured spectra for a number of 
materials. The appearance of the spectra depends on the parameters Ef, U, and V 
(plus another parameter for coupling a core hole to the 4f states), and the model 
allows easy fitting to spectra. The resulting fit is not quite as good as that obtained 
with the full Gunnarsson-Schönhammer model. 

In the Gunnarsson-Schönhammer picture of photoemission from ~t-Ce, the peak 
at the Fermi level can be viewed as arising from a 4f hole screened by 4f-like charge 
density (the hole is then a valence band hole) and the peak at 2 eV arises from a 4f 
hole screened by valence electrons. The apparent electron-hole attraction is pro- 
vided by the hybridization term in the Hamiltonian rather than by a direct electron- 
hole Coulomb interaction. The peak at E vis present only ifthe hybridization V is strong 
enough. Its integrated area is ne(1 - n  O, where nf is the number of localized 4f 
electrons in the impurity site in the ground state. The peak at greater binding energy 
is due to a 4f photohole screened by 5d conduction electrons. It dominates the 
spectrum for weak hybridization. 

The Gunnarsson-Schönhammer calculations show that the two peaks in the 
photoelectron spectrum do not give direct information about the location of the 4f 
level in the ground state. In the calculations, they found that a single bare 4f level 
placed at a binding energy of 1.1 eV gave rise to two peaks at the positions observed 
in photoelectron spectra, roughly zero and 2 eV binding energy with no structure at 
1.1eV. Figure 23 shows the calculated valence band photoelectron spectrum. 
Gunnarsson and Schönhammer (1983a,b) also calculated bremsstrahlung iso- 
chromat spectra with the same model, finding a 4f final stare peak just above the 
Fermi level. These calculations illustrated that the observed spectral features for 
localized electronic systems do not give direct ground-state information. In later 
calculations, Gunnarsson and Schönhammer (1985a,b) allowed U to become finite 
and observed that the strength of the peak near the Fermi level increased due to 
mixing of 4f states in the final state. The effects of varying the hybridization strength 
and the shape of the conduction band density of states were also demonstrated..(In 
fig. 23, as the hybridization increases, the peak near the Fermi level grows at the 
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Fig. 23. Calculated 4f contribution to the EDC of ct- 
Ce for different values of the hybridization matrix 
element, V. The bare 4f level was placed at a binding 
energy of 2.5 eV, the f-f repulsive interaction, U, was 
5eV, and the elliptical conduction band width w a s  
6eV with E r at its center. The calculated spectra 
were convolved with a Lorentzian of full width at 
half maximum of 0.5eV to simulate experimental 
broadening. (After Gunnarsson and Schönhammer 
1985a,b.) 

expense of the peak near the position of the bare 4f level, an effect seen in Ce at the 
phase transition.) The calculation was extended to model Pr where the 4f levels lie 
deeper and the less-bound experimentally observed peak is well below the Fermi 
energy. In order to obtain a peak below the Fermi level, rather than at it, a different 
conduction band density of states was used for Pr, one which peaked some 0.6 eV 
below E v. 

This model has been used by others (Zhang and Lee 1983, 1984, Grewe 1983, 
Sakai et al. 1984, Kuramoto and Kojima 1984, Kojima et al. 1984, Coleman 1984, 
Sakuma et al. 1985, Bickers et al. 1985, Sakuma et al. 1986), using different 
techniques for obtaining results from the Anderson Hamiltonian. In some cases, the 
4f component of the ground state density of states was calculated but the photoelec- 
tron spectrum was not. Some of these authors also included spin-orbit splitting of the 
Ce 4f state (as did Gunnarsson and Schönhammer 1983b) and finite temperatures 
in some cases. Those who used a relatively small value of the hybridization matrix 
element obtained a peak in the density of states near the Fermi energy at low tem- 
perature which became negligibly small at room temperature. Although the width 
and strength of this peak are expected to be strongly temperature dependent, 
Gunnarsson and Schönhammer were able to reduce the expected temperature 
dependence by using a large hybridization matrix element (they calculated only for 
T = 0) also obtaining agreement with other spectroscopic results. Although the 
model used a non-magnetic ground state, it can be extended to magnetic ground 
states like those of «-Ce and Pr (Gunnarsson and Schönhammer 1985a,b). Note that 
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this model, and all others arising from the Anderson Hamiltonian, contain one or 
two fitting parameters, V and U, as weil as the energy of the bare 4f state. However, 
once these are fit to one spectrum, they may be used to calculate other spectra and 
physical properties. 

A recent application of the Gunnarsson-Schönhammer model has been the fitting 
of the high resolution photoemission spectra for 7- and «-Ce by Patthey et al. (1985). 
Both the data and the fit are shown in fig. 15. To obtain the fit they used for values 
of nf, the ground stare 4f occupancy obtained earlier from fitting to several types of 
spectra, 0.98 and 0.88 for 7- and ct-Ce, respectively (Gunnarsson and Schönhammer 
1983a,b). An elliptical density of states was assumed, the bare 4f»/2 level was placed 
1.2 eV below E r ,  and the spin-orbit splitting was taken to be 0.28eV. The best-fit 
hybridization parameters were 0.082 and 0.105eV for 7- and a-Ce, respectively. 
With these parameters, the model could be used to obtain a picture of the ground 
state. The spectrum of the part of the ground state which consisted of a 4f electron 
and a valence hole is shown convolved with a Lorentzian as the cross-hatched peak 
in fig. 15a. This is the part originating from the Kondo peak. It is found to be 
about 6 times greater in strength (integrated area) in «-Ce than in 7-Ce. However, 
with this fit to photoemission data, the authors obtained values for the hybridiza- 
tion parameters that were roughly twice as large as those obtained previously in fitfing 
BIS and core excitation data, narnely, 0.025 and 0.060 eV for 7- and ct-Ce (Wuilloud 
et al. 1983). This calculation again illustrates the qualitative difference between a 
photoelectron spectrum and the ground state density of states in Ce. The peak near 
E v in the calculated EDC arises from the Ce 4f»/2 states while the structure about 
0.28 eV below E v arises from the 4f7/2 states. The ground state should have very 
little 4f7/2 contribution since neutron scattering measurements indicate nearly pure 
4f5/z character (Stassis et al. 1978). The Ce 4fr/2 admixing is related entirely to the 
final state of the photoemission process. Its appearance below E v in the spectrum is 
because a 4fr/2 final state is an excited state of the system. For  further comments on 
this work, see Liu (1986) and Patthey et al. (1986). 

Schneider et al. (1985) applied the Gunnarsson-Schönhammer model to XPS and 
BIS valence band spectra and XPS and electron energy loss spectra of 3d core levels 
for a large number of materials, including some with empty 4f levels just above the 
Fermi level, including Ba, La, L a F »  L a g 0 »  and CeO2, as well as Ce (discussed 
above), CeCo z, and CeN (both to be discussed later). For insulators or semicon- 
ductors, two elliptical bands were used, with a gap between them. The model gives 
good qualitative account of all the spectra. Allen et al. (1986) have done the same for 
many Ce-based intermetallics. 

Other theoretical work has emphasized the role of the direct Coulomb interaction 
between the 4f hole and the valence electrons (rather than hybridization) in 
providing the double-peaked structure in the photoemission spectra of Ce. Liu and 
Ho (1982) calculated 4f photoemission spectra, omitting the hybridization term in 
the Hamiltonian and treating the Coulomb interaction between the 4f hole and the 
conduction electrons as the crucial term. Later, they investigated the effect of the 
hybridization term (Liu and Ho 1983). Kotani and Toyozawa (1974, 1979) studied 
the problem of the creation of a core hole in the presence of a partly-filled band. 
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They found that if the conduction band were not filled too far, the Coulomb 
potential of the hole could split a state from the conduction band and lower it below 
the band minimum. This state could be left empty or occupied during photo- 
excitation. The resulting two peaks in the photoelectron spectrum would have 
intensities proportional to the probability of filling or not filling the split-off state. 
This model was later expanded by Davis and Feldkamp (1979, 1980a,b). The two 
peaks, corresponding to the hole's being left screened or unscreened by a conduction 
electron, are not infinitely sharp but have tails to greater binding energy due to the 
possibility of exciting conduction electrons by arbitrarily small amounts. 

Liu and Ho treated the 4f electron as a core electron, even though its energy 
places it in the filled part of the valence band. Parameters of their model included 
the conduction band width, its fractional occupancy, and the screened Coulomb 
interaction between the 4f hole and a conduction electron. The relative positions 
and strengths of the two peaks could be fitted by choosing reasonable values for 
these parameters for 7-Ce (a-Ce) of 4eV (4 eV), 0.15 (0.20), and 3.0 eV (2.8 eV), 
respectively. In addition to two final state peaks, which appear as edges, there is a 
tail to higher binding energy on each edge which tends to fill in the region between 
the peaks. These tails arise from the primary excitation plus the creation of an 
electron-hole pair in the conduction electron system, i.e., they are shake-up exci- 
tations of the latter. Liu and Ho later extended this model, taking advantage of the 
fact that the energy of the screened peak relative to the Fermi level is also a free 
parameter such that the less bound peak need not be at the Fermi level to describe 
mixed valence properties of other Ce-based systems (Liu and Ho 1983). In this 
extension, the hybridization of the 4f electrons with conduction electrons was 
treated as a perturbation which led to fine structure on the photoemission peak 
located at, or near, the Fermi energy (see also Liu (1986) and Patthey et al. (1986a)). 
A subsequent investigation by Liu and Ho (1984) considered the formation of 4f 
bands via the hybridization term when each lattice site contained a 4f electron. The 
effect was to provide a strongly temperature dependent broadening, but one that is 
still small with respect to experimental resolution. Allen et al. (1986) have pointed 
out some difficulties in fitting the model of Liu and Ho to experimental data with 
reasonable parameters. 

Nunez-Regueiro and Avignon (1985) examined the role of the f -d  Coulomb 
interaction (last term in eq. (10)) without introducing hybridization. They were able 
to obtain a double-peaked structure related to the 4f contribution to the ground 
state density of states with the lower-energy peak not pinned to the Fermi level. 
Their model is then suitable for y-Ce and Pr, as well as ct-C. They suggest that more 
work is necessary before one can conclude whether the hybridization term or the f -  
d Coulomb interaction is the principal cause of the 4f structure observed in 
photoemission. Riseborough (1985, 1986) has also considered screening from the 
Coulomb attraction to be the more important effect. He finds that if hybridization is 
present, its primary effect is to make screening easier for the case where the 4f level is 
close to the bottom of the conduction band. 

Another approach was taken by Norman et al. (1984, 1985a,b) (see chapter 65 in 
this volume). They treated the Ce crystal with a cluster model, using nineteen atoms 



PHOTOEMISSION OF Ce AND ITS COMPOUNDS 269 

in an fcc cluster with an interatomic spacing which corresponded to that of «-Ce. In 
their calculations, they first determined the total ground state energy. They then 
placed a 4f hole on the central Ce site and recalculated the total energy, either allow- 
ing or forbidding the other cluster electrons to reoccupy the 4f hole. (In previous 
calculations, the 4f hole was not allowed to be reoccupied (Herbst et al. 1972, 1976, 
Liu and Ho 1982, 1983).) These two final states corresponded to a 4f hole screened 
by a 4f electron and by conduction electrons, respectively. Photoemission was 
thereby treated in an adiabatic sense with two types of screening. They found that in 
the latter case the screening was predominantly by 5d electrons. The energy 
difference between the two final states was 1.9 eV, in agreement with experiment and 
in agreement with the calculations for the 5d-screened 4f hole by Herbst et al. (1972, 
1976). The initial 4f states were in the bottom of the 4f band within 0.1 eV of the 
Fermi level. These, and their subsequent calculations, give the energies of expected 
peaks in a photoelectron spectrum. Since wave functions are not calculated the 
intensities, even relative intensities, of peaks are not calculated. 

Norman et al. performed additional calculations to test this last result. They used 
a supercell structure with one Ce site in the center that had a 4f hole. The energy 
differences between the poorly (5d)- and fully (4f)-screened 4f holes were 1.9 and 
2.4 eV for c- and 7-Ce, respe~tively - close to the experimental results but in reverse 
order. They tentatively attributed this reversal to the use of the linear muffin-tin- 
orbital approximation and the atomic-sphere approximation. 

Norman et al. indicated that their interpretation of the double-peak structure in 
Ce may be qualitatively similar to that of Gunnarsson and Schönhammer in that the 
fully screened final state is a 4f hole screened by a 4f electron and the poorly 
screened state at higher binding energy is a 4f hole screened primarily by 5d 
conduction electrons in both models. In the work of Liu and Ho, the 4f structures 
correspond to screening by a 5d electron and an unscreened 4f photohole. The 
positions of the bare 4f levels differ between the work of Gunnarsson and 
Schönhammer ( ~  1 eV below the Fermi energy) and Norman et al. (4f band peaking 
above the Fermi level, but extending about 0.1 eV below), but this energy is not a 
measurable quantity in photoelectron spectroscopy. 

The calculations of Norman et al. (1984, 1985a, b) have been extended by Min et 
al. (1986a) to include BIS and 3d core XPS spectra in addition to the 4f photoelec- 
tron spectra for both 7- and c-Ce. They again find two peaks in the photoelectron 
spectrum, corresponding to the 4f hole screened by 4f and by 5d electrons. In this 
work the 4f states were treated as extended (band) states at first. Doing so gare a 
splitting of 4.5 eV between the two peaks, traced to too large an occupancy in the 4f 
band. Forcing this to be near unity gave splittings of 2.4 and 1.9 eV for y- and et-Ce, 
respectively. (The relative splittings are reversed with respect to experiment, but this 
discrepancy is within the errors of the calculation, as mentioned above.) Min et al. 
(1986b) extended these calculations to encompass the energetics of the y-e~ phase 
transition. 

Allen (1983) pointed out that hybridization of a localized level with a partially 
filled conduction band can give a double-peaked structure in the density of states. 
One such peak will be just above the Fermi energy and will give rise to a Kondo- 
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like system while the other will be deeper. Such a spectrum is implicit in the 
treatment of Gunnarsson and Schönhammer, but it was not presented because they 
continued all their calculations to final measurable spectra in which final state effects 
cause significant changes. This Kondo-like peak is not compatible With the 4f 
photoelectron spectra of Pr and Nd, unless final-state effects can move it below E v. 

Fujimori (1983a,b) interpreted the two et- and 7-Ce photoemission peaks with a 
model in which the 4f hole hybridizes with valence holes on ligands in a cluster 
surrounding the Ce atom or ion. (The ligand orbitals may have significant Ce 5d 
and 6s6p character.) Satellites on core level photoemission lines were interpreted in 
the same model, which was based on a non-degenerate 4f state. This model was later 
extended to CeN where mixing with Ce 5d stares occurs together with mixing with 
N 2p ligand states (Fujimori and Weaver 1985a) and to metallic Ce (Fujimori 
1983b) where mixing occurs only with Ce 5d states. For 7-Ce the ground state is 
taken to be a localized 4f electron and filled ligand orbitals. The final state is a linear 
combination of a 4f hole and a state with a symmetrized hole on the ligands with a 
4f electron present. The latter component introduces screening of the 4f hole by 4f 
electrons. The sudden approximation treatment of photoemission yields a peak from 
each of the two components. Their separations and relative intensities are given in 
terms of two parameters, the initial energy separation of the two final states before 
hybridization and the hybridization strength, et-Ce is treated similarly, except that 
the ground state is now assumed to be a mixture of a state with no 4f electron and 
one with a 4f electron and a symmetrized ligand hole, i.e. a mixed valent state. The 
larger hybridization in the more compressed et-Ce lattice leads to the relative change 
in the strengths of the two peaks at the "f-et transition with little shift in peak 
positions, as observed. Fujimori and Weaver (1985b) discuss the 7-et phase tran- 
sition in metallic Ce using this model. One difficulty, however, is the fact that the 
hybridization integrals appear as fitting parameters, and it is difficult to assess the 
significance of the resultant values, ~0.1-1.0 eV. A second difficulty that this model 
shares with some others is that it predicts two lines for the EDC which represent the 
two peaks in the spectrum, but the region between the two peaks also has significant 
4f character. 

The models discussed so rar involve screening of the 4f hole, although they differ 
in the driving force of this screening. Other models have been proposed, but they 
have not been explored as extensively and they have not been applied to fitting of 
photoemission or other spectra. In the remaining paragraphs of this section, we will 
discuss these models. 

Schlüter and Varma (1982) considered the self-energy of a 4f electron on a cerium 
atom in metallic Ce by using the local density approximation. They obtained two 
peaks for the 4f electron in the ground state of the system. They treated the 4f state 
with a simple variational radial wave function which was used to minimize the total 
energy of a free atom, keeping self-consistency with the other electronic states. This 
total energy had one minimum as a function of the variational parameter, which was 
a measure of the radial extent to the 4f ware function, and a fall-oft for large values, 
which corresponded to extended radial wave functions. By placing the atom in a 
lattice of identical atoms, they showed that this fall-oft could produce a second 
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minimum about 5eV above the principal minimum when Wigner-Seitz radii 
characteristic of both 3'- and a-Ce were used. This minimum corresponded to a 
radially extended f wave function with its maximum still within the Wigner-Seitz 
radius. This f wave function can be viewed as an admixture of 5f, 6f, . . . ,  functions. 
The difference in energy between the states at the two minima arises from the 
difference in radii of core electrons, mostly the 5s and 5p which relax toward the 
nucleus as the f radial function becomes extended. Schlüter and Varma (1982, 1983) 
formulated a many-body picture of Ce in which the peak near 2 eV in ~,-Ce was due 
to excitation from the normal 4f state and the peak near the" Fermi level cor- 
responded to excitation from the second minimum. In ~t-Ce, the peak at the Fermi 
level is taken to arise from the normal 4f state, with the second minimum available 
for a shake-up peak (the 2 eV peak). The observed splitting of about 2 eV is rar less 
than the 5 eV calculated for the system energy difference. They ascribed this 
difference to the neglect of 4f correlations, some screening processes, and possibly a 
too-simple variational f wave function. Full numerical calculations were not ca r r ied  
out, but estimates of the requisite matrix elements were made which included the 
coupling of the f state to the 5s and 5p core electrons. Bringer (1983) was unable to 
find a second minimum in the system energy when he used non-hydrogenic wave 
functions. 

Another suggestion for the origin of the double-peaked structure was made by 
Connerade (1983) on the basis of the radial wave function for 4f electrons on Ce + 3 
ions (Connerade 1978). Due to competition between the attractive eentral potential 
and the repulsive centripetal potential for 4f states, the effective radial potential has 
two minima. If the inner well is deep enough, the lower-energy eigenstates have 
wave functions inside the inner well, while higher eigenstates have wave functions 
with larger radii. For  an inner well that is slightly less deep, there will be no bound 
states located inside the well. The crossover between extended lowest 4f states and 
'collapsed' states occurs between the free ions Ba + and Ba +2 in which the 4f state is 
normally empty. This collapse is very sensitive to the radial potential, and it is 
possible that for Ce the effect of neighboring atoms, or a photohole, could trigger 
the collapse or expansion of the 4f wave function. This idea has not been pursued 
further, although there is some similarity to the proposal of Schlüter and Varma. 

Mackintosh (1985) emphasized the band-like nature of the 4f electrons in Ce 
without ignoring the localized part. The two peaks in Ce were assumed to arise from 
well-screened and poorly-screened final states, as in other models. The physical 
picture, however, is that upon the creation of a localized hole (which is not an 
eigenstate of the final-state Hamiltonian) the hole has a probability of diffusing away 
from the site, a probability which increases with increasing 4f band width. This 
diffusion leads to 4f screening of the original hole such that the final stare is much 
like, for example, the d hole state in photoemission from transition metals. It gives a 
peak very close to the one-electron position of the 4f band state, namely, near the 
Fermi energy. The hole also has a finite probability of not diffusing before the 
photoemission process is over and in this case it is trapped, but generally screened 
by the more mobile (5d, 6sp) electrons. The final state produces the 2 eV peak. The 
peak near the Fermi level corresponds to an adiabatic exeitation process while the 
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2 eV peak is closer to the sudden limit. There is evidence in the photoelectron EDCs 
that the deeper peak grows slightly in relative strength as the photon energy 
increases, the 'quicker' photoexcitation and faster photoelectron escape favoring the 
sudden process, but such a growth may arise from uncorrected experimental effects. 
Since the 4f band width is greater in et-Ce than in 7-Ce, the peak at the Fermi energy 
should be larger in the former phase, as observed. Mackintosh discussed the 
difficulty in applying this model to 7-Ce, for which a 4f band model would appear to 
be inappropriate, but concluded that the difficulties can, in principle, be overcome. 

Eckardt and Fritsche (1986) carried out a calculation similar to that of Norman et 
al. (1984, 1985a,b). They modeled the solid with a free atom which had a non- 
integral number of 4f 5d electrons using values taken from a self-consistent band 
calculation. (The total number of 4f and 5d electrons was integral.) They calculated 
the energy of the system with a self-consistent field method, the atom having a hole 
screened by electrons. They ascribe the 2 eV peak to a final state consisting of a 4f 
hole screened by a 5d electron. The calculated peak was at 1.92 eV for 7-Ce and 
1.57eV for «-Ce. The peak near the Fermi energy was attributed to a 5d hole 
screened by a 4f electron (the 4f photohole was filled by a 5d electron from the 
Fermi level, resulting in 4f screening of the 4f hole). The binding energy of the 
second peak for both phases (0.24eV) was obtained by a somewhat different 
calculation due to a numerical instability in the method originally used. 

Riseborough (1986) re-examined the treatment of Liu and Ho and included both 
the hybridization term and the primary f -d  Coulomb interaction. He found that if 
the f level is near the bottom of the conduction band, then the inclusion of the 
hybridization term makes it easier for the hole potential to split oft a bound state 
from the band, as is necessary to explain the double-peak structure. Hybridization 
plays a less significant role for other locations of the f level. He emphasized that in 
this model the separation between the two peaks will be slightly larger than the 
width of the filled part of the conduction band and that the well-screened peak need 
not appear at the Fermi level. The model is thus compatible with the observation of 
similar peaks in Pr, Nd, and some of their compounds. 

In summary, the current status of the theory is that the hybridization model based 
on the Anderson Hamiltonian can account for a variety of phenomena, including 
photoemission spectra, thermodynamic properties and some aspects of heavy- 
fermion behavior. An early limitation related to its inability to deal with magnetic 
systems like a-Ce and Pr has been resolved and, although relatively complex, the 
model may readily be applied to different systems. It has been used to address the •- 
c~ phase transition in Ce, but in this context suffers from the limitation that band- 
structure effects due to 4f-4f overlap are neglected. These have been shown to be 
important for the ground-state properties. Band-structure models with screening 
include such overlap effects (while neglecting intra-ionic 4f repulsion) and allow first- 
principles calculations of the energies, though not yet the relative intensities, of the 
two principal 4f photoemission features. In the future, the relation between the 
various models will be further explored as a theory is developed which includes 
the relevant interactions and allows a detailed, quantitative comparison with 
experiment. 
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5. Compounds of cerium 

In this section, we review the photoemission literature for Ce compounds, picking 
up where we left off in the discussion of Ce metal and clusters. We first consider 
metallic and semiconducting compounds of Ce and then turn to the insulating 
systems. The photoemission studies of these various Ce compounds have used most 
of the techniques discussed above in the context of Ce, including hv-dependent 
valence band studies, comparisons with corresponding La compounds, resonance 
photoemission, and CIS spectra in the resonance region. 

The metallic Ce compounds exhibit a variety of properties which are related to 
their electronic states, including Kondo resistivity minima, intermediate valency, 
superconductivity, various types of magnetic ordering, and heavy fermion behavior 
(along with some of the properties previously mentioned). Some of these Ce 
compounds exhibit properties like those of Ce, including y-ct phase transitions 
(related to variations in composition if not to variations in temperature or pressure). 
Others resemble either y-Ce or ~t-Ce. 

5.1. CeB 6 

CeB 6 is a metallic compound in which Ce is trivalent. At low temperature, its 
resistivity exhibits a Kondo-like minimum. Valence band and resonance photo- 
emission spectra have been reported by Sugawara et al. (1982). For  Ceß 6 there was 
a peak at 2.5 eV binding energy which was ascribed to the Ce 4f states and another 
peak was observed at the Fermi energy. The feature at E v exhibited a resonance 
photoemission behavior which was similar to that of the 2.5 eV peak, but the 
authors did not associate it with the f electron. PrB 6 and LaB 6 were also in- 
vestigated for comparison, but they showed nothing at the Fermi level. As a result, 
the Fermi level peak in CeB 6 was not assigned to a band structure effect either. 
(PrB6 does not show a Kondo effect, although Pr is trivalent, because the 4f level is 
too far below the Fermi level.) 

Ikeda et al. (1985) calculated the photoemission spectra of Ceß 6 and PrB 6 with a 
molecular orbital scheine fitted to band structure calculations. Account was taken of 
strong hybridization between the lanthanide 4f and the B 2p states, and screening 
effects were considered through hybridization matrix elements. For CeB 6, the bare 
4f level was placed 4.5 eV below the Fermi level and gave little direct structure in 
the EDC. The only predicted peak was at 2.5 eV, at the upper edge of the B 2p-based 
bonding valence band. (There is also a higher energy part of the valence band based 
on antibonding B 2p states.) On the basis of this calculation, the peak near the 
Fermi level was not ascribed to be of definite 4f origin, although the analogy to 
experiments with et- and v-Ce would favor such an interpretation. 

5.2. Ce chalcogenides and pnictides 

The Ce calcogenides are metallic and the Ce pnictides are semi-metallic materials 
which form in the rocksalt structure (Flahaut 1979, Hulliger 1979). CeN exhibits 
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mixed valence behavior; all the other compounds in these two series have stable 
trivalent Ce. CeS and CeP each have a collapsed volume state like that of a-Ce 
under high pressure. To the extent that the cerium chalcogenides are good metals, 
they could show screening effects similar to those of metallic Ce, but many of the 
experimental studies were made before current models were proposed, i.e., before 4f 
screening of a 4f hole was widely accepted. As of this writing, there is no evidence for 
a second 4f related feature for CeS, CeSe, or CeTe. 

The photoemission spectra for the Ce chalcogenides have been reported by 
several authors using synchrotron radiation and resonance techniques (Gudat et al. 
1981, Croft et al. 198la,b, Weaver 1983). (See also chapter 67 of this Volume.) Those 
studies showed that the Ce 4f electron had an apparent b-inding energy in CeS of 
2.4 eV (2.3 eV for CeSe and 2.5 eV for CeTe) and full width at half maximum of 
~0.7 eV. These 4f-related emission features appear in a region of very low density of 
states between the narrow Ce 5d-derived states (occupied states with ~ 1.5 eV of E r 
and empty states above EF) and the p stares derived from the chalcogen (~3.5  to 
8.5 eV below E r for CeS). The 4f structure in the EDCs showed dramatic resonance 
enhancement when the photon energy was swept through the 4d threshold. There 
was no experimental evidence that there was more than a single 4f peak. 
Comparison of the non-f-derived states with band calculations showed quite good 
agreement. 

Attempts to establish the position and nature of the 4f state in the Ce pnictides 
have been rar more complicated, and it was only relatively recently that there has 
been consensus. In part, this is because the 4f intensity was divided between two 
final states. It was in the Ce pnictides that the double-featured character of the 
4f emission was first observed (Franciosi et al. 1981). 

Early XPS work (Baer et al. 1978, Campagna et al. 1979) observed a 4f-'derived 
feature in CeP at 0.4eV. They suggested that this feature moved away from E r and 
was Auger broadened with succession from CeP to CeAs and CeSb. Allen et al. 
(1981b) reported that Ceßi had 4f-derived emission at 3.2eV apparent binding 
energy based on resonance photoemission experiments. In their paper 9n CeS and 
CeP, Croft et al. (198la,b) observed structure near E r in CeP. They attributed this 
peak to 4f hybridized states, but this interpretation was later improved by Franciosi 
et al. (1981). Each of these studies was correct in its observation, namely that there 
was 4f emission nea r  E F for CeP, that it was harder to observe for CeAs and CeSb, 
but that it could be detected below the pnictogen-derived p bands for Ceßi. 

Franciosi et al. (1981) used direct and resonant photoemission to show that the 4f 
emission was divided into a feature near E r and a feature below the pnictogen 
bands. Their data are shown in fig. 24. The feature near E r appeared at 0.6eV 
binding energy with a full width at half maximum of 0.6-0.7 eV. It neither moved 
nor broadened with succession from CeP to Ceßi. The deeper structure appeared at 
3.0-3.1 eV binding energy and had a full width at half maximum of approximately 
1 eV. Significantly, the authors showed that the area ratio of the two features 
diminished by a factor of nearly ten on going from CeP to Ceßi. It was this change 
in relative intensity that precluded observation in the earlier XPS studies. 

A later report (Gudat et al. 1982) presented data for CeP, CeAs, CeSb, and Ceßi, 
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but is the deeper feature for Ceßi. (After 
Franciosi et al. 1981.) 

using resonance photoemission and the dependence of the photoionization partial 
cross sections to isolate the 4f contributions. Angle-resolved photoemission was also 
employed to study the dispersion of the 4f peaks (they did not disperse). 

It is now obvious that the results for the cerium pnictides resemble the spectra of 
metallic ~,-Ce (fig. 12). The peak at deeper binding energy was originally assigned to 
a 4f hole screened by 5d electrons and the peak near the Fermi level to a 4f hole that 
partially delocalizes into p states on neighboring pnictides due to hybridization. An 
alternate way to stating the latter is that electrons from ligand 2p orbitals refill the 
Ce 4f photohole. 

XPS spectra of the valence and 4f region of CeN have been reported by Baer and 
Zürcher (1977) and Baer et  al. (1978). They showed a valence band composed of N 
2p stares with a peak at the Fermi energy, possibly extended to 2 or 3 eV binding 
energy which they assigned to the Ce 4f states. Later XPS spectra on films of CeN 
reproduced the spectra of the earlier work with single crystals (Wuilloud et al. 1985). 
Gudat  et al. (1981) used resonance photoemission and partial yield (constant final 
state) spectroscopy to investigate the 4f electrons in CeN. They showed that CeN 
has N 2p-derived valence band peaks in the 2 - 4 e V  region. Peaks f r o m t h e  Ce 4f 
levels were identified at 0.35 and 1.2eV binding energy. (These peaks appeared 
unresolved in the early XPS measurements.) There was considerable overlap with 
structures from the Ce 5d states, which also showed resonant emission as discussed 
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for Ce. The 1.2 eV peak was attributed to a stable 4f configuration for surface Ce 
atoms. A reasonably prominent peak at 2.6 eV binding energy was assigned to Ce 5d 
states because of its different resonance characteristics. At the time of this work, the 
peak near the Fermi level was assigned to the bulk 4f level, consonant with 
expectations for a valence-fluctuation material. The 1.2 eV peak assignment has been 
questioned recently. Calculations by Norman et al. (1985c) suggest that it is not 
simply a surface shift, but may arise from surface non-stoichiometry, as suggested 
also from additional experimental work (Schneider 1986). 

A summary of the 4f contributions to the EDCs in Ce chalcogenides and pnictides 
is given in fig. 25, taken from the work of several authors. The pnictides all have two 
4f-derived peaks separated by about 2.6 eV with the peak nearer the Fermi level 
increasing slightly in binding energy as the atomic number of the anion and the 
lattice parameter increase. The data also show that the 4f peak at lower binding 
energy decreases in strength as the atomic number of the anion increases, as in fig. 
24. The chalcogenides all have 4f peaks near 2.5 eV binding energy. They exhibit 
weak structures at about 0.5 eV binding energy which show resonance enhancement 
which has been attributed by Gudat  et al. to resonantly enhanced 5d emission. All 
the structures in both series overlap structures from the valence electrons from the 
other type of atoms, as well as from Ce 5d and 6s, p electrons. 

Norman et al. (1984, 1985c) reinterpreted the double-peaked 4f structure in the Ce 
pnictides, except CeN, using a model and calculational methods discussed for Ce in 
section 4. They argued that the peak near the Fermi level is caused by a 4f 
photohole screened by 4f electrons and the deeper 4f peak by 4f holes poorly 
screened by Ce 5d or ligand electrons. The relative strengths of the peaks and their 
relative positions, as well as the structures in the valence bands based on the 
pnictide p states, were described well by the calculation. For  these systems, it was 
concluded that the more itinerant the 4f electron, the stronger the peak near the 
Fermi level and the weaker the 4f peak at greater binding energy. The most itinerant 
4f states occur in CeN and the least in CeBi. For  CeN, the experimental 
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photoelectron spectra show a very different valence band from those of CeP and 
CeSb. The valence band is wider and the hybridization of the 4f and pnictide valence 
band states is rauch stronger in CeN. The 4f hole is less localized in both energy and 
space and does not give rise to a prominent peak 2 eV below the Fermi energy. 
Instead, the fully-screened peak just below the Fermi level is dominant in the 4f 
component of the spectrum. 

Wuilloud et al. (1985) and Schneider et al. (1985) fitted their XPS and BIS spectra 
for CeN with the Gunnarsson-Schönhammer model, placing the bare Ce 4f level 
just above the elliptical N 2p valence band and at the bottom of an elliptical Ce 5d 
conduction band. The resultant hybridization parameter wi th 'bo th  bands was 
relatively large, but the actual hybridization with the valence band was small, due to 
the relative placements of the unhybridized states. Hybridization with the Ce 5d band 
was larger, and this accounts for the large hybridization effects in CeN. The best fit 
of the Gunnarsson-Schönhammer model seemed incompatible with valence 
fluctuation behavior because the 4f°-4f 1 energy difference was about 1 eV, the 
hybridization with the conduction electrons was only about a tenth of this, and the 
mixing of the two configurations was weak. Baer et al. (1986) discussed new high- 
resolution UPS spectra for CeN in this context (Patthey et al. 1987b). In their fit 
of the new data to the Gunnarsson-Schönhammer model they included spin- 
orbit splitting. They found a localized 4f population of 0.82. This led to a rather 
large, but narrow, peak at the Fermi level, indicative of a metallic band. 
Significantly, stares in this band were correlated electronic states, not those of 
a simple metallic band. 

Sakai et al. (1985) calculated a band structure for CeSb which had a single 4f- 
derived peak in the density of states 2.34eV below E v. The self-energy correction, 
which included d - f  Coulomb interactions and hybridization, caused a peak in the 
spectral density near the Fermi energy which arose from 4f states on Ce. The 
authors tentatively identified this spectral density feature with the observed structure 
near E v. 

Sakai et al. (1984, 1985) and Takeshige et al. (1985) used the previously calculated 
band structures for the Ce pnictides and added p - f  hybridization, d - f  hybridization, 
and d - f  Coulomb interactions, keeping the Ce site 4f occupancy zero or unity (see 
also Kasuya et al. 1985). The d - f  Coulomb interactions reduced the magnitude of 
the hybridization, which was the principal cause for the screening of the 4f 
photohole, and broadened the two peaks. Their results are shown in fig. 26, where 
the position of the bare f level was adjusted to give the right intensity ratio of the 
two 4f-derived peaks. They also carried out calculations on y- and Œ-Ce with 
comparable agreement with experiment. In all cases their peaks were narrower than 
experimental peaks, although Auger lifetime broadening of the deeper peak will 
account for some of this. Fujimori (1983a,b, 1985) and Fujimori and Weaver 
(1985a,b) used a simpler version of a hybridization model to describe the Ce pnictide 
photoemission spectra. 

5.3. Compounds of Ce with transition and noble metals 

The 4f electrons for the intermetallic alloys of Ce have often been elusive in 
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photoemission because of the competing (overlapping) emission from states derived 
from the other metals. When these are transition metals, the 4f emission is 
dominated by the large number of d electrons with large photoionization cross 
sections. 

CePd3 is a mixed-valent intermetallic compound. Transport and neutron 
scattering measurements have characterized it as having a Kondo energy of 20 meV, 
close to the 17 meV ascribed to 7-Ce. XPS studies of CePd3 did not show a spectral 
feature that could unambiguously be assigned to Ce 4f electrons, although 
accompanying BIS measurements suggested that there was some Ce 4f character 
near the Fermi energy (Baer et al. 1981). Resonance photoemission data by Allen et 
al. (1981b) showed a broad 4f-derived peak at a binding energy of about 0.9eV. 
Allen et al. (1981b) subsequently reexamined CePd 3 but with similar results, namely 
a 4f-derived peak at 0.7-1.0 eV binding energy. 

Peterman et al. (1982) made an extensive study of CeP d »  comparing results for 
CePd 3 to L a P d »  Ce(Ago.3Pdon) 3, and CeRh 3. All of these compounds, except 
CePd» were believed to be integral valent with a trivalent lanthanide for all except 
CeRh 3. (CeRh 3 had been assigned a tetravalent Ce ion.) Comparison with CeRh 3 
and CePd 3 calculations (Peterman et al. 1983) are rauch more important than these 
and led to different conclusions. Resonance photoemission indicated broad 4f- 
derived peaks in the EDCs near the Fermi energy in CeRh» CePd 3, and 
Ce(Ago.3 Pdon)»  the width being greater than that observed for many other Ce- 
based compounds. Comparison of the spectra of LaPd 3 and CePd 3 made the 
identification of the 4f contribution more certain, as shown in fig. 27. (A single, 
broad 4f peak at 0.9eV binding was obtained again in a later resonance 
photoemission study by Peterman et al. 1983.) In the, region of the Ce 4d ~ 4f 
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resonance, the Pd 4d photoexcitation cross section was very small because of the 4d 
Cooper minimum, and the Ce 4f could be most easily identified. Photoyield 
measurements showed fine structure indicative of trivalent Ce in the region below 
the 4d ~ 4f resonance in CePd3, in alloys of  CePd 3 with Ag, and in CeRh 3. 1983 
work by Peterman et al. concluded that there was no evidence for tetravalent 
CeRh 3. The conclusions from this work are that estimates of the vatence from bulk 
measurements (such as lattice constants) can be in error, as in the case of CeRh 3, 
and that CePd 3 shows only a single 4f peak, a peak that is very broad when 
compared to that in either phase of Ce metal. This probably resutls from 
extensive 4f hybridization with valence electrons. 

An interesting XPS study of CePd 3 containing up to one-half boron atom per 
formula unit was carried out by Wuilloud et al. (1984) along with BIS and electron 
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energy loss measurements. Adding boron to CePd 3 was believed to change the 
valence of Ce from mixed valent to nearly trivalent at CePd3Bo. ». This study 
showed two peaks that were assigned to the Ce 4f electron in pure CePd3, one near 
the Fermi energy and one at 1.3 eV binding energy. As boron was added, the lattice 
parameter increased and boron valence electrons were added. Both peaks ascribed 
to Ce 4f electrons were observed to broaden, and the rest of the valence band region, 
due to Pd 4d and B 2s states, changed shape. BIS measurements showed a loss in 4f 
character as the boron concentration increased. The BIS and core level XPS, 
spectra were fitted with the model of Gunnarsson and Schönhammer. (BIS was not 
discussed in section 4, but is described in Gunnarsson and Schönhammer 
1983b.) This fit showed that the 41" character decreased as boron was added, falling 
to zero at 0.5 B per formula unit. The hybridization between 4f and conduction 
electrons was 150meV for all the samples, independent of boron concentration. 
Wuilloud et al. were also able to show that changes in the 4f occupation number 
correlated with the non-linear increase in lattice parameter  as boron was added. 

LaPd3, CePd3, PrPd3, and NdPd3 were studied by Parks et al. (1984a,b, 1985). (Pr 
and Nd exhibit stable 41 ̀2 and 4f 3 states, respectively.) Resonance photoemission 
was used to isolate the 4f contributions to the EDCs, and all of the materials except 
LaPd 3 were reported to have two 4f-derived peaks. In Pr and Nd, the peaks were 
broader and at greater binding energy than in CePd 3. In this study CePd 3 was 
shown to have 4f-derived peaks at binding energies of 1.3 and 3.9 eV, different from 
the energies reported in previous work. The corresponding peaks in PrPd 3 were at 
2.3 and 4.8 eV, and those of NdPd  3 were at 3.5 and 5.8 eV. Each was about 1.3 eV 
wide, and the deeper peak became weaker as the atomic number of the rare earth 
increased. The peak near E v was clearly not tied to the Fermi level but moved to 
higher binding energy along with the other peak as the atomic number increased. The 
separation between them remained roughly constant. (This depends on the analysis 
of line shapes, and has been questioned by Allen et al. 1986.) With increasing atomic 
number, the 4f level binding energy increased and the average radius of the wave 
function decreases, resulting in diminished hybridization. Parks et al. suggested that 
the screening model of Liu and Ho was appropriate  since the Gunnarsson-  
Schönhammer model had not been applied to magnetic systems like Pr  and Nd at 
that time. The diminished hybridization led to poorer screening of the 4f hole by 4f 
electrons since they come from the 4f component  of valence electrons. This correlated 
with the observed decrease in relative strength of the peak nearer the Fermi energy 
as the atomic number of the lanthanide increased. The reported constant separation 
of the two peaks was evidence of the expected constant difference in energy for the 
two screening states. 

CeH2.1, CeH2.4, CeA12, CePd3, and CeRu2 were studied by Peterman et al. 
(1983). Resonance photoemission was used to identify 4f features in the EDCs 
and photoyield spectroscopy was used to examine the multiplet fine structure as- 
sociated with  the Ce 4d core excitation. In addition, valence band photoemission 
spectra of CeRu2 and CeRh3 were compared with band structure results and 
with photoemission spectra from the analogous La-based compounds (noting that 
LaRh3 and CeRh3 have different structures). CeRu2, which had traditionally been 
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considered to be tetravalent, exhibited one 4f-derived peak near the Fermi level 
and possibly a second one at about  2.5 eV. The conclusion drawn from this study, 
which included compounds spanning the entire traditional mixed valent range for 
Ce, was that  the so-called mixed valent fange in these compounds was accom- 
panied by 4f delocalization and hybridization rather than 4f promotion. 

Parks  et al. (1984a,b, 1985) measured resonance photoemission spectra of CeRu/ ,  
PrRu z, and NdRu2, as discussed earlier. Their data are shown in fig. 20. Kalkowski 
et al. (1985) used the same techniques on CeIr 2, Prlr2, NdI r  2, CeRh z, PrRh2, and 
NdRh 2. Difference curves all showed two peaks which could be attributed to 
lanthanide 4f states. The two peaks had a constant separation of about 2.5 eV, and 
they moved to deeper binding energy as the atomic number of the lanthanide 
increased, as in the work of Parks et al. The peak nearer the Fermi energy weakened 
and broadened with increasing lanthanide atomic number. This peak also had a 
doublet structure which is not understood. It, and the 2.5 eV separation of the two 
peaks, may depend on the techniques used for background subtraction and peak 
stripping (see Allen et al. 1986). 

The resonance photoemission spectra of CeCo2, CeRu2, and CeIr2 were obtained 
by Allen et al. (1982a, 1983). All three compounds appeared to be tetravalent Ce 
systems with a collapsed volume. CeRu 2 was observed to have a 4f-derived peak at 
2.5eV and a stronger peak nearer the Fermi energy, originally assigned to 5d 
emission (Allen et al. 1981a, 1983) but later assigned to 4f emission on the basis of 
BIS measurements. CeIr z and CeCo/ both resembled CeRu/ .  

Schneider et al. (1985) measured the XPS and BIS spectra of CeCo 2 and used the 
Gunnarsson-Schönhammer  model to fit them. The spectra include a contribution 
flora the Co 3d electrons that the model does not treat adequately, but the principal 
features are described well. Both the hybridization parameter and its effect on the 
mixing are quite large. The calculated results are similar to those of a-Ce, not 7-Ce, 
in agreement with the collapsed volume nature of CeCo 2. 

Sampathkumaran  et al. (1985a,b) carried out valence band photoemission, 
resonance photoemission, and LIH absorption edge measurements on LaRh3B2, 
CeRh 3 B 2, and PrRh 3 B 2. These hexagonal materials had unusual magnetic proper- 
ties in that the Ce-based compound ordered ferromagnetically, even though Ce was 
believed to be in a mixed valent state, while PrRh3B 2 had a larger moment  on the 
Pr ion and ordered ferromagnetically at a lower temperature. The valence band 
photoemission results showed that the Rh 4d band had a low density of states at the 
Fermi level, and the LHI edge measurements showed that Ce was trivalent. This 
helped explain the magnetic properties as arising from moments due to the 4f 
electrons on the lanthanide ions themselves. Resonance photoemission again show- 
ed two 4f-derived peaks, with the pair lying at greater binding energy in PrRh3B2 
than in CeRh3B 2 and with a relatively weaker intensity on the lanthanide tri- 
palladides, as in the work of Parks et al. Sampathkumaran et al. suggested that the 
4f hybridization with Rh 4d states was larger in CeRh,~B2 than in similar com- 
pounds based on other lanthanides and this could explain why it has the highest 
Curie temperature. 

Maple et al., (1985) performed a resonance photoemission study of CeRh 3 B 2 and 



282 D.W. LYNCH and J.H. WEAVER 

CeRu 3 B 2. The two 4f-derived peaks in CeRh 3 B z were at the same energy as in the 
measurements of Sampathkumaran et al. but the relative intensities differed, pro- 
bably because Maple et al. corrected for inelastically scattered electrons while 
Sampathkumaran et al. did not. CeRu3B 2 also showed two 4f-derived peaks which 
were located nearer the Fermi energy than in the Rh-based compound and had 
relative intensities indicative of more Ce-Ru 4f-4d hybridization than Ce-Rh 4f-4d 
hybridization. Maple et al. argued that as the strength of the Ce 4f-derived peak 
near the Fermi level increased, magnetism would be suppressed, in contrast with 
Sampathkumaran et al. Unfortunately, Sampathkumaran et al. varied the hy- 
bridization by changing the lanthanide, while Maple et al. varied the transition 
metal. 

Ce compounds with transition metal silicides also exhibit mixed behavior. Parks 
et al. (1983) studied CeCu 2 Si2, CeAg2Si2, CeAu2Si2, and CePd 2 Si by valence band 
and resonance photoemission. CeCu2Si2, is a Kondo system exhibiting heavy 
fermion behavior (see section 5.9) and is superconducting at low temperature. 
CePd2Si 2 is also a Kondo system but it orders antiferromagnetically at low 
temperature. The other two compounds also order magnetically at low temperature, 
but they do not show Kondo behavior at higher temperature. The valence band 
EDCs showed features from the transition metal d electrons, with pronounced 
structure at the Fermi level for CePd2Si 2. This structure arose from the Pd 4d states, 
as shown by similar measurements of LaPd2Si 2. Resonance photoemission high- 
lighted the Ce 4f-derived peaks at ~ 2 e V  and near the Fermi energy. These peaks 
changed position and relative strengths, ranging from 2.2 eV in C e P d  2 Si 2 to 2.6 eV 
in CeAg 2 Si2, with the 2eV peak always the more intense but with a peak near the 
Fermi level which grew in relative strength as the other metal varied from Ag to Cu 
to Au to Pd. (This peak also varied from 0.25 to 0.6eV in binding energy.) The 
authors suggested that the differences in the peak n e a r  EF, which they assigned to 4f 
emission, resulted from differences in hybridization with the metal d states. 
Sampathkumaran et al. (1985c) studied CeFe2Si2, CeCo2Si2, and CeNi2Si2, which 
are mixed valent members of the same series of compounds. Difference spectra taken 
on and oft resonance showed two 4f-derived peaks (2.4-2.6 and 0.5 eV), with relative 
intensities which depended on the transition metal. The intensity variations were 
attributed to differences in hybridization between Ce 4f and transition metal 3d 
electrons. 

5.4. Ce aluminides 

CeA12 is trivalent, orders magnetically at low temperatures, and is Kondo-like at 
higher temperatures. It has a collapsed-volume phase at higher pressures similar to 
that of ct-Ce. Several photoemission studies of CeA12 have been reported. 

The first photoemission studies used resonance photoemission to show a single Ce 
4f-derived peak at 2.8 eV binding energy (Allen et al. 198la,b). Simultaneously, Croft 
et al. (1981b) considered CeA12 and LaA12. They showed the Ce 4f peak to be at 
2.55 eV binding energy with a full width at half maximum of 1.1 eV. Comparison 
with LaA12 showed ' tha t  the valence bands of the two materials were nearly 
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identical, and they concluded that the 4f state did not hybridize significantly With 
the valence states in this traditionally-trivalent material. They further examined 
Ce l -x  ScxA12 and Ce 1 _ xYxAl2 alloys to vary the lattice parameters by substitutional 
atomic replacements of up to 40~o Ce. Interestingly, they found that the 4f-derived 
peak did not shift in energy when the lattice parameters changed. The authors 
argued that the large changes in the Kondo temperature brought about by the 
addition of Sc did not arise from the shift of the 4f level toward the Fermi level, but 
instead were consistent with subtle changes in 4f conduction eiectron hybridization. 
Unfortunately, this change in hybridization was too small to be directly observable 
in the photoelectron spectra. Note, however, that this assumed that the photoelec- 
tron spectral features were directly related to structures in the ground state. 

Parks et al. (1984b, 1985) reported resonance photoemission studies of the 
dialuminides of La, Ce, Pr, and Nd. They found two 4f-derived peaks for CeAI 2 at 
0.8 and 2.4eV binding energy and two for PrAI 2 at 1.6 and 3.7eV, as shown in fig. 
28. Only one peak at 5.1 eV was found in NdA12. Since the peak nearer the Fermi 
level was considerably weaker in PrA12 than in CeA12, its absence in NdA12 was 
expected. 

CeA1 is antiferromagnetic at low temperatures and Ce is believed to be in a stable 
trivalent configuration. Resonance photoemission was used by Lawrence et al. 
(1982) to isolate the Ce 4f emission. They obtained a double-peaked difference 
spectrum with a larger peak at 2 eV binding energy and a weaker peak at 0.5 eV (fig. 
29). They associated the deeper feature with the 4f state and attributed the weaker 
feature to decay via 5d emission of the 4d ~ 4f excitation which did not involve 4f 
states. 

CeA13 has been described as an intermediate valence Kondo system with heavy- 
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the experimental spectra for CeA12 and PrA12 as in 
fig. 20 (Parks et al. 1985). 
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fermion behavior at low temperature (section 5.9). XPS measurements by Baer et al. 
(1981) and by Ott et al. (1981) showed a peak at the Fermi energy that was assigned 
to Ce 4f emission. Allen et al. (1982) reported resonance photoemission results 
obtained with a resolution of about 0.4eV (fig. 29). They found a broad, 4f-derived 
peak at about 2 eV binding energy and a weaker peak at the Fermi level. They did 
not definitely assign the latter to the Ce 4f electrons. Higher resolution resonance 
photoemission measurements were carried out at low temperatures by Olson (1985) 
and Arko et al. (1984) to look for a narrowing of the 4f-derived peak near the Fermi 
level. The double-peaked structure was present, and closely resembled that of y-Ce. 
The peak near Evhad  a width of about 0.1eV at 2 0 K  but this was far wider than 
could be explained by the Gunnarsson-Schönhammer model for a material with a 
rather low Kondo temperature. At the same time, they felt that it might be possible 
to reconcile the experimental results and the Gunnarsson-Schönhammer theory by 
the inclusion of spin-orbit splitting and a more realistic band structure. 

5.5. Celn  3 and CeSn  3 

Celn 3 is a trivalent Ce compound which exhibits antiferromagnetism at low 
temperatures. Its photoemission spectra should thus resemble those of y-Ce. 
Resonance photoemission spectra by Allen et al. (198la,b) showed that this is the 
case. Indeed, for y-Ce and Celn 3 they reported peaks at 2.2 and 2.1eV binding 
energy, respectively. Since the peak near the Fermi energy in y-Ce was not identified 
in this relatively early work, the existence of a 4f-derived peak near the Fermi level 
in Celn 3 is still uncertain. 

CeSn 3 is a non-magnetic compound, and its Fermi surface indicates that the Ce 4f 
electrons form bands with very large effective masses. An XPS spectrum by Baer et 
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al. (!981) showed some intensity at the Fermi level which could be attributed to Ce 
4f electrons. CeSn 3 was studied with valence band photoemission, resonance 
photoemission, and partial yield measurements on samples at 20 K and 300 K by 
Wieliczka and Olson (1983). The partial yield spectra in the region of 4d--, 4f 
excitations showed that CeSn 3 is trivalent at both temperatures. The EDCs showed 
two peaks at both temperatures, similar to those in metallic Ce and numerous 
compounds, in contrast to de Haas-van Alphen measurements which showed that 
this material exhibits a Ce 4f-based band at low temperatures. The observation of 4f- 
band characteristics in this material is not easily reconciled with the models used to 
describe 4f photoemission, except those of Norman et al. (1984, 1985a,b) and of 
Mackintosh (1985). 

5.6. C e S i  2 

CeSi 2 is a valence fluctuation compound. Valence band and resonance photoem- 
ission spectra were obtained by Lawrence et al. (1982), and the valence band spectra 
compared with those of LaSi 2. A 4f-derived peak was found at 2.5eV binding 
energy. A peak at about 0.5 eV binding energy that appeared in resonance photoem- 
ission was ascribed to resonant emission of Ce 5d electrons, as for CeA12 reported in 
the same paper, but it was weaker in CeSi 2. CIS and CFS spectra in the region of Ce 
4f excitation showed Ce to be trivalent. Weaver (1986) also undertook synchrotron 
radiation photoemission studies of CeSi2, finding a sharp structure at the Fermi 
level and a deeper structure at 2.4 eV. Both features exhibited strong enhancement in 
resonance photoemission. Valence band studies at 20-30 eV showed that both were 
also clearly evident at low energy, despite the fact that the 4f cross section should be 
very low at these energies. Systematics of p -d  bonding observed for other metal 
silicides (Weaver et al. 1984) did not provide compelling reason to associate these 
features with normal valence ba~d structures. 

Wuilloud et al. (1985) reported XPS and BIS measurements of CeSi 2 which 
showed a peak at the Fermi level that they assigned to Ce 4f emission. They argued 
that these states did not overlap significantly with the Si-derived valence band states 
in the spectrum. These authors used the Gunnarsson-Schönhammer model to fit 
their BIS and XPS spectrum, adjusting the location of the bare 4f state in the 
elliptical valence band. 

Allen et al. (1986) recently presented new valence and 3d electron photoemission 
and BIS data for CeSi 2, CeOs 2, CePd 3, CeCo2, and CeNis. They analyzed these 
data with the Gunnarsson-Schönhammer model, also reanalyzing existing data for 
CeRu 2, CeNi 2, CeI r»  and CeA1. All these data can be fit in ä consistent way with 
the model. The interpretation of some of the older data differs from that reported 
earlier, as summarized earlier in this chapter, but the systematic variations of the 
spectra of these compounds are now consistent with the variations of their other 
physical properties. Figure 30 shows the 4f photoelectron spectra of many of 
these compounds, arranged in order of increasing 4f valence electron hybridization. 
It is clear that as the hybridization increases, (more c~-Ce-like) the peak near the 
Fermi level increases in relative strength. 
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Fig. 30. 4f contribution to the photoelectron spectra 
of a series of Ce-based compounds.  All these spectra 
were taken on the same instrument and the back- 
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fashion. These spectra are the difference between on- 
resonance and off-resonance spectra. They are or- 
dered by increasing amount  of 4f-valence electron 
hybridization from the bot tom to the top (more 7- 
Ce-like to more a-like). (After Allen et al. 1986.) 

5.7. C e C u  2 and C e C u  6 

Soda et al. (1985)used resonance photoemission to study the Ce 4f states of 
C e C u  2 and C e C u 6 ,  both of which are considered heavy fermion systems. In that 
work, they used resonance spectra to locate the 4f states of Ce. In C e C u 2 ,  the Ce 4f 
contribution was reported at 2.0 eV binding energy, with a long tail to larger binding 
energy. There was also a weaker peak near the Fermi level. In C e C u 6 ,  the Ce 4f 
emission appeared to contribute a peak at 2 eV, but this overlapped the broad Cu 
3d-derived structure, the latter exhibiting a maximum at 4eV. The authors argued 
that there was significant hybridization of the Ce 4f states with Cu 3d states, as all 
spectral features were resonantly enhanced. There was also evidence of a shoulder in 
CeCu 6 at about 0.5 eV which was not related to Cu emission. Despite this shoulder, 
the authors concluded that the double-peaked Ce 4f structure was absent in both 
compounds. 

Olson et al. (1985) also used resonance photoemission to study CeCu 6. They 
reported structure at 1.75 eV and a weak peak at 0.5 eV, as shown in fig. 31. It  may 
be that the reason that Olson et al. and Soda et al. observed different features can be 
attributed to the use of slightly different photon energies, to different normalization 
schemes, or to physical differences in the resonant decay processes after 4d--* 4f 
photoexcitation. In any case, the structure in C e C u  6 a t  0.5eV is very weak 
compared to that at 1.75 eV, and these authors were also reluctant to associate it 
with 4f emission. 

More recently, Soda et al. (1986) (with communication by Ishii (1986)) repeated 
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Fig. 31. On-resonance (solid) and off-resonance (dashed) EDCs for CeCu6. The difference curve is shown 
within about 2eV of E v. (After Alson and Arko 1985.) 

their measurements on CeCu 6 and on alloys CexLa t_xCu6 . Their results on CeCu 6 
resemble those of fig. 31. They used lower resolution, ~ 0.6 eV, but more careful and 
extensive spectrometer calibrations and background subtractions. They found a 4f- 
derived peak at 2.3 eV with a shoulder at 0.5 eV and another around 4 eV. The peak 
at lower binding energy, ~0.5eV, was fax weaker than that in the other heavy 
fermion systems, CeA12 and CeCuzSi 2 (see section 5.9). The results for the alloys 
are interesting in that the entire difference curves (on-resonance minus off-resonance) 
decrease as x decreases from 1 to 0. Their difference curves extend to 8 eV binding 
energy and the structure between 2 and 4eV also vanishes, demonstrating that 
considerable Ce 4f and Cu 3d hybridization occurs in this energy fange. More recent 
higher resolution data (Patthey et al. 1987a) are shown in fig. 32. These will be 
discussed further in section 5.9. 

5.8. Cerium hydrides 

The hydrides of Ce, CeHx, offer an interesting opportunity to vary the electronic 
distribution of the non-4f-derived stares near the Fermi level. As discussed in detail 
by Peterman et al. (1981) (and references therein), there are changes in the Ce- 
derived s, p, d stô:tes due to increased hybridization with hydrogen. Hydrogen is 
absorbed into the fcc lattice and forms a stable CaF2-structured hydride. At low 
hydrogen composition, x ~_ 2, hydrogen occupies tetrahedral sites while at higher 
composition the octahedral sites are occupied as well. The hydrides with com- 
position near CeH 2 are metallic while those close to CeH2. 9 are semiconducting. 
The transition from metallic to semiconducting results from the mixing of metal and 
hydrogen states and the lowering in energy of the new bonding states. 
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Fig. 32. High-resolution EDC of CeCu 6 near the Fermi 
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Experimentally, it is now well-known that a strong bonding band due to these 
hybrid stares is centered about 5.5eV below the Fermi level for the dihydrides of the 
group III and group IV metals, including Ce (Weaver et al. 1979, 1981, Peterman et al. 
1980, 1981). 

Peterman et al. (1983) reported synchrotron radiation photoemission studies of 
cerium hydrides as part of their extensive study of metal-hydrogen systems. They 
showed that both CeH2.1 and CeH2. 4 had a single 4f-derived peak at 2.0eV and 
dominant hydrogen induced states centered at 5.5 eV binding energy. XPS measure- 
ments by Schlapbach and Osterwalder (1982) also showed this single 4f-derived 
peak in the EDC at 2eV for both CeH2.1 and Gez.  9. The valence band density of 
states at the Fermi level in CeH2.1 was reduced from that of 7-Ce and was zero in 
CeH2.9, as discussed earlier by Peterman et al. (1981) for LaH x. Fujimori and Tsuda 
(1982) performed XPS and valence band photoemission studies and found the 4f 
peak at 2eV for CEH2.45 ,  Hydrides of La, Ce, and Pr were examined by Osterwalder 
(1985) using valence band photoemission and BIS. The single 4f peak was again 
observed at 2.0eV for CeH2.1 and CEH2.95. In each of these systems, there appeared 
to be minimal interaction of the 4f with valence band states, as demonstrated by the 
insensitivity of the results to the modifications of the states near E v. Likewise, the 4f 
emission was prominent in each case, showing no change in energy or full width. 

5.9. Heavy fermion systems 

A number of intermetallic compounds containing cerium or uranium are heavy- 
fermion systems (Stewart 1984, Fisk et al. 1986). The name arises from several low 
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temperature properties, notably electronic specific heats and magnetic susceptibi- 
lities like those of nearly free electron metals but with a very large apparent electron 
effective mass. A band picture of such materials would have a narrow Ce 4f or U 5f 
band centered just above the Fermi level with approximately one electron in states 
below E v. Energy band calculations show that such a band would have an effective 
mass of ten to fifty times the free electron mass, but this is still well below what has 
been observed (Boring et al. 1985, Strange and Gyorffy 1985, Wang et al. 1985, 
Albers et al. 1985). Apparently, many f electrons are coupled in these systems to give 
large effective masses. Interestingly, some heavy fermion systems are superconduct- 
ing at low temperatures, others are magnetic, while others are neither superconduct- 
ing nor magnetic. Heavy fermion systems may be described phenomenologically by 
Fermi liquid theory, but a complete microscopic picture is not yet at hand (Varma 
1985, Lee et al. 1986, Brandow 1986). Indeed, there is a great deal of exciting work 
being done in the area of heavy fermions, and we anticipate that the next few years 
will see major improvements in our understanding of these challenging systems. 

If we take the naive view that the large mass arises from an excitation which is 
highly localized in energy and we treat it as coming from a parabolic tight-binding 
band located just above the Fermi level, than an effective mass of 100 at the bottom 
of this band would require a band width of about 4 meV. Moreover, as we have seen 
for the 4f electrons in Ce, the response of the system to the creation of a localized 
photohole is responsible for most of the features in the spectrum. Since the 
extremely heavy mass is a low temperature phenomenon caused by the coupling of f 
states, and the peak in the spectral density is extremely narrow, many of the 
experiments under way today seek features in the electronic structure that may be 
prerequisites for heavy-fermion behavior. Koelling et al. (1985) have argued, for 
example, that f coupling via hybridization with d electrons appears to be necessary 
for heavy fermion behavior. At the same time, preparations are under way for 
ultrahigh resolution studies of these systems in the low-temperature heavy-fermion 
state. 

Prototypical heavy fermion systems are UBe13 or UPt  3. Photoemission studies 
have associated the uranium 5f contribution with the density of states in a narrow 
region at the Fermi level. This indicates only that there is a large density of states at 
E v in a one-electron or band picture, subject to all of the interpretational problems 
of the 4f levels in Ce. Hence, photoemission shows the presence of a 5f photohole 
screened by conduction electrons that essentially reoccupy it during the photoem- 
ission process. All other many-body effects which give rise to the heavy-fermion 
ground state are broken by the photoemission process. Several other uranium-based 
heavy-fermion systems do not show an analogous narrow 5f-derived peak at the 
Fermi level. 

The known or suspected Ce-based heavy fermion systems are CeCu/Si»  CeA13, 
CeCu 2, and CeCu 6. Low temperature photoelectron spectra have been measured for 
CeA13 and CeCu 6 with a resolution of about 0.13 eV by Olson (1985) and Arko et al. 
(1984) (see fig. 31). In both cases, the 4f component was identified by resonance 
photoemission or the dependence of the cross section on photon energy. It was 
found to be not very different from that of y-Ce. Parks et al. (1983, 1984a,b) studied 
CeCu2Si 2, CeAu2Si 2, CePd2Si 2, UBea3, and UPt  3. Resonance photoemission re- 
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sults showed a strong f contribution for CeCu2Si 2 at 2.5 eV and a weaker feature at 
1 eV. Both CeAg2Si 2 and CeAu2Si 2 showed similar doublets with the structure near 
the Fermi level being more prominent in CeAu2Si 2. For  CePd/Si  2 there was 
considerable strength from the Pd 4d states near the Fermi level, and a more 
elaborate data analysis procedure was needed. Difference curves using resonance 
techniques showed the peak at 2.5eV in CeCu 2 Si 2 shifted to 2.8eV. As Cu was 
replaced by Au, and Pd, this peak grew weaker and it shifted to 2.5 eV for CePd2Si 1. 
The weaker peak at 0.5eV grew stronger as Cu was replaced by Au and Pd but 
weaker if Cu was replaced by Au. The peak at 0.5 eV was over half as high as the 
2.5eV peak in CePd2Si2. All studies to date of Ce-based heavy fermion systems 
show considerable hybridization between the Ce 4f level and Valence states on 
neighboring atoms of other types. 

Photoelectron spectra of C e C u  6 a r e  shown in figs. 31 and 32. Patthey et al. 
(1987a) used the Gunnarsson-Schönhammer  model to fit their XPS spectrum of the 
3d level, their BIS spectrum, and the spectrum of fig. 32. They found very little 4f 
conduction electron hybridization. The bare 4f level is at 1.2eV below E v, and 
mixing with the valence band is so weak that the effective number  of localized 4f 
electrons is at least 0.995. This leads to a Kondo energy 6 -- k T K  of no more than 
1 meV. Such a small value predicts too small a peak to be seen at EF with 12 meV 
resolution, and indeed no peak is present. The peak 280 meV below E v arises from 
the j = 7 state, which is above E v in the ground state. It appears as an excited final 
stare of the system. There are several remaining problems in the fitting. One is that 
only a single 4f site has been considered, and this will not give rise to heavy Fermion 
behavior. However, the temperature of the measurement was too high for such 
collective behavior to have occurred. The second difficulty is that the fit used was for 
T = 0, really T ~< TK, a condition not quite satisfied in the experiment. Finally, the 
Gunnarsson-Schönhammer model predicts two peaks (excluding spin-orbit effects), 
one at E v (too weak to see in this case) and one at a binding energy slightly greater 
than 1.2eV. The weak structure at 0.5eV in fig. 31, apparently exhibiting 4f 
character, is left unexplained. It is possible that a more realistic picture of the band 
structure and 4f conduction band coupling could account for this peak structure. 

5.10. Ce oxides and oxidation 

There have been several interesting studies of the oxidation of metallic Ce and of 
the oxides Ce20 3 and CeO z. These have been motivated, in part, by the belief that 
the oxides Ce20  3 and CeO z epitomize trivalent and tetravalent Ce, respectively, 
based on simple chemical arguments involving charge transfer and valence. 
Unfortunately, it has been found that ideal, well characterized single crystals are 
hard to prepare in suitabte form for optical or photoemission studies. Indeed, X-ray 
and neutron diffraction studies have shown (Bevan 1955, Brauer et al. 1960, Bevan 
and Kordis 1964~ Ray et al. 1975, Campserveux and Gerdanian 1978, Eyring 1979) 
that there are intermediate phases between these two oxides ( C e 7 0 1 2  , C e 9 0 1 6  , 

Cel0Ols,  and Ce1102o). This indicates that there is substantial covalent bonding 
between cer ium and oxygen. Further, these compounds are not merely non-stoi- 
chiometric C e  2 0 3 o r  C e O 2 ,  unless the vacancies order, because their symmetries dif- 
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fer. (Ce7012 is rhombohedral, while the others listed are monoclinic or triclinic.) 
Clearly, the existence of these C e - O  phases complicates studies of ~.he oxidation 
of Ce metal itself. 

We begin this section with a description of the valence band, 4f, and 4d 
photoelectron spectra of what is believed to be stoichiometric CeO 2. We then 
conclude with a review of the oxidation of metallic Ce. As we will see, all oxidation 
studies have been carried out on polycrystalline, evaporated films in spite of the fact 
that chemisorption, precursor states, and oxidation rates depend on the crystallog- 
raphic plane of the surface and the presence of grain boundaries or lower- 
dimensional defects. There remains, therefore, a great deal of work to be done with 
these complex systems before they are fully understood. 

Optical absorption or total electron yield measurements have been performed on 
Ce, oxidized Ce, and evaporated films of CeO 2 in the region of the 4d ~ 4f 
transitions (Zimkina et al. 1967, Fomichev et al. 1967, Haensel et al. 1970, Suzuki et 
al. 1975, Zimkina and Lyakhovskaya 1976, Hanyu et al. 1985). The results showed 
that the structures observed in this region are sensitive to the number of 4f electrons 
in the ground state, as could be inferred from our earlier discussion of 4d ~ 4f 
resonance absorption. The spectra for both y- and ~t-Ce show that there is one 4f 
electron in the ground state (fig. 19). Oxidation of Ce changes this gradually and 
eventually a spectrum similar to that for La appears, indicating tetravalent Ce with 
no 4f electrons (Wieliczka 1982). More recently, Hanyu et al. (1985) reported higher 
resolution studies of films of evaporated CeO2 and reconfirmed that the spectrum of 
evaporated CeO2 is that of tetravelent Ce ions for the 4d ~ 4f transitions. They 
noted, however, a trace of the spectrum of trivalent Ce and attributed this to partial 
reduction of the oxide during evaporation or to a final state effect in the absorption 
process. 

Photoemission studies of the valence bands of the cerium oxides are few in 
number. Orchard and Thornton (1977) performed XPS experiments to examine the 
valence band electrons of Ce and many other rare earth oxides. For  CeO 2, they 
found peaks from the 5s and 5p electrons of Ce, the 2s and 2p of O, and the 2s of C 
impurities, but they observed no 4f electron contribution. The O 2p levels were 
shown to form the valence band, but the valence band  shape was not discussed. 

After a calculätion of the band structure of CeO 2 by Koelling et al. (1983), 
Wuilloud et al. (1984, 1985) re-examined the valence band of CeO 2 by XPS with 
higher resolution than in the previous study and by BIS, XPS, and energy loss 
spectroscopy of the Ce 3d level. These authors noted that electron beams cause a 
partial reduction of CeO 2 to Ce203, which could be prevented by simultaneous 
exposure to a low partial pressure of oxygen, but that no such reduction was 
observed during the XPS measurements. The valence band EDC has peaks at 4 
and 6 eV binding energy, in good agreement with the calculated density of states. 
(This brief review does not do justice to the work of Wuilloud et al. since they also 
used BIS to examine the region above the Fermi level where the 4f state is located 
and XPS to examine the 4d levels.) Koelling et al. concluded that, although there 
was significant covalent bonding in CeO2, it was still valid to consider the Ce ion as 
tetravalent. Wuilloud et al. fitted their XPS and BIS spectra to the model of 
Gunnarsson and Schönhammer using the position of the bare 4f level and the 4f 
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valence band hybridization matrix elements with valence and conduction bands as 
parameters. They found the 4f peak in the spectral density to be in the band gap 
(present in BIS but not XPS) but with some 4f character mixed into the oxygen 2p 
valence bands. (See also Schneider et al. 1985.) 

Allen (1985a) reported XPS and BIS measurements of both CeO 2 and Ce20 3. 
CeO 2 films were measured, then reduced to Ce20 3 by sputtering and heating. CeO 2 
had no 4f-derived peak in the XPS spectrum but one grows at about 2eV as 
reduction proceeds. CIS spectra of the 4d ~ 4f excitation show structure characteris- 
tic of trivalent Ce in Ce20 3, i.e., spectra like those of figs. 7b and 8. The oxygen 2p 
initial state also goes through a resonance at the energy of the peak in the Ce 4d 
resonance, but it is weak and without fine structure. CeO 2 has a similar oxygen 
2p resonance and it is stronger and shifted to slightly higher energy than the one in 
Ce203. It could arise from partial reduction of the CeO 2 . 

Lenth et al. (1978) measured resonance photoemission spectra of the insulators 
cerium pentaphosphate, CEP5014, and a mixed La -Gd  pentaphosphate. This study 
was undertaken to learn more about the resonance photoemission process itself. The 
valence band was composed primarily of oxygen 2p states, and there is overlap with 
the Ce 4f level. The latter provides a single peak at 2 eV binding energy which 
undergoes a very pronounced resonance as the Ce 4d ~ 4f threshold is crossed. By 
using spectral features from atoms other than Ce for normalization, they were able 
to show that the 4d94f 2 excited state of the Ce tripositive ion has a probability of 
decaying by 4f emission to 4dl°4f ° + ef that is as high as 20~  in the resonance 
region. 

The first photoelectron study of the oxidation of 7-Ce was by Helms and Spicer 
(1972). They examined room temperature changes in the valence bands upon oxygen 
exposure, using photons of energy l l .7eV or less. Large structures grew in the 
region between 4 and 9 eV binding energy as the oxygen exposure increased, but 
there were prominent structures in this region before oxygen exposure, indicating 
considerable oxidation of the as-prepared samples. Oxygen exposure induced a peak 
at 5 eV binding energy and another in the 6.5-8 eV range, the peak position of which 
varied with exposure. At the same time, the contribution of metallic Ce in the 0-2 eV 
region vanished with increasing oxygen exposure. Plots of the height of the 5eV 
peak versus oxygen exposure showed logarithmic growth, which they interpreted as 
the formation of an oxide layer (Ce203) with subsequent diffusion of oxygen 
through that layer. 

Platau et al. (1977) also studied the oxidation of Ce films at room temperature, 
using XPS to monitor the core levels of both Ce and O and XPS and UPS to follow 
valence band changes. The O ls peak grew, almost without shifting, with increasing 
oxygen exposure up to 2000 L. The effect of 2 L exposure was easily detectable. A 
small peak which they attributed to physisorbed O was also present, and the 
limiting binding energy shift of the O ls level for the oxide with respect to it was 
2.7eV to lower binding energy. After about 100L exposure the oxide film was 
estimated to be 7 A thick based on relative intensites of Ce core level peaks from the 
oxide and the underlying metal, using the universal curve (fig. 2) for escape lengths. 
The growth of the oxide with increasing exposure finally saturated, indicating that a 
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Fig. 33. EDCs of a Ce film taken at 40.8 eV as a 
function of oxygen exposure. 1 L corresponds to an 
exposure to 1 x 10- 6 Torr of oxygen for 1 s (Platau 
and Karlsson 1978). 

protective film of Ce20 » had formed. Valence band spectra of the oxide were 
reported later by Platau and Karlsson (1978). They were similar in character to 
those of Helms and Spicer. These authors saw the loss of the Fermi edge of the 
metal as oxidation occurred, 100 L of oxygen being necessary for its complete loss, 
as shown in fig. 33. The structure between 4 and 8 eV is due to the valence band of 
the oxide and is derived primarily from 2p functions. The 11 eV peak reveals the O 
2s level. The 2.4eV peak corresponds to the Ce 4f level. This was not detected in 
earlier work because the photoionization cross section was too low at low photon 
energies. Its presence indicates that the oxide contains trivalent Ce and is probably 
C e 2 0  » at the exposures shown. 

Platau and Karlsson also exposed a film of oxidized Ce to 1000 L of oxygen at 
about 600°C. The 2 eV structure was greatly reduced. This was interpreted as the 
result of CeO 2 formation with a small Ce excess, i.e., the formation of oxides 
intermediate between Ce20 3 and CeO 2. They also concluded from escape length 
considerations that a 20 A thick layer of Ce20 z is not yet a protective layer, and 
oxidation continues through such a layer, in contrast to their previous estimates. 

Paraline et al. (1980) and Koel et al. (1980) studied the oxidation ofCe by exposure 
to oxygen and water vapor, respectively. They used XPS and investigated films held 
at 120K and 300K. (At 120K the samples were cleaned by sputtering without 
subsequent annealing. They may not have been the equilibrium-phase Ce and they 
were certainly disordered.) They studied only core levels and found no evidence for 
any physisorption or chemisorption of oxygen, based on an interpretation of the 
core level peaks different from that of Platau et al. Oxygen exposure at either 
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temperature produced Ce203 immediately until a thick layer was built up, after 
which a thin layer of CeO 2 formed (after ca. 50 L exposure). There was also evidence 
for OH, the result of reaction with residual water vapor in the vacuum chamber. 
Oxidation with water (actually D 2 0  ) was somewhat different because Ce203 grew 
on the surface at 300K, but there was no CeO 2. There was, however, a thin 
overlayer of OH on the oxide. At 120K the water condensed as ice, and no 
oxidation took place. A thin layer of OH was found on the surface of the ice. They 
found that at 300K the Ce203 layer exceeded 24Ä in thickness at only 20L 
exposure to oxygen, a faster growth rate than that previously reported, but based on 
a different interpretation of some of the core level peaks. 

Finally, Latta and Ronay (1984; 1986) and Ronay and Latta (1985) have reported 
remarkable effects of a thin overlayer of Ce on the oxidation of Nb. As shown by 
core-level XPS, Nb oxidizes slowly at low exposures to oxygen. The deposition of a 
few monolayers of Ce onto Nb promotes rapid oxidation of Nb at oxygen pressures 
for which the oxidation of Nb surfaces is negligible. They interpreted this in terms of 
the repeated valence change of Ce as follows. CeaO 3 donates both 4f electrons to an 
adsorbed oxygen atom. The O ion fills an oxygen vacancy in the Ce/O 3 layer, 
converting it locally to  CeO 2. Two electrons then tunnel from the Nb through the 
Nb20 » layer below the Ce203 into the Ge/Q3,  converting 2CeO 2 to Ce203 plus an 
oxygen ion which diffuses through the Nb205 to the Nb beneath. The rate-limiting 
step is diffusion of the oxygen ion for thinner N b 2 0  » films, while for thicker films at 
later stages of oxidation it is electron tunneling through the Nb205.  

6. Concluding remarks 

In this chapter, we have considered the contributions that have been made by 
photoelectron spectroscopy to understanding the Ce problem. We have emphasized 
synchrotron radiation photoemission studies because of the advantages of that 
technique (section 2). We have shown that the features observed in photoemission 
spectra are related to the final state rather than the ground state. We have shown 
that very recent photoemission studies have shown that two 4f related features are 
observed, and we have discussed how these can be viewed based on the sophisti- 
cated models of many authors (sections 3 and 4). Finally, we reviewed the experim- 
ental situation for many Ce compounds, noting the significant progress that has 
been made in the last few years. 

The issues relating to the Ce 4f electron are now understood, even though the 
answers to those issues continue to be controversial. Photoelectron spectroscopy has 
made major contributions to this understanding, and we can anticipate that equally 
impressive advances will be forthcoming in the near future. 
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1. Introduction 

The chalcogenides of the lanthanides comprise the oxides (in addition to the 
sulfides, selenides and tellurides) and are, because of this fact, probably the most 
common and most accessible lanthanide compounds. They therefore have been 
studied by photoemission in considerable detail (Campagna et al. 1979, Campagna 
et al. 1976) and results are incorporated in many contributions at various places in 
this volume. Therefore, this brief chapter was chosen to present mostly only those 
examples which give specific and new information or information which is not 
equally apparent  if studied in other systems. 

2. Core and valence spectra of lanthanum and cerium oxides 

Oxides are perhaps the most common compounds and therefore it is natural to 
use those of lanthanum and cerium for the description of the core and valence level 
photoemission spectra of lanthanide compounds. This seems especially appropriate 
because cerium oxide can occur in trivalent (C% 0 3) and tetravalent (CeO2) forms, 
therefore giving rise to some quite interesting observations. 

The energy level diagram in terms of which the core and valence spectra of La 2 0 3 

301 
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Fig. 1. A diagram illustrating the 3d 
core level photoemission in La203. In 
the ground state the O2p  band is the 
highest occupied state i n  La 2 O3, where- 
as the La 4f level is the lowest un- 
occupied state. Photoemission of a 3d 
electron can be simulated (approx- 
imately) by the addition of one nuclear 
charge. This lowers the La energy levels 
in such a way that now the 4f level is 
below the Fermi energy (as in Ce203). 
This 4f level can now either be empty 
(14f °)  final state) or occupied by charge 
transfer from the O2p band (14fl} final 
state), giving fise to two distinct en- 
ergetically different final states (Kotani 
and Toyozawa 1973a, 1973b, 1974). 

will be discussed is given in fig. 1 (Allen 1985b, Feldkamp and Davis 1979, Davis 
and Feldkamp 1981, Gunnarsson and Schönhammer 1983a,b, 1985, 1986, Kotani 
and Toyozawa 1974, Fujimori 1983a,b,c, Kotani and Toyozawa 1973a,b, 
Kotani and Jo 1986, Kotani et al. 1986). As an example of a core level here the 3d 
level is indicated. In the initial state the highest occupied level in La20  3 is the 
oxygen 2p level. The 4f level of lanthanum is not occupied. One is now interested in 
the result of photoemission out of the 3d level. Note that this photoemission of a 3d 
electron of lanthanum can, to a good approximation, be described by the addition of 
one nuclear charge to lanthanum making it similar to cerium. (This is the so-called 
Z + 1 approximation, see chapter 69 of this volume). This additional charge then 
'pulls', so to speak, the total energy level scheme of the La ion and therefore also the 
4f level to lower energies. In principle two possible final states can occur as is 
apparent from fig. 1. The first final state is one in which this 4f level, although it has 
been pulled below the Fermi level, remains unoccupied. One designates this final 
state by its 4f occupation, namely 14f°). The second final state occurs if the total 
electronic valence configuration adopts a state similar to the one found in the initial 
state of Cez O». This means that one electron is transferred from the oxygen 2p band 
into the cerium 4f state, thus forming a 14f 1) configuration. This is obviously the 
ground state of the photoionized La ion giving the lowest energy and one designates 
it by the 14f 1) configuration. 

Thus photoemission of the 3d levels of La20  3 results in two spin-orbit split 
doublets (d3/2, d5/2); one representative of the valence electron configuration 14f °) 
and the other one representative of the valence electron configuration 14fl), which 
has the smaller binding energy (nearer to the Fermi energy). These considerations 
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14f1> 14f1> 
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ako 
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Fig. 2. An XPS spectrum of  the 3d 
region in La203. Each component of 
the 3d3/2,5/2 multiplet shows a splitting 
due to the two different final states [4f °) 
and ]4f 1) (Schneider et al. 1985). 

are borne out by the experimental spectra which are shown in fig. 2 and which 
clearly show the anticipated splitting of each of the spin-orbit split components of 
the 3d configuration into two lines (Schneider et al. 1985, Moser et al. 1984, Fuggle 
et al. 1980, Signorelli and Hayes 1973, Suzuki et al. 1974). 

The question now arises about how rar a theory, which is devised along the 
principles as outlined in fig. 1, can indeed describe actual spectra. The work of 
Kotani et al. (1985, 1986), Jo and Kotani (1985), Fujimori (1983b), Schneider et al. 
(1985) and Gunnarsson and Schönhammer (1983a,b, 1985) has shown that a surpris- 
ing degree of agreement between theory and experiment can be achieved. The 
current theories (Kotani and Jo 1986, Gunnarsson and Schönhammer 1986, but not 
Fujimori 1983b) use the Anderson single-impurity Hamiltonian for the description 
of the 4f level, which should be a very good approximation because of the 
narrowness of the 4f band (level, state) in the solid. These calculations use in 
addition a core level, a filled valence band (oxygen 2p), a 4f level (as mentioned), a 
bandwidth for the valence band, a hybridization between the 4f electrons and the 
valence band, a 4f-4f Coulomb interaction and a Coulomb interaction between the 
core hole and the 4f electrons. A typical result as obtained for the 3d5/2 'line' of 
La20  3 (Kotani and Jo 1986) is shown in fig. 3 with a full line. The comparison is 
made here with the experimental data of Fuggle et al. 1980 (dashed line; the 
intensities of the two curves have been adjusted). The numerical values for the 
parameters, as specified above, come out quite similar in the calculations of the 
different groups, giving confidence to the procedure employed. Fujimori 1983b, 
1985, uses a slightly different approach in that he describes the valence electrons 
(oxygen 2p and lanthanide 4f) by a cluster approximation, getting, however, in the 
end, results similar to those of the other authórs. 

The important results from all these calculations is that they can simulate the 
experimental data only if they assume a hybridization between the f electrons and 
the valence band, which is much larger (~0.5eV) than hitherto believed. For  
completeness we show in fig. 4 the combination of the valence band photoemission 
spectra of La203, which only gives the oxygen 2p level, and a BIS spectrum of that 
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Fig. 3. A comparison (Kotani and Jo 1986) of the measured 3d5/2 spectrum (dashed curye) with that  
calculated (full curve) in La203.  The insert shows the measured raw data (Fuggle et al. 1980) where the 
background is indicated by a dashed-do t t ed  line. 
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Fig. 4. A combination of an XPS and BIS spectrum of the valence/conduction band in La z 0 3 (Schneider 
et al. 1985). XPS measures the O 2 p  valence band and BIS the lowest occupied state, via the 4f ° ~ 4f 1 
transition energy. (There is some inconsistency in the literature with respect to the classification of 4f 
spectra like that in fig. 3. We think that the most  correct one is by assigning the transition energy, because 
this is the property actually measured. Whether one prefers to call this energy the 14f °)  state or the 14f ~) 
state is a matter of taste.) 

same compound which gives the position of the 4f configuration in this oxide, or 
more rigorously the energy of the 4f ° --* 4f 1 excitation (Schneider et al. 1985). 

The situation in Ce 2 0 3 is very similar to the one just described for La 2 03 except 
that the valence electron count in the 4f level has to be increased by one. This means 
for the 3d photoemission that now the two possible final states are ]4f 1) and [4f 1) 
and this is evident in the experimental spectra as shown in fig. 5 (Allen 1985a). 
Figure 6 gives a combination of photoemission and BIS spectra for the valence band 
region and here one sees in order of increasing energy the oxygen 2p band, the 
4f I -~4f ° excitation energy in the valence 4f configuration and the 4f ~ --*4f z 
excitation in the conduction electron configuration (Allen 1985a). We prefer hefe to 
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Fig. 5. The 3d3/2,s/2 spectrum (XPS) of Ce203 (Allen 1985a) showing a situation similar to the one found 
in La203. The energy separation between the 14f 1) and [4f 2) final states is small and therefore their 
mixing is strong. For that reason a classification fl/f2 has been chosen. 
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Fig. 6. The combination of an XPS and BIS spectrum of Ce203 (Allen 1985a). The 4f 1 ~ 4f ° excitation 
energy is below the Fermi energy and the 4f 1 -~ 4f 2 energy above it. 

descr ibe  spectra l  features by the co r respond ing  exci ta t ion energies because some 
confusion has been p roduced  if they are  des ignated  by their  final or  initial  s tate 
conf igurat ion.  Thus  e.g., the 4f peak below the Fe rmi  energy has been called 
in te rmi t ten t ly  the 4f 1 or  the 4f ° state, where clear ly one label  is the ini t ial  state, the 
o ther  one the final state, and therefore the label l ing with the process  tha t  p roduces  it 
(4f I ~ 4f ° exci ta t ion)  seems the least con t rovers ia l  one. 

The  s i tua t ion  in CeO 2 is no t  quite so s imple and has to  be descr ibed in more  
detail .  In  principle one could  assume that  the cons idera t ions  which have been given 
for La 2 0 3 should  also app ly  to  CeO 2 because C e O  2, at least  nominal ly ,  has no 4f 
e lectron in the ini t ia l  stare. This  is however,  t o o  simple a view. Because of the 
closeness of the 4f ° conf igura t ion  and the oxygen 2p band  in CeO 2 there is s t rong 
hybr id iza t ion  which results  in some 4f charac ter  of the valence electrons even in the 
g round  state (Fu j imor i  1983b, Koel l ing  et al. 1983). This  is indica ted  in the energy 
level d i ag ram in fig. 7 by  let t ing the Fe rmi  energy ' touch '  the 4f 1 state. This d i ag ram 
cannot ,  ,however,  show correct ly  tha t  due to  the hybr id iza t ion  between the 4f 
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Fig. 7. A diagram for the ana]ysis of the 3d tore ]ev¢l XPS pro¢ess in C¢O» (Kotani and Toyozawa 
19"/3a, 1973b, 19"74). In order to demonstrate the O2p-C¢4f hybridization it was dccided to l¢t the Fermi 
energy intersect the 4f state, which is admittedly a crude picture because it could be wrong. However, we 
could find no other way to demonstra te  the 4f character of the valence electron configuration in the 
ground state. In the final state the core can be simulated by an additional nuclear charge. The valence 
band can then accomodate a max imum of two 4f electrons. This makes possible three final states, ]4f°>, 
i4f 1) and 14f2}. 

electrons and the oxygen 2p electrons the 4f electron count is ~0.5 in the ground 
state of CeO 2. The 4f 2 configuration is unoccupied in this compound. Naturally this 
diagram is slightly misleading although we are unable to construct another for the 
discussion of the situation. We emphasize again that  in CeO2 the mixing of the 
wavefunctions is between the oxygen 2p functions and the Ce 4f functions (Koelling 
et al. 1983) and that the energy of this hybridized state is what is generally called the 
oxygen 2p band, which is fully occupied. The first unoccupied state is the Ce 4f state, 
which is separated by ~3  eV from the oxygen 2p state and therefore CeO 2 is an 
insulator. 

In principle three valence configurations are possible in the final state reached by 
a 3d photoelectron. Note that we describe the photoemission final state again by the 
addition of one nuclear charge to the cerium ion thus producing a core con-  
figuration which is close to the one of praseodymium. This 'pulls' the Ce valence 
electron configuration (and of course the other Ce electron levels above the 3d level) 
to lower energies and can lead to three different final states (Kotani and Jo 1986). 
One~ which has no 4f occupancy, we call it ]4f°), one which has one 4f electron in 
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Fig. 8. A 3d core level spectrum of CeO 2 showing the three different final states for each of the 3d lines. 
As in the case of C e 2 0  a the 14f 1) and 14f 2) final states are strongly mixed (Allen 1985a). 

the valence electron configuration, 14fl), and one, which is the ground state and 
has two 4f electrons in the valence state, 14f2). This leads to the three-peak struc- 
ture in the spin-orbit split 3d components observed in the spectra shown in fig. 8 
(Allen 1985a). The two final state configurations 14f 1) and 14f z)  are strongly mixed 
and one author has reversed the order of these two final states depending on the 
mixing of the wavefunctions, which he gets out of his calculations (Fujimori 
1983b). (For  similar data see Schneider et al. 1985 and Borroughs et al. 1976). 
Spectra like that in fig. 8 reflect a final state, which has other valence electron oc- 
cupations than the initial state. 

In the spirit of the Kotani/Toyozawa/Gunnarsson/Schönhammer approach, 
which was shown to work well for the calculation of the core levels of La zO 3, the 
core level spectra of CeO/ have been calculated (Jo and Kotani 1985; see also 
Schneider et al. 1985, Fujimori 1985). Figure 9 shows the calculated spectrum for 
one of the 3d3/2,»/2 doublets and the inset gives a measured spectrum (Kotani and 
Jo 1986)i The calculation clearly reproduces the three final states which can be read 
oft the diagram in fig. 7. The inset shows a measured 3d spectrum of CeO2 (similar 
to the one in fig. 8) and one can realize that the theory represents the experimental 
data quite well (Kotani and Jo 1986). 

Finally fig. 10 gives again the combination of a photoemission and a BIS 
spectrum of CeO/  and one can see that indeed the 4f configuration is situated just 
above the Fermi energy, thus reflecting the situation as sketched in fig. 7 and 
showing that the 4f level in CeO 2 is the lowest unoccupied level (Allen 1985a; see 
also Wuilloud et al. 1984). 

Since the question of the 'valency' in CeO 2 has been discussed in the literature at 
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Fig. 10. A combination of the XPS and 
BIS spectrum of CeO 2 (Allen 1985a), 
similar data have been published by 
Wuilloud et al. (1984). The Fermi energy 
is in the gap between the O 2p band and 
the Ce 4f state, showing that CeO z is an 
insulator. There is, however, strong mix- 
ing between the O2p and Ce4f wave- 
functions (Koelling et al. 1983). 

some length, it seems appropriate to evaluate the foregoing data in more general 
terms. First of all, one has to realize that the term 'valence' is not very well defined 
and therefore the magnitude of the valence will depend on the method of its 
determination. Let us demonstrate what we mean by this statement. The data as in 
fig. 8 indicate, even without any'sophisticated analysis, that the [fo) component  in 
the spectrum has a strength of ,--50% of the total spectrum, which points to a state 
of Ce 3'5+ in CeO 2, or a -wlence  of v = 3.5. Another high-energy measurement, 
namely, X-ray absorption leads to a higher valence, namely v = 3.65, where however 
the exact number depends somewhat on the method of data handling (J. Röhler, 
chapter 71, this volume). These numbers could also be interpreted by saying that 
there is a population of the 4f level of 4 - v in CeOz. One can however at tempt to 
measure this 4f population and thereby the valence of cerium in C e O  2 by measuring, 
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e.g., the susceptibility. This has been done, with the result that there is at most a 
population of 5~o of the 4f state (Wachter 1982) which, if written in terms of 
valencies would mean v = 3.95. 

Finally one may take the data in fig. 10 to analyze the valence. These spectra 
show, that C e O  2 is a wide gap semiconductor (or insulator) with a filled oxygen 2p 
band and an empty cerium 4f band which could be interpreted by saying that the 
valence of cerium in CeO a is v = 4 (because the oxygen 2p band is completely 
filled!). Note however, that while the experiment in fig. 10 is meant to determine 
energy levels that in fig. 8 determines primarily transition probabi!ities. These 
transition probabilities sense the nature of the wavefunctions of the states involved 
and therefore give, of course, a different picture, than the data of fig. 10. The two sets 
of data therefore do not contradict one another. 

The spectrum in fig. 8 shows that there is strong mixing between the Ce 4f and the 
O 2p wavefunctions, meaning a considerable covalent bond and therefore the simple 
valence term, which is so convenient to describe most lanthanide compounds (with 
the exception of the mixed valent systems), loses some of its simplicity. This is 
emphasized by the band structur « calculation of Koelling et al. (1983), which finds 
just that hybridization. Howevei the question of the size of the 4f population, and 
therefore of the valence, as determined by these calculations, is also one of the choice 
of the spheres for the integration .f the charges around the ions. 

Using the charge analysis in the muffin-tin spheres one arrives at the following 
charge numbers for the valence banAs Koelling et al. (1983): 

metal (s,p,d,f) : 1.41 ( f :  0.47) 
oxygen (2 atoms): 8.44 
total muffin tin : 9.85 
interstitial : 2.15 
Total : 12.00 

These numbers lead to some interesting observations. The charge transfer away 
from the metal ion is much less than the 4 charges one would expect if CeO 2 were a 
truly tetravalent compound. The f-population comes out as ~0.5, close to the value 
estimated from the analysis of the 3d core level spectra. The charges on the oxygen 
ions is much less than the 12 expected for a truly ionic bond. And finally there is 
considerable charge which cannot be assigned to either ion, indicating again the 
strong covalent bond in CeO2. 

It has to be emphasized that these numbers can only be taken as a rough guide, 
because the charge analysis can also be performed in slightly different ways leading 
to different numbers, which does not, however, change the bulk of the argument. 

The term valence has to be used with care if used for the description of the 
electronic properties in C e O  2. If it is employed to demonstrate the covalent bond in 
this compound it is a valid procedure and thus indicates the mixing of the cerium 
and oxygen wavefunctions. The sizable 4f population obtained in this description 
can, however, not be used to infer a large susceptibility for C e O  2 o r  even to deduce 
an occupation in the 4f band. This band, as demonstrated by the BIS data, is 
completely empty. 
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3. Mixed valent compounds: samarium sulfide and thulium selenide 

Photoemission has played an important role in the past in obtaining a clearer 
picture of the so-called mixed valent phenomenon (Campagna et al. 1976). Mixed 
valent means that, contrary to the generally observed case, there are sorne lan- 
thanide compounds in which the occupation number for the 4f configuration is not 
integral but takes a value markedly different from this integral value (Varma 1976, 
1985, Wohlleben and Coles 1973, Lawrence et al. 1981). This situation can be 
visualized from the diagram in fig. 7. If in that diagram the Fermi energy is made to 
intersect the 4f band, the 4f count can be nonintegral. Using a more atomic 
approach to describe this case, one can say that for a compound for which this 
situation applies there is a fluctuation of an electron between the valence electron 
configuration provided, e.g., by the 5d electrons of the lanthanides and the 4f 
configuration, which in the time average amounts to a nonintegral occupation 
number of the 4f configuration. 

In that definition the conduction electron wavefunction of the lanthanide elec- 
trons can be written as: 

sin «14f") + cos ~14f"- 1 5d) (sin2Œ -[- COS2Œ = 1). 

This implies a metallic state for a mixed valent compound. Note that in CeO 2 the 
hybridization is between the Ce 4f wavefunction and the O 2p wavefunction, leading 
to an insulating stare as demonstrated by the gap between the top of the valence 
band (O 2p) and the bottom of the conduction band (Ce 4f, fig. 10). Some authors 
have chosen to call C e O  2 a mixed valent compound because of the large Ce 4f-O 2p 
hybridization. Hefe, however, we want to stay with the general notation in which 
the mixed valent term is reserved for a metallic system, where the electrons fluctuate 
between the 4f and the 5d band of the lanthanide. 

Some insight into the mixed valence problem can perhaps be obtained from figs. 
11 and 12. Figure 11 gives the 4 f " ~  4f "-1 (A_) excitation energies as measured by 
XPS and the 4 f " ~ 4 f  "+1 (A+) excitation energies as measured by BIS for the 
lanthanide metals which are trivalent, except for Eu and Yb which are divalent 
(Lang et al. 1981). These energies can be shifted somewhat by pressure or hy- 
bridization (or a combination of the two) and thus for Ce, Sm, Eu, Tm and Yb 
either one of A + or A_ can be brought to coincide (within the 4f bandwidth) with 
the Fermi energy, making a 4f-5d exchange possible and thereby leading to a mixed 
valent state. 

Figure 12 gives the lattice constants for the sulfides, selenides and tellurides of the 
lanthanides (Campagna et al. 1976). These constants show a regular behaviour 
except for some deviations for Sm, Eu, Tm and Yb. The regular curves are for the 
'normal' trivalent chalcogenides. The anomalous lattice constants occur for the 
divalent lanthanides, which due to the additional 4f electron have a larger ionic 
radius. Thus one sees that under normal conditions SmS, SmSe and StuTe are 
divalent (with respect to the Sm ion) but they can be driven into the mixed valent 
state by external pressure (Jayaraman et al. 1970). 

The diagram in fig. 12 also shows the lattice constant of 'golden' SmS, a 
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Fig. 12. The lattice constants of the sulfides, 
selenides and tellurides of the lanthanides 
(Campagna et al. 1976). For the trivalent 
compounds these lattice constants show a 
regular behaviour, and from the deviations 
the divalent ones and the mixed valent ortes 
(TmSe and 'collapsed' SmS) are easily 
discernible. 

modif ica t ion  of SmS which is p roduced  by  the app l ica t ion  of external  pressure. 
Since the lat t ice cons tan t  of 'go lden '  SmS is between that  of t r iva lent  and divalent  
SmS, one can read  the degree of mixed valence (between Sm 2 ÷ and Sm 3 + ) from this 

diagram.  
Similar  obse rva t ions  can be ob ta ined  for the thu l ium chalcogenides.  TmTe  is 

obvious ly  divalent .  Wi th  increas ing internal  pressure  (decreasing lat t ice constant) ,  
the tendency  t owards  t r ivalency increases. This  means  tha t  TmS is pure ly  t r ivalent  
and  TmSe  is mixed valent  as is evident  from the magn i tude  of their  lat t ice constants .  

One  of the first in te rmedia te  valent system studied by  pho toemiss ion  was the  
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Fig. 13. The XPS spectra of SmS, SmSe and SmTe 
(all divalent). These spectra show predominantly the 
4f 6--* 4f 5 final state structures (Campagna et al. 
1976). 

'golden' (collapsed) form of SmS. SmS is under normal conditions a (small gap) 
divalent semiconductor (see fig. 12). XPS spectra of SmS, SmSe and SmTe (all 
divalent) are shown in fig. 13. They give the final state structure resulting from the 
f6_~ f5 excitation and in addition the chalcogen valence band (Campagna et al. 
1976). 

By applying modest external pressure SmS can be driven into a first-order phase 
transition (Jayaraman et al. 1970) which results in the so-called metallic or 'golden' 
phase of SmS, in which SmS is in a mixed valent stare. 

Photoemission experiments under applied external pressure are difficult to per- 
form. One can, however, simulate the external pressure by forming alloys with a 
reduced lattice constant which can be thought of as producing an internal pressure. 
This can, e.g., be achieved by substituting some of the Sm ions by Th ions. If 10% of 
the Sm ions are replaced by Th ions, the same sort of phase transition, which can be 
induced by external pressure, is observed. 

The effect on the photoemission spectra of this phase transition can be seen by the 
series of spectra in fig. 14. The top panel gives again the spectrum of pure divalent 
SmS and this spectrum is dominated by the final state structure produced by the 
f6 ~ f5 excitation. In order to evaluate the spectrum of mixed valent SmS produced 
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Fig. 14. The XPS spectra of SmS (divalent), SmSb 
(trivalent) and Sm0.85Th0.~» (mixed valent). The 
spectrum of the last compound contains the 4 f  6 ~ "  4f » 
and the 4f » --* 4f 4 final state structure (Campagna et al. 
1976). 

by the doping of SmS with Th, the second panel gives the spectrum representative of 
Sm 3 + which is, e.g., measured in SmSb. Here near the Fermi edge one observes the 
valence band which is mainly produced by the Sm 5d electrons and at larger binding 
energies one sees the 4f structure produced by the f5 __, f4 excitation. The bot tom 
spectrum in fig. 14 is an XPS spectrum of a sample of mixed valent SmS, where the 
phase transition has been produced by replacing 15~o of the Sm ions by Th ions 
leading to an alloy Sm0.8»Th0.15S. It is immediately apparent  that this spectrum 
contains a final state structure representative of the f6_ ,  f» transition and the 
f» __, f4 transition. This means that the initial stare is a mixture of the f6 and the f5 
configuration or, in other words, that the 4f band, narrow as it is, intersects the 
Fermi energy, leading to a nonintegral f occupation number (Pollak et al. 1974, 
Freeouf et al. 1974, Campagna  et al. 1974). 

A similar situation is encountered in TmSe. This compound is, however, thought 
to be mixed valent whereas TmTe is divalent and TmS is trivalent. An XPS 
photoemission spectrum of TmSe is shown in fig. 15. Here one sees both the final 
states of the f13 ~ f~2 and of the f12 __, f l l  excitations (Campagna et al. 1974, 1976, 
Oh et al. 1984). 

It is obvious from these data that a quantitative estimate of the valence in, e.g., 
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Fig. 15. The XPS spectrum 
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final state structure 
(Campagna et al. 1976). 

TmSe is not easy from photoemission spectra because it requires a careful back- 
ground determination which is not always possible with great accuracy. 

There is, however, a marter which further complicates the situation. Photo-  
emission is a technique sensitive to only a few surface layers. In any solid the top- 
most surface layer can show an electronic structure different from that of the 
bulk. This must be determined before one can obtain a quantitative estimate of the 
degree of mixed valence. 

As in the case of C e O  2 the question 'what kind of quantitative numbers can one 
extract from the photoemission spectra' must be addressed. In SmS the XPS data 
yield v ~ 2.75 (Campagna et al. 1976) a number which is slightly larger than that 
derived from other methods yielding v = 2.60 _+ 0.10 (Jayaraman et al. 1973, Coey et 
al. 1974, Holtzberg 1973). Similarly in TmSe the photoemission spectra yield 
v = 2.62 ± 0.15 (Oh et al. 1984) again not in disagreement with the results from 
other experimental techniques yielding v = 2.60 +0 .10  (Launois et al. 1980, 
Holland-Moritz and Loewenhaupt 1979, Wertheim et al. 1980, Kaindl et al. 1982, 
Oh and Allen 1984). 

A comprehensive discussion of the valencies derived from high-energy spectros- 
copy and other methods can be found in chapter 71 of this volume. Perhaps it is 
worthwhile to point out that the agreement or disagreement between the results 
from different techniques are not independent of the error bars that various 
experimenters 'date '  to attribute to the numbers derived from their experimental 
data. It is our impression that an uncertainty of _+0.15 as given, e.g., by Oh et al. 
(1984) reflects very realistically the accuracy which can be achieved in that field, and 
leaves little room for spectacular disagreements. If however error bars are reduced 
by an order of magnitude, as some authors prefer to do, considerable discrepancies 
occur and can give rise to corresponding speculations. 

4. Surface core level shifts in lanthanide chaicogenides 

Ions in the surface of a solid have a different coordination number than those in 
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the bulk. Therefore the electronic structure of a surface is different from that of the 
bulk. Since the binding energy of the core levels of an ion depends also on the valence 
electron distribution of this ion, there can be a shift between the core levels of an ion 
in the bulk and those of the ion on the surface (surface core level shift) (Johansson 
1979, Johansson and Märtensson 1980, Rosengren and Johansson 1981). 

The principle of the core level shifts can be demonstrated with the diagram in fig. 
16. Note that for the purpose of the argument we shall consider the 4f electrons as 
core electrons which because of their localized nature, is a very reasonable approx- 
imation. Also it is assumed in what follows that the valence band is made up of the 
5d electrons of the lanthanides, which again can serve only as an approximation, but 
a convenient orte for the sake of the argument. In addition we note that in trivalent 
and divalent lanthanides the number of 5d electrons which make up the valence 
band is smaller than 5. Finally for simplicity a triangular density of states for the 5d 
electrons will be assumed. 

One knows that in the surface layer the number of neighbours of each ion is 
reduced with respect to that in the bulk. This leads to a narrowing of the density of 
states in the surface because this is roughly proportional to the number of nearest 
neighbours. As can be seen in fig. 16 this then has the consequence that, if the 
number of valence electrons is assumed to be the same in the surface, as in the bulk, 
the bulk Fermi energy is at lower energies than that of the surface. Of course, in the 
sample these two Fermi energies have to coincide and this then means that the 
position of the core level of the surface is shifted to lower energies (higher binding 
energies!) than that of the bulk. 

Measurements of-this effect for a SmS, EuS and YbS are shown in fig. 17 
(Martensson et al. 1982). They have been performed with a photon energy of 70 eV 
which brings out specifically the electronic properties of states in the surface layer 
because of the small escape depth of electrons with kinetic energies in that range. 
The separation of the bulk and the surface contribution to the spectra can be 

Surface core level shift, rld<5 

surflaCebulk 

L ~./I ~ 
B I N D I N G  E N E R G Y  

~ k surfQce 
E " ~  OOS 

" ~  bu[k 

E# . . . .  

E~ :E#=E b 

Fig. 16. Principles of the core level 
shift if the number of 5d conduc- 
tion electrons is smaller than 5. 
The density of states is assumed to 
have a triangular shape and, in 
addition, in going from the bulk to 
the surface the number of conduc- 
tion electrons remains constant. 
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Fig. 17. The photoemission spectra of clean SmS, 
EuS and YbS and of oxygen exposed SmS and YbS. 
The latter samples give only small surface contri- 
butions to the total spectrum and can therefore be 
taken as being representative of the bulk. This al- 
lows the separation of bulk and surface contri- 
butions in the spectra from the clean samples. The 
final state multiplets are indicated: bulk = full lines, 
surface = dashed lines (Mftrtensson et al. 1982). 

performed by compar ing  the spectra of the clean samples with those from samples 
which have been exposed to a small dose of oxygen. This latter procedure tends to  
reduce strongly the surface contr ibut ion and therefore these spectra are more  or less 
representative of the bulk sample. As can be seen from fig. 17 for all of the sulfides 
the bulk contr ibution to the speetca is nearer to the Fermi energy than the surface 
contribution. This is in agreement  with the simple model  which was indicated in fig. 
16. The shift of the surface contr/ibution with respect to the bulk contr ibut ion is of 
the order of 0.5 eV. 

All the sulfides mentioned, namely SmS, EuS and YbS, are divalent in their 
ground stäte. The final state after ejection of one 4f electron is then in principle a 
trivalent configurat ion and the measured excitation energy can therefore be iden- 
tified as the divalent to trivalent excitation energy (AEII,III). This is only an 
approximation to which small correct ion terms like an impuri ty solution term taust 
be added. These excitation energies are plotted in fig. 18. The excitation energies for 
the elements between europium and yt terbium can be estimated from those mea- 
sured for SmS, EuS and YbS and measurements  obtained for the metals (Lang et al. 
1981). These estimated values are given as full points in fig. 18. In  addtion, this figure 
shows the bulk and the surface Fermi energy in the sense as defined in fig. 16. The 
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Fig. 19. The photoemission spectrum of clean and oxygen covered TmS (trivalent). The oxygen covered 
sample, is representative for the bulk, and the surface oxide (trivalent) shows only the 4f 12 --* 4f 11 final 
stare structure, apart  from emission from the 5d conduction band. The spectrum of the clean sample 
shows a 4f 12 --* 4f H final state structure from the bulk and an additional 4f ~» --* 4f ~2 final state structure 
near the Fermi energy from the divalent surface structure. According to fig. 18, bulk TmS is trivalent but  
surface TmS divalent (Kaindl et al. 1982). The final state multiplets are indicated: bulk = full lines, 
surface = dashed lines. 
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Fig. 20. The photoemission 
spectrum of clean and oxygen 
covered TmSe (mixed valent). 
The occurrence of a surface 
contribution can best be seen 
from the splitting of the peak 
next to the Fermi energy, 
which is absent in the oxygen 
covered sample (Kaindl et al. 
1982). 

data in fig. 18 indicate that for TmS (and perhaps for DyS) the surface layer has not 
the trivalent but the divalent configuration. 

This is indeed borne out by the experimental findings as shown in fig. 19. Here in 
the energy range between 6 and 12eV below the Fermi energy the signal from the 
trivalent bulk final state is observed. In addition, one sees the signal from the 
divalent surface contribution near the Fermi energy. This latter contribution can be 
quenched, as shown before, by a weak exposure of the sample to oxygen and the 
spectrum of such a sample is also shown in fig. 19 (Kaindl et al. 1982). 

It is obvious that the surface contribution poses an additional difficulty for the 
determination of the valence in a mixed valent compound from photoemission data. 
A careful analysis of the spectrum of TmSe, which is mixed valent, is shown in fig. 
20. In this material, of course, both the bulk and surface divalent contributions 
overlap and are, therefore, difficult to distinguish. The clearest sign of these two 
contributions is found in the splitting of the peak nearest the Fermi energy. Note 
that in TmS the separation between bulk and surface spectra was simple because 
there the bulk was trivalent whereas the surface was divalent. In fig. 20 the bulk 
contribution is indicated by the bar diagram with the full lines whereas the surface 
contribution, which is shifted to lower binding energy, is indicated by the dashed bar 
diagram. This latter contribution can be quenched by exposure of the sample to a 
slight amount of oxygen. 
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~5dma x 
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e4 U 

e4fj 

e F 

er 
)0 

f «  
~(ion) 
~+ (4f" ~ 4f "-+ 1) 
p(nl) 
a(nl) 
O) 

energy of the 5d-band maximum 

RHF atomic 4[/eigenvalue 
4fj one-electron eigenvalue in the metal 
Fermi energy 
energy of the 6s-band minimum 

multiplet spin-orbit parameter 
4f one-electron spin-orbit parameter 
correlation energy difference between a 4f" atom and the 4f"- a ion 
free atom correlation energy difference between 4f "+ ~ and 4f" configurations 
replicate splitting of the nl core shell 
shift in 4f "+1 level due to an nl core hole 
frequency 

1. In troduet ion  

To a large extent the opulent diversity of electronic and magnetic properties 
manifested by lanthanide materials arises from the existence of an open shell of 
atomic-like 4f electrons. A number of challenging theoretical problems accompanies 
the panoply of physical phenomena, not only for the exotic mixed valence systems 
but for comparitively simpler materials such as the metals as well. In this chapter we 
treat one of these issues, the calculation of 4f electron excitation energies in the 
lanthanide metals. Measurement of the excitation energies is one of the principal 
achievements of the high-energy spectroscopies which form the subject of the present 
volume. 

Figure 1 serves to introduce a central aspect of the problem. Shown are the charge 
densities of the 4f shell and the shells exterior to it in the 4f » 5d 2 6S configuration of 

I t l  I I 
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[ ~o ___ Fig. 1. Charge densities P(r) So P(r) dr 1] of the 4f5/2, 5sl/2, 5pl/2 , 5d3/2, and 6sl/2 shells from 
relativistic Har t r e~Fock  calculations for the 4f 5 5d 2 6s configuration of atomic samarium. 
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atomic samarium. Although the atomic Sm ground state is 4f 6 6sZ(7F0) (Martin et 
al. 1974), the 4f 5 5d 2 6s excited configuration corresponds most closely to the 
electron distribution in samarium metal. When such atoms coalesce to form the 
s01id, whose Wigner-Seitzradius rws is indicated in the figure, it is clear that the 5d 
and 6s wave functions will heavily overlap; their interaction generates the con- 
duction bands. In contrast, the atomic 4f electrons are quite localized. Confined 
within the closed 5s and 5p core shells, the 4f charge is quite small at rws, and its 
localized atomic character is essentially retained in the metallic state. 

Calculation of a 4f excitation energy (for example, the energy required to remove 
a 4f electron, as in a photoemission event) thus requires an a t o m i c  treatment of the 
4f electrons in concert with a b a n d  description of the 5d-6s conduction electrons, 
two fundamentally disparate approximations. One-electron eigenvalues from con- 
ventional band theory a r e a  p r i o r i  inadequate for estimating the 4f excitation 
energies since they do not incorporate intraatomic or extraatomic relaxation effects. 
Electrons in the vicinity of a localized hole are significantly perturbed, and the 
alteration of their ware functions vitiates identification of the one-electron energy 
with the removal energy. In other terms, the effective 4f-4f Coulomb interaction 
energy is large compared to the 4f level width, so that the band picture does not 
apply and 4f excitation energies taust be obtained from total energy differences 
between appropriate initial and final states rather than from single-particle 
eigenvalues. 

As we describe below, the renormalized atom (RA) method (Watson et al. 1970, 
Hodges et al. 1972) offers a means both for combining the atomic and band 
approximations and for obtaining the requisite total energies. RA techniques were 
first applied to the problem of 4f excitation energies in a non-relativistic treatment 
(Herbst et al. 1972) and then in a relativistic version (Herbst et al. 1976a, 1978). The 
present review concentrates on relativistic results. In chapter 69" Johansson de- 
scribes a qualitatively different approach relying on the use of a Born-Haber  cycle 
coupled with thermochemical information which is the only other systematic 
investigation of 4f promotion energies. 

2. Calculational scheme 

We are concerned specifically with two 4f excitation energies in the lanthanide 
metals: (i) the energy A_ (4f"--. 4f "-~) required to excite a 4f electron from an 
occupied 4f" shell into the conduction bands at the Fermi level eF, and (ii) the energy 
A + (41" --+ 4f "+ ~) needed to convert a Fermi level conduction electron into a localized 
4f at a metallic site already having n 4f electrons present. In effective one-particle 
language, A _ ( 4 f " ~ 4 f  "-1) is the energy of an occupied 4f level below e v, and 
A + (4f"~  4f "+ ~) is the energy of an unoccupied 4f level above ev when the ground 
stare configuration is 4f". Figure 2 illustrates these quantities. Since binding energies 
from high-energy spectroscopies such as X-ray photoemission (XPS) and 
bremsstrahlung isochromat spectroscopy (BIS) are generally reported relative to e v, 

these definitions are convenient. As indicated in fig. 2, the sum 
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+(4f n ~ 4fn+l )  

B_(4f n ~ 4fn-1) 
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Fig. 2. Effective energy level dia- 
gram defining A _ (4f" ~ 4f" - 1), 
A+(4f"~4f"+l), and U(4f"). The 4f" 
ground state configuration is assumed, 
so that both A_(4f"~4f "-1) and 
A+(4f"~4f "+1) are positive quan- 
tities. If the ground stare configuration 
were 4I" 1, a sirnilar diagram could be 
drawn with a new A (4f" 1 ~4fù-z), 
A+(4f" ~ ~ 4 f " ) = - A  (4f"~4f" 1), 
and U(4f "-1) = zl (4f" 1~4f" 2)+ 
3 + (4f" - 1 ___, 4f"). 

U ( 4 f " ) - z l  ( 4 f " ~ 4 f "  2 ) + A + ( 4 f ù ~ 4 f ù + l )  (1) 

is the energy separation between the filled and empty 4f levels, and it may  also be 
interpreted as the Cou lomb interaction energy between two 4f electrons at the same 
metallic site (see sections 3 and 4). 

The excitation energies are written as total energy differences: 

A _+ (4t" ~ 41" -+ 1 ) = Emetal  [4f" -+ 1 (5d, 6s)" + 1 ] _ Emetal [4f" (5d, 6s)" ]. (2) 

Emeta I represents the total  energy of all the electrons in a Wigner-Sei tz  (WS) sphere 
of the metal having the indicated electron configuration, and m is the valence or the 
number  of (5d, 6s) conduct ion electrons in the initial state. 

Equat ion (2) embodies two principal approximations.  First, we have replaced the 
problem of a 4f "-1 or 4f "+1 impuri ty in a rare earth metal host by the more  
tractable question of determining the difference in total energy per cell of two 
metals, one with the initial state 4f"(5d, 6s)" configurat ion at every site and the other 
having the 4f "+-~ (5d, 6s) "~-1 final state configurat ion in each unit cell. This simptifi- 
cation is quite plausible for locafized electrons, whose excitation is primarily a 
single-site process. 

Second, we assume charge neutrali ty of all configurations, modifying in particular 
the number  of conduct ion electrons in the final state to compensate  the change in 4f 
occupancy.  Neutra l  final states are appropria te  to the XPS and BIS measurements 
with which we will compare  results. This approximat ion is consistent with the first 
assumption of ignoring variations in intercellular contr ibut ions to the 4f excitation 
energies, and it provides a physically reasonable, well-defined means for describing 
the conduct ion  electron response to the localized 4f "+1 impurity. In the case of 
A ( 4 f " ~ 4 f " - l ) ,  corresponding to 4f electron removal,  we have designated the 
assumption of neutral final states the complete screening approximation (Herbst et al. 
1976a) since an addit ional unit conduct ion electron charge is confined to the neutral  
excited cell. We assess the impact  of that approximat ion in section 5 by examining 
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the zero-screening limit in which no additional screening charge is present in the 
final state cell. 

Our insistence on neutral final states may seem surprising given the conventional 
description of photoemission (see, for example, Gadzuk 1978) in which the many- 
body stares are considered to have definite electron number N. In that view the XPS 
final state is the product of a high-energy plane wave and an (N - 1)-electron many- 
body state. Core electron ejection reduces N to N -  1, the number of valence 
electrons in the WS cell surrounding the depleted core is unchanged, and that cell 
has unit positive charge. 

In extended systems, however, the many-body states are characterized by a 
constant electrochemical potential (and an indefinite number of electrons). There are 
two independent reasons for this: (i) in an XPS experiment the sample is grounded 
so that electrons can flow into it and compensate the ejected ones, and (ii) the 
Coulomb forces in metallic systems move any excess charge to the surface. The 
second reason (which follows from Poisson's equation) couples with the first to 
insure charge neutrality of the sample. Since out final states are by construction 
translationally invariant (the 4f number in every cell is the same), this implies in turn 
that every WS cell in the final stare must be electrically neutral. In particular, a 
photoionized cell having one fewer core electron taust contain an additional valence, 
or conduction, electron. 

What makes the neutral final state or complete screening condition approximate 
rather than exact is the time required for the system to respond to the core 
excitation (the various time scales are discussed by Gadzuk (1978)). In this work we 
are concerned only with the excitation energy, the threshold for absorption. Since 
the threshold corresponds to a long-time process ( in  the sense of a Fourier 
transform of a correlation function), the actual dynamics of complete screening will 
have negligible effect on the threshold energy but will affect the lineshape. 

2.1. Relativistic Hartree-Fock total ene.rgies 

To derive the total energies entering A_+ we perform relativistic Hart ree-Fock 
(RHF) computations, and eq. (2) becomes 

_ _ E R H F  n ± l  mT-1 ]  A_+(4f"~4f "-+1) = ~+(4f"--* 4U +1) + metal[4f (5d, 6s) 

RHF n m --Emetal[4f (5d,6s) ], (3) 

where ~" RHF ~metal now denotes the total RHF energy per cell. Since the Hart ree-Fock 
approximation is employed, we introduce the correlation energy difference terms ~_+ 
which serve to approximately correct the RHF excitation energies for correlation 
effects; the use of atomic spectral data to estimate these terms is described in section 
2.3. 

Our procedure for deriving ~ ]~?metalRHF is comprised of four major steps. First, we 
perform RHF computations for the 41" 5d =- 1 6s atornic configurations most closely 
approaching those of the initial and final states in the metal. Solufions are obtained 
within the average of LS configuration scheme (Lindgren and Rosén 1974) which 
averages the L, S, ML, and Ms quantum numbers of the open shells. A complete, 
self-consistent calculation is carried out for each configuration. 
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Second, the RA method is used to construct band potentials for the metals. The 
atomic ware  functions are truncated at rws and normalized to unity within the WS 
sphere by a simple rescaling which preserves wave function shape for r -« rws; only 
the 5d and 6s wave functions are significantly affected by this process (cf. fig. 1). 
Recomputation of the R H F  potentials with the truncated wave functions yields l- 
dependent crystal potentials. For any given configuration the 6s-band minimum er, 
and the extrema of the 5d bands are calculated by imposing WS-type boundary 
conditions on the large components of the wave functions obtained from integration 
of the RHF equations. That  is, the 5d and 6s R H F  equations are solved for wave 
functions over a range of energies ~. The value of ~ (~5dm~° or er~) for which the large 
component  has zero radial derivative at rws specifies the minimum of the cor- 
responding band; the e (eSdmax) for which the large component  of a 5d wave function 
is zero at rws determines the maximum of the 5d band. 5d-6s hybridization is not 
included; we do not expect it to have any substantial impact on total band energy 
differences. 

Third, the band calculations are iterated to self-consistency in the following way. 
The 5d and 6s occupation numbers are allowed to become non-integral, and a 
parabolic 6s-band and a rectangular 5d-band density of states are assumed. The 
Fermi energy is determined by filling the bands to the appropriate conduction 
electron occupancy. 5d and 6s wave functions are then computed at average energies 
in the occupied bands, and the 5d and 6s crystal potentials are reconstructed with 
these average wave functions. Band extrema are again determined and the procedure 
repeated until er, and the 5d-band extrema have converged to within 0.003 eV. 

rRHF is defined Finally, the total R H F  band energy per cell, ~RHV is calculated. --ban« --band,  

by the standard atomic expressions but is computed with the renormalized wave 
functions, including the self-consistent average 5d and 6s conduction band wave 
functions and occupation numbers. ]cTRHF differs from gTRHF of eq. (3) only by the ~band  ~meta l  

exclusion of the Hund-rule correction for the 4f electrons discussed in section 2.2. 
Although the detailed conduction band structure of the rare-earth metals is 

intricate and fascinating (Liu 1978), our simplified treatment of it for the purpose of 
deriving 4f excitation energies is motivated by computational  viability. The FRHV ~band  

terms are on the order of 105 eV while A + are of order 1 eV. It  is essential, therefore, 
that the same well-controlled algorithm be applied in calculating both the initial 
and final state total energies since their difference is of interest. 

2.2. Hund's rules and multiplet theory 

It is well known (e.g., Elliott.1972) that to excellent first approximation the 4f 
electrons in the ground configurations of the metals are in the Hund-rule states (i.e., 
maximum S, maximum L consistent with that S, and J = L _ S for n ~ 7). Aside 
from relatively small conduction electron polarization contributions and crystal field 
effects which are more important  for the lighter elements, the magnetic moments of 
the metals agree reasonably well with those specified by the Hund-rule quantum 
numbers of the 4f shell (Rhyne 1972, McEwen 1978). Out  R H F  calculations are 
done in the LS-average scheme, however, so that ~'RHF for the initial states must be ~band  

corrected to properly describe the Hund-rule 4f states. Since the atomic 4f wave 
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function character is preserved in the metal by the RA method, the correction is 
readily determined via non-relativistic (NR) Condon-Slater-Racah atomic multiplet 
theory (see, e.g., Slater 1960a). The LS multiplets for f" configurations and their 
energies expressed in terms of electrostatic integrals have been tabulated by Nielson 
and Koster (1963), and the average of configuration energies are given by Slater 
(1960b), among other sources. 

Justification for employing the NR multiplet energy expressions lies in the fact 
that the RHF electrostatic integrals Rk(nlj, n'l'j ') calculated in the LS-average 
scheine for the 4f (as well as the 5d and 6s) electrons of the lanthanides are not very 
dependent on j and j'. If this independence were exact, then the relativistically 
correct multiplet expressions would reduce to their NR analogs because the RHF 
equations reduce to the NRHF forms when the velocity of light is taken to be 
infinite. The complications of jj coupling are circumvented by averaging the 
Rk(nlj, n'l'j') over the values of j and j '  to yield an effective Rk(nl, nT) which is then 
used in the NR multiplet expressions. 

We include the 4f spin-orbit contfibution to each total energy by calculating the 
expectation value of Z L. S for the Hund-rule multiplet, where 2 is given (Blume 
et al. 1964) by 

2= + ~4f/2S (n ~ 7). 

~4f is obtained from the RHF one-electron eigenvalues: 

and we find 

( L + I )  n < 7  
( } ~ L , S )  = -1 (~4f7 /2  - 84f5/2) L n ~ 7. 

(4) 

(5) 

(6) 

To illustrate these procedures we take the 4f 2 configuration relevant to Pr metal 
as an example. The average of LS configuration energy is (Slater 1960b) 

Eac(4f 2) = F°(4f, 4f) - ~95 F2(4f, 4f) - ~ F 4 ( 4 f ,  4f) - ~ F 6 ( 4 f ,  4f), (7) 

and the electrostatic energy of the 3H~ Hund-rule ground multiplet is (Nielson and 
Koster 1963) 

Egn«[4f2 (3H)] = F°(4f,4f) - ~F2(4f,4f) - 3@a F«(4f,4f) - ~ F 6 ( 4 f , 4 f ) .  (8) 

For F 2 (4f, 4f) we use the following multiplicity-weighted average: 

F2(4f, 4f) = 6 [ 6  F2(4fs/2,4f5/2) + s F2(4f5/2,4f7/2) ] 

+ x-~[64 G 2 (4f5/2,4f7/2) + SF2(4fT/2,4f7/2)]. (9) 

The renormalized RHF integrals on the right side are all 12.0 _ 0.1 eV for Pr(4f2). 
F4(4f, 4f) and F 6 (4f, 4f) are similarly obtained. (The greatest disparity among RHF 
electrostatic integrals corresponding to the same NR quantity occur~ for the 
F2(4fj,4fj') of the heaviest elements. The largest of these integrals are 17.3 + 0.3 eV, 
so that the left side of eq. (9) or its analogs for F4(4f,4f) and F6(4f,4f) does not 
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depar t  appreciably  f rom any of the individual terms on the right.) The spin-orbi t  
contr ibut ion (zero in the configurat ional  average) is 

(4f2(3H4)I2L.  SI4f2(3H4))  = 6 (10) - ~ (e4fT/2 - e4f»/2) 

for the Hund-ru le  multiplet. The  resultant  correct ion to the LS-average total  energy 
is thus 

E4fHRc(4f 2) -- Egn«[4f 2 (aH)] - Eac (4f 2) + (4f  z (3H4)[2L" SI4f2(3H«))  
2 9 7 5  6 = -5-~5 F 2 ( 4 f , 4 f ) -  4@~59 F4(4f,4f) + ~ F  (4f,4f) 

6 
- - ~ ' ( , ~ 4 f  7/2 - -  e 4 f  5/2) 

= - 1.5eV. (11) 

Al though miniscule in compar i son  with ~ RHV L ,  b a n d  , E4fHRc1S on the same l e V  scale as 3 +. 
In eq. (3) ~metal]t?RHF for the initial states includes the 4f Hund-ru le  correction: 

RHF n RHF n m Emetal[4f (5d,6s)"]  - Ebanä[4f (5d, 6s) ] + E4fHRC(4f"), (12) 

and we will focus on results in which the 4f final states are given by Hund ' s  rules as 
well. We emphasize,  however,  that  the ability to use a tomic multiplet  theory is a 
distinct advantage  of our method  since it clearly allows derivat ion of excitation 
energies cor responding  to any set of initial and final 4f states, not  only those 
specified by Hund ' s  rules. 

2.3. Correlation energy corrections 4+ 

Although the trends differ, depar tures  of calculated atomic excitation energies 
f rom the values determined by spectroscopic measurements  are on the order of eV 
for the 3d electrons of the iron series elements whether  the calculat ions are of the 
N R H F  (Watson 1960), R H F  (Kagawa  1975), or local spin-density functional (Harris  
and Jones 1978) variety. Depar tures  of equal magni tude (i.e., on the same scale as 
A +_) occur for the a tomic 4f electrons of the lanthanide row. Figure 3 displays R H F  
4f binding energies for the ground states of the lanthanide a toms together  with 
est imated spectroscopic  values and the few available direct photoemiss ion measure-  
ments,  and it can be seen that  the discrepancies, or the correlat ion energy differ- 
ences, range  f rom ~ 1 to -~4eV. For  A+ the issue of correlat ion effects is exacer- 
bated both  by the metallic envi ronment  as well as by the fact that  not only a change 
in 4f number  but a concomi tan t  change in conduct ion electron (chiefly 5d) occup- 
ancy is involved. In the absence of any accurate  theoretical  procedure  for calculating 
such effects, we exploit a tomic spectral informat ion to est imate them. 

Specifically, the free a tom transit ion corresponding to A + ( 4 f " ~ 4 f  "+1) for the 
tr ivalent metals is 4f"5d 2 6s ~ 4f "+1 5d6s, and we use the associated correlat ion 
energy difference ~ + ( 4 f " ~ 4 f  "+1) as an additive corre la t ion correct ion to 
A+ (4f" --* 4f "+1) (cf. eq. (3)). 4+ (4f" ~ 4f n+l) is defined by 

+ (4f" --* 4f" + 1 ) _= E . . . .  (4f" + 1 5d 6s) - E .... (4f" 5d z 6s) 

_ [E(4fù + 1 5d 6s) - E(4f" 58 2 6S)]expt 
- [E(4f" +1 5d 6s) - E(4f" 5d 6s)] RHV (13) atom gnd~ 
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Fig. 3.4f electron binding energies for the 
ground states of lanthanide atoms .  

Triangles are estimated experimental va- 
lues derived by combining the known 
ionization potentials (Martin et al. 1974) 
with estimates of the ion spectral term 
energies (Brewer 1971b). Circles represent 
the results of direct photoemission 
measurements on Sm, Eu, and Yb vapors 
(Lee et al. 1977). Squares'denote calcu- 
lations of atom ---, (4f ion) total energy dif- 
ferences, multiplet theory having been 
used to correct the LS-average results to 
correspond to the Hund-rule terms 
(Herbst et al. 1978). k is the number of 4f 
electrons in the atomic ground state; it is 
equal to the metallic ground state 4f oc- 
cupancy n for La, Ce, Eu, Gd, Yb, and Lu, 
but k = n + 1 for the other elements. 

where the first te rm in square  brackets  is ob ta ined  f rom avai lab le  spectra l  d a t a  
(Martin et al. 1978, Brewer 1971a). The second te rm in square  brackets  is der ived 
from our R H F  calcula t ions  for the  same t ransi t ion,  with mul t ip le t  theory  (cf. sect ion 
2.2) serving to place the 4f, 5d, and 6s e lect rons  into the  a p p r o p r i a t e  g round  states. 

Except for d ivalent  Eu and Yb, the a tomic  t rans i t ion  co r re spond ing  to 
A_ (4f" -~ 4f"-  1) is 4f" 5d 2 6s --, 4f"-  1 5d 3 6s for which, unfor tunate ly ,  no  rel iable  

spectral informat ion exists. W e  are consequent ly  compel led  to use the d a t a  for the 
4 f " 5 d 6 s ~ 4 f  "-1 5d26s t rans i t ion  involving the same number  of 4f e lect rons  but  
corresponding to the preceding element  in the per iodic  table.  Tha t  is, we appro -  
ximate ~_ (4ff ~ 4fr-  1) by 

~_(4f"--* 4f " - 1 ) -  E . . . .  (4f " -1  5d36s) - E . . . .  (4f"5d26s) 

E . . . .  (4f"- 1 5d 2 6s) - E . . . .  (4f" 5d 6s) 

- ~ + ( 4 f  " - ~  --,  4f") .  ( 1 4 )  

4-  (4f 8 ~ 4f 7) for the 4f 8 5d 2 6s ~ 4f v 5d 3 6s t rans i t ion  re levant  to  A_ (4f 8 --, 4f 7) of 

Tb, for example,  is thus  t aken  to be the cor re la t ion  energy difference 
[ -  ~ + (4f v --, 4f 8)3 for the 4f 8 5d 6s --* 4f 7 582 6s t rans i t ion  in Gd.  Since the localized 
atomic character  of the 4f e lect rons  is ma in ta ined  in the metals ,  our  a ssumpt ion  of 
common atomic and metal l ic  cor re la t ion  effects as embod ied  in the ~+ terms of eq. 
(3) is quite reasonable .  I n t roduc t ion  of the necessary a p p r o x i m a t i o n  represented by 
eq. (14), however,  leads to  a greater  uncer ta in ty ,  pe rhaps  as large as 1 eV, in ~_ and 
hence in our A_ results  for the heavier  elements.  
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TABLE 1 
Ground  state atomic and metallic electron configurations (omitting the closed 1s2. . .4d 1° 5s 2 5p6 xenon- 

like core), crystal structures, and Wigner-Seitz radii rws  of the lanthanide elements. 

Element Atomic Metallic Crystal  
configuration configuration structure rws (a.u.) 

La 5d 6s z (5d, 6s) 3 dhcp 3.92 
Ce 4f5d 6s 2 4f(5d, 6s) 3 fcc 3.81 
Pr  4f » 6s 2 4f2(5d, 6s) 3 dhcp 3.82 
N d  4f 4 6s z 4f 3 (5d, 6s) 3 dhcp 3.80 
P m  4f s 6s 2 4f4(5d, 6s) 3 dhcp 3.78 
Sm 4f 6 6s 2 4f » (5d, 6s) 3 r h o m b  3.77 
Eu 4f 7 6s 2 4f 7 (5d, 6s) z bcc 4.26 
Gd  4f 7 5d 6s 2 4fV(5d, 6s) 3 hcp 3.76 
Tb  4f 9 6s 2 4f8(5d, 6s) 3 hcp 3.72 
Dy 4f 1° 6s 2 4f9(5d, 6s) 3 hcp 3.70 
Ho  4fl 1 6s 2 4f 1 °(5d, 6s) 3 hcp 3.69 
Er 4fl 2 6s z 4fi 1 (5d, 6s) 3 hcp 3.67 
T m  4fl 3 6s ~ 4fl Z(5d, 6s) 3 hcp 3.65 
Yb 4fa 4 6s 2 4f~ 4(5d, 6s) 2 fcc 4.05 
Lu 4f 14 5d 6s z 4f14(5d, 6s) 3 hcp 3.62 

3. Results for the metals 

Table 1 rists the ground state atomic and metallic configurations of the lanthanide 
elements, the crystal structures of the metals, and the Wigner-Seitz radii used here 
which were computed from the lättice constants given by Beaudry and Gschneidner 
(1978). A 4f ~ valence electron conversion occurs on formation of the metals P r -Sm 
and Tb -Tm;  i.e., those metals have one fewer .4f (and one more valence) electron 
than the corresponding atoms. This change in 4f number has a marked influence on 
the atom ~ solid shifts of core level binding energies in those elements, as calcu- 
lations based on the techniques described here have shown (Herbst 1982, 1983). The 
atomic and metallic 4f occupancies of La, Ce, Eu, Gd, Yb, and Lu are the same. It is 
clear that the trivalent metals display the lanthanide contraction, their rws values 
decreasing generally through the series. As the atomic number Z increases, the 
addition of another 4f electron does not completely screen the larger nuclear charge, 
and the lattice contracts. 

3.1. Conduction band structure 

Results of our calculations for the metals are summarized in fig. 4, which shows 
the extent of the 5d bands, the Fermi level eF, and the 6s-band minimum erl. Table 2 
enumerates er~, the 5d-band minimum e»%n and maximum e»dmùx, the 5d bandwidth 
Ws«, ~F, and rt6s , the number of 6s electrons in the occupied bands (the 5d 
occupancy is equal to m - n6s , where m is the valence). We note that the energy zero 
is the crystal zero, which is the bulk metal analog of the vacuum zero and differs 
from the latter by the surface dipole term D as defined by Seitz (1940). Put another 
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Fig. 4. Conduction band limits, Fermi levels, and 4f excitation energies calculated for the lanthanide 
metals. 

TABLE 2 
Band parameters from our calculations for the metallic ground states. ~rl is the 6s-band minimum, e5dmi n 
and %d~aù the min imum and max imum of the 5d bands as determined by imposition of Wigner-Seitz 
boundary conditions, Wsd the 5d bandwidth, e F the Fermi energy, and nös the 6s electron occupancy. All 

energies in eV. 

Metal eF~ %dm jù ~Sdmax Wsd E:F r/6s 

La - 6 . 2  - 5 . 3  2.2 7.6 - 3 . 6  0.7 
Ce - 6 . 2  - 5 . 3  2.8 8.1 - 3 . 5  0.7 
Pr - 6 . 5  - 5 . 4  2.4 7.8 - 3 . 6  0.8 
Nd -6 .8  - 5 . 4  2.2 7.6 - 3 . 7  0.8 
Pm - 7 . 0  - 5 . 4  2.2 7.6 - 3 . 8  0.9 
Sm - 7 . 2  - 5 . 4  2.2 75 - 3 . 8  0.9 
Eu - 7 . 0  - 4 . 2  1.5 5.8 - 3 . 8  1.2 
Gd -7 .7  - 5 . 4  1.9 7.2 - 4 . 0  1.1 
Tb -7 .8  - 5 . 3  2.0 7.4 - 3 . 9  1.1 
Dy - 8 . 0  - 5 . 3  2.1 7.4 - 3 . 9  1.2 
Ho - 8 . 2  - 5 . 3  2.2 7.4 - 3 . 9  1.2 
Er -8 .3  - 5 . 2  2.2 7.5 - 3 . 9  1.3 
Tm - 8 . 5  - 5 . 2  2.4 7.5 - 3 . 9  1.3 
Yb -7 .7  - 3 . 8  2.8 6.6 - 3 . 5  1.6 
Lu -8 .8  -5 .1  2.5 7.6 - 3 . 9  1.5 
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way, the crystal zero is the electrostatic potential on the boundary of a WS cell; as 
Bardeen (1936) emphasizes, this definition implies D = 0 if the electron distribution 
in a WS sphere at the surface of a metal is the same as that of an interior WS sphere. 

We find that the 5d bands are 7-8 eV wide for the trivalent metals and somewhat 
narrower, 6-7eV, for divalent Eu and Yb. The 4f complements of Eu and Yb are 
larger by one than trivalency would imply (a consequence of the energetic favora- 
bility of a half-filled or filled 4f shell), and the relatively smaller effective nuclear 
charge is responsible for larger lattice constants and correspondingly narrower 5d 
bands. Our 5d bandwidths are in reasonable agreement with those of conventional 
band structure calculations (see the review by Liu (1978)), even though the methods 
of potential construction are quite different. 

Figure 4 and table 2 indicate that er1 progressively decreases across the row, a 
corollary effect of the lanthanide contraction, while the 5d bands occupy roughly the 
same energy region. The decline in erl is accompanied by an increase in the 6s-band 
occupation number n6s , as the final column of table 2 shows. Except for Yb, all the 
n6s values are near unity and are thus consistent with our choice of the input 
4f" 5d "-~ 6s atomic configurations having a single 6s electron. 

The small (0.5eV) variation of the Fermi levels and the similarity of the gross 
band structures suggest that the work functions of the lanthanide metals have no 
strong dependence on Z. Indeed, available measured work functions for polycrystal- 
line Ce, Nd, Sm, Eu, Gd, Er, and Yb are all 3.0 _+ 0.5 eV (Hölzl and Schulte 1979). 
This experimental fact in conjunction with out ev values implies that the surface 
dipole energy also varies slowly with Z and that D ~ 1 eV (relative to the crystal 
zero). 

3.2. 4 f levels 

3_+ results corresponding to the Hund-rule initial and final 4f states, the lowest 
excitation energies, are included in fig. 4 as effective single-particle quantities (cf. fig. 
2). Except for europium most of the empty 4f levels (A +) lie within the unoccupied 
5d bands, while the majority of the filled 4f levels (A_) are below the conduction 
bands. Certainly the most significant feature of the results, however, is that A_ is 
smallest for Ce, Eu, and Yb, and A + is least for Sm and Tm. The minimal excitation 
energies imply that valence transitions involving 4f~---+conduction electron conver- 
sion (generated by pressure and temperature changes, for example, or by com- 
pound formation) will be most probable for these elements. The observation of 
mixed valence behavior in materials such as CePd3, SmS, EuTe, TmSe, and YbAI2 
containing only these five lanthanides lends ample credence to the implication (for 
reviews of mixed valence phenomena see Campagna et al. (1976), Parks (1977), 
Lawrence et al. (1981), Falicov et al. (1981), Wachter and Boppart (1982), Müller- 
Hartmann et al. (1985), Kasuya and Saso (1985)). Study of the lattice constant 
variation of the 4f levels for several of the metals reveals fascinating pressure- 
induced valence transitions (section 7). 

Solid state vs. atomic contributions to the excitation energies can be analyzed by 
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separating A+ as defined by eq. (3) into four components: 

A +(4f" ~ 4f "+-1) = 4+ (41" ~ 4f "+1) 

~'F RHFI-afn+ 1 (5d, 6S) m¥1  ERHF n m 
-~ t~ a tomt . - - -  "] - -  a t o m [ 4 f  ( 5 d ,  6s)  ]} 

+ [E4f HRc(4f" -+ 1) __ E4 f nRc(4fù)] 
RHF n + l  +({Ebaùa[4 f _ (5d, 6s)m+l] R~IF ù+1 - - E a t o m [ 4 f  - ( 5 d ,  6 s ) m g a ] }  

RHF n 
_ { E b a n d [ 4  f ( 5 d ,  6 s ) m ]  RHV ù ù, - -  E ù t o m [ 4 f  ( 5 d ,  6s )  ] } )  

= 4+ + gE(atom) + gE(Hund) + gE(atom ~ band). (15) 

~E(atom) is the difference between the initial and final state atomic total energies, 
ERHV from our LS-average R H F  computations, and gE(Hund) represents the net atom 

energy change due to placing the 4f electrons of the initial and final stares into the 
appropriate Hund-rule multiplets (cf. section 2.2). gE(atom ~ band) is the difference 
in atom ~ band energy reduction between the initial and final states which r.esults 
from the self-consistent band calculations for the 5d and 6s conduction electrons. 
These components of A + and A_ are listed in table 3 and table 4, respectively. 

For the present review we have repeated our earlier calculations, incorporating 
improved convergence procedures for the band computat ions and exploiting the 
more recent spectral data of Martin et al. (1978) to estimate the 4_+ corrections. The 
largest departures from out  original relativistic work (Herbst et al. 1976a, 1978) are 
increases of 0.5 eV in A + for Gd and A_ for Er, and 0.3 eV in A_ for Hg. All other 
changes in the entries of tables 2-4 are at most 0.2 eV. In tables 3 and 4 we also 
include A + results for promethium as weil as for other 4f excitations in Sm, Eu, Tm, 
and Yb pertinent to mixed-valent systems. 

From tables 3 and 4 it is apparent  that the correlation energy corrections 4_+ are 
significant, and their signs (cf. the first lines of eqs. (13) and (14)) indicate that 

Components  

TABLE 3 

of A + ( 4 f " ~  4f "+1) as defined by eq. (15). Both initial and final 4f states are specified by 

H u n d ' s  ru!es. All energies in eV. 

Metal Transi t ion ¢ + 6E(a tom)  g E ( H u n d )  S E ( a t o m  ~ band)  A + 

La 4f ° ~ 4f I - 1.0 3.3 - 0 . 1  2.6 4.9 

Ce 4f I ~ 4f z - 1.0 2.6 - 1.1 2.7 3.2 

Pr 4f / - ,  4f 3 - 1.1 2.0 - 1.7 2.7 1.9 

Nd 4f 3 ~ 4f « - 1.6 1.5 - 1.1 2.7 1.5 

Pm 4f 4 --* 4f » - 1.6 1.0 - 0 . 6  2.7 1.6 

Sm 4f » ~ 4f 6 - 1.9 0.7 - 1.2 2.7 0.3 

4f 6 --, 4f 7 - 3.1 5.6 - 1.8 3.2 4.0 

Eu 4f 7 --, 4f 8 - 3 . 4  5.6 3.9 2.5 8.6 

Gd 4f 7 ~ 4f 8 - 3.3 0.2 4.1 2.8 3.7 

Tb 4f 8 ~ 4f 9 - 3 . 2  +0 .0  2.6 2.8 2.2 

Dy 4f 9 ~ 4f 1° - 2 . 9  - 0 . 1  1.7 2.9 1.5 

Ho 4fl o ~ 4fl t - 3.6 - 0.2 2.3 2.9 1.4 

Er 4f 11 ~ 4f 12 - 3 . 9  - 0 . 2  2.9 2.9 1.8 

T m  4f 12 ~ 4f 13 - 3 . 8  - 0 . 2  2.1 3.0 1.1 

4f 13 ---, 4f x4 - 3 . 5  6.1 0.6 3.1 6.4 
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TABLE 4 
Components of A_ (4f"--* 4f "-~) as defined by eq. (15). Both initial and final 4f states are specified by 

Hund's rules. All energies in eV. 

Metal Transition ¢ ~SE(atom) SE(Hund) 6E(atom --* band) A 

Ce 4f 1 ~ 4f ° 1.0 2.6 0.2 - 1.9 
Pr 4f z --*4f 1 1.0 3.3 1.3 - 1.8 
Nd 4f 3 ~ 4f a 1.1 3.9 2.0 - 1.8 
Pm 4f 4 ~ 4f 3 1.6 4.4 1.4 - 1.8 
Sm 4fs --, 4f4 1.6 4.9 0.8 - 1.8 
Eu 4f 7 --, 4f 6 1.9 -0.4 2.3 - 1.8 

4f 6 -« 4f 5 1.9 5.3 1.5 -0.8 
Gd 4f 7 ~ 4f '6 1.9 5.6 2.7 - 1.7 
Tb 4f 8 ~ 4 f  7 3.3 5.9 -4.3 - 1.8 
Dy 4f 9 --, 4f s 3.2 6.2 -2.7 - 1.8 
Ho 4fl 0 --, 4f9 2.9 6.4 - 1.7 - 1.8 
Er 4fl x __, 4fl o 3.6 6.5 - 2.4 - 1.8 
Tm 4pz ~ 4fll 3.9 6.6 -3.2 -1.8 
Yb 4f1~ ~ 4f13 3.5 0.2 -0.7 -2.1 

4f13 __, 4p2 3.8 6.7 -2.3 -0.9 
Lu 4f 14 ~ 4f 13 3.5 6.7 -0.8 - 1.9 

1.8 
3.8 
5.2 
5.5 
5.4 
1.9 
7.9 
8.5 
3.2 
4.9 
5.8 
5.9 
5.5 
0.9 
7.4 
7.6 

c o r r e l a t i o n  is m o r e  i m p o r t a n t  in the  c o n f i g u r a t i o n  h a v i n g  one  m o r e  4f and  one  

fewer 5d e lec t ron .  T h e  m a g n i t u d e  of  ~+ is l a rger  in the  second  half  of  t he  series. 

W h e n  the 4f  n u m b e r  is less t h a n  or  e q u a l  to  7 all  4f spins are  para l le l  in the H u n d -  

rule  state,  bu t  for n > 7 b o t h  m a j o r i t y  and  m i n o r i t y  spins  are  present  and  cor -  
r e l a t ion  effects a re  m o r e  subs tan t ia l .  

T h e  pos i t ive  (negat ive)  s igns of the  g E ( a t o m  ~ band)  c o m p o n e n t s  of A + (A_)  

s imply  m e a n  tha t  the ene rgy  l ower ing  ar i s ing  f r o m  c o n d u c t i o n  b a n d  f o r m a t i o n  is 

g rea te r  for  the  c o n f i g u r a t i o n  wi th  m o r e  c o n d u c t i o n  e lec t rons ,  wh ich  is the  ini t ial  

s ta te  for A+ and  the  f inal  s tare for A _ .  Tab le s  3 and  4 s h o w  tha t  the  sum 

~+ + 6 E ( a t o m  ~ band),  w h o s e  t e rms  are  of  o p p o s i t e  sign, d isp lays  m u c h  smal le r  
v a r i a t i o n  t h r o u g h  the  series ( - 1 . 0  to  1.7 eV, and  - 0 . 9  to  2.9 eV, respect ively)  t h a n  

does  g E ( a t o m ) +  g E ( H u n d ) ,  the  sum of the  a t o m i c  R H F  t e r m s  a lone  ( - 0 . 5  to  

9 .5eV,  and  - 0 . 5  to  8.3 eV, respect ively) .  T h e  t r end  in the  la t te r  c o m b i n a t i o n  is 

qua l i t a t i ve ly  s imi la r  to  t ha t  of  A+,  bu t  the  c o r r e l a t i o n  (~ +) and  b a n d  c o n t r i b u t i o n s  

( ~ E ( a t o m  ~ band))  p r o d u c e  q u a n t i t a t i v e  differences.  F o r  m o r e  t igh t ly  b o u n d  co re  

e l ec t rons  such  as the  3d s tates  the  a t o m i c  t e rms  d o m i n a t e  the  exc i t a t ion  ene rgy  

(Herbs t  and  Wi lk ins  1979a). 

4. Comparison with experiment 

4.1. Metals 

Sys t ema t i c  X P S  and  BIS  inves t iga t ions  of  all  the  ra re  ea r th  meta l s  (except ing  

r a d i o a c t i v e  P m )  h a v e  been  c o n d u c t e d  by Baer  and  c o - w o r k e r s  (Baer  and  L a n g  1979, 

L a n g  and  Baer  1980, L a n g  et al. 1979, 1981). T h e  s t ruc tu res  in the  spec t ra  reflect  
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transitions between the Hund-rule 4f" stare and the accessible multiplets of the final 
4f "-1 (XPS) and 4f "+1 (BIS)configurations. It has been demonstrated (Cox 1975, 
Cox et al. 1981) that the relative intensities of the structures observed in both kinds 
of spectra are approximated well by the squares of the fractional parentage 
coefficients, which appear in expansions of the 4f "±1 states in terms of those 
belonging to 4f". (Fhe work of Cox assumed LS coupling; more recently Gerken 
(1983) has computed relative intensities as well as final state energy separations in 
intermediate coupling for XPS, obtaining somewhat improved results for the heavier 
metals.) Lang et al. (1979, 1981) used these coefficients, together with final state 
splittings estimated from ultraviolet absorption data on lanthanide ions, to identify 
the observed lines unambiguously. 

In general the structures of minimal excitation energy (relative to er) correspond 
to the Hund-rule 4f "+1 final states, and fig. 5 compares those measured levels with 
out A± calculations. The qualitative agreement between theory and experiment is 
excellent; in particular, both sets of results indicate 4f levels nearest the Fermi energy 
in Ce, Sm, Eu, Tm, and Yb. Quantitatively, the largest departures of the calculated 
from the measured values are ~ 1 eV and occur for A_ of the heavier elements. We 
believe they arise primarily from the approximation for the correlation terms 
specified by eq. (14), i.e., ~ ~ - ~ + .  In the second half of the series the atomic 
correlation energy differences ~+ are greater (cf. table 3), and we expect the 
uncertainty associated with that approximation to be greater also. 

Aside from A_ for Ce, Yb and A+ for Eu, the calculated A + (A_) values are all 
lower (higher) than experiment. Lang et al. (1979, 1981) have speculated that our 
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Fig. 5. Comparison of A+(4f"-~ 
4f "+1) and A (4 f"~4f"  1) calcu- 
lated for the Hund-rule initial and 
final 4f states with the minimal 
excitation energies measured by 
XPS (filled levels) and BIS (empty 
levels) for the lanthanide metals. 
The experimental values are those 
of Lang et al. (1981) with the ex- 
cepfion of A for Ce, which was 
taken from the work of Platau 
and Karlsson (1978) and Johansson 
et al. (1978). 
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simplified conduction band structure and the placement of ev in it are at least 
partially responsible for these systematic shifts. In our opinion some of the shifts 
may be attributed to the approximate band structure insofar as it neglects 5d-6s 
hybridization. This opinion is motivated by the following consideration. The 5d 
bands are less than half-filled, and the inclnsion of hybridization will lower the total 
energy more for the states which have more conduction electrons. Since the initial 
state of A+ and the final state of A have one more band electron (cf. eq. (3)), this 
energy reduction will increase A + and decrease A_  relative to the results in fig. 5, i.e., 
in a direction toward the measurements in each case. We expect such effects to be a 
few tenths of an eV at most, however, on the order of the departures in the first half 
of the series but small compared to the uncertainties introduced by eq. (14) for the 
heavier metals. 

4.1.1. Mult ip le t  splitt ings 
We emphasize that the placement of the excitation energies relative to e v depends 

upon a A + calculation for some specific 4f final stare, such as the Hund-rule term. 
The energies of the other final states with respect to that level can be predicted by 
multiplet theory (e.g., Gerken 1983) and the relative intensities by the coefficients of 
fractional parentage. Some of the final state energetics can be straightforwardly 
understood, and we consider two sets of examples. 

First, the XPS spectra of Yb and Lu (4f 14 initial states) consist of two structures 
belonging to the spin-orbit-split 2F5/2 and  2F7/2 final states, the only ones possible. 
The line separations observed by Lang et al. (1981) are 1.3 eV (Yb) and 1.5 eV (Lu). 
Each splitting can be estimated by the difference e«7/2 - e4f»/2 of the 4f»/2 and 41"7/2 
eigenvalues from our calculations for the 4f 13 final state configurations. We find 
separations of 1.6 eV (Yb) and 1.8 eV (Lu) which are in reasonable accord with the 
experimental values. 

Second, while the Hund-rule XPS final states for the heavier elements correspond 
to the photoejection of a minority-spin 4f electron from the over-half-filled 4f shell, 
many of the peaks at higher binding energies involve excitation of a majority-spin 4f 
electron. The most intense of these lines correspond to spin S - 1, where S is the 
spin of the 4f "-1 Hund-rule ground stare, and maximum possible L. They are the 6I, 
5L, 4M, 3M, and 2L states for Th, Dy, Ho, Er, and Tm, respectively. Use of the 4f 
shell electrostatic integrals from our final state calculations (scaled by a factor of 0.8 
to roughly account for correlation effects) and the multiplet expressions of Nielson 
and Koster (1963) yields splittings between these stares and the Hund-rule levels 
which agree quite well with the observed separations (Baer and Busch 1974). 

We should also note that the method of fractional parentage is a purely atomic 
procedure and hence an approximation for the metal in view of hybridization 
between f and conduction electrons. Furthermore, for mixed-valent systems (i.e., 
with more than one 4f configuration in the ground state) the approach may be 
seriously in error and one may need extensions of the method of Gunnarsson and 
Schönhammer (1983a,b) so far developed only for Ce impurities. 

4.1.2. Coulomb term U 
Combination of the XPS and BIS measurements for each element in fig. 5 
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Fig. 6. Experimental änd theoretic- 
al values of the 4fMf Coulomb 
interaction energy U = A_ + A+ 
(from the results of fig. 5). 

provides a direct experimental determination of the separation between the occupied 
and unoccupied 4f levels, which is the 4f-4f Coulomb interaction energy U as 
specified by eq. (1). Figure 6 shows that the experimental and theoretical results for 
the metals are in very satisfactory accord. U varies in the 5-8 eV range except for the 
~10 to ~12eV values for Eu and Gd, respectively, which refléct the particular 
stability of their half-filled, spherically symmetric 4f shells. These rather large 
Coulomb energies are directly linked to the spatial localization of the 4f electrons. 
For the more extended 3d states of the transition metals U ~ 2eV (Herring 1966, 
Hüfner and Wertheim 1973). The 5f electrons of the actinides exhibit intermediate 
behavior, U varying from ~ 2 e V  at the beginning of the series to ~5eV for the 
elements of higher atornic number (Johansson 1975, Herbst et al. 1976b). 

4.1.3. 4 f level widths 
Lang et al. (1981) estimated 4f linewidths from their spectra, finding that the XPS 

widths showed an overall decline through the series while the BIS widths displayed 
no consistent trend. Those authors remark that the major contributions to the 
observed widths are lifetime broadening due to photon or Auger decay and many- 
body effects; phonon broadening can be neglected for such heavy elements. Our 
calculations permit a simple, one-electron estirnate of the intrinsic 4f widths via 
imposition of WS boundary conditions on the initial state 4f wave functions. Figure 
7 presents the widths W4fT/2 obtained from the energies at which the 4t"7/2 w a v e  

functions have zero value or zero derivative at rws. W«fT/2 decreases monotonically 
through the series, varying from 0.32eV (Ce) to 0.04eV (Lu). The variation is 
qualitatively similar to that of the estirnated XPS widths (also included in fig. 7), 
with the W4f,/2 values approxirnately half as large. 

4.1.4. Inadequacy of one-electron results 
We stressed in section 1 that the one-electron approximation is fundamentally 

incapable of accurately predicting the excitation energies of localized stares, and in 
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this section the point is explicitly demonstrated for the 4f electrons. As the one- 
electron analog of A_ (4f" ~ 4f"-1) we use the LS-average 4fr/2 eigenvalue relative to 
the Fermi level in the initial 4f" configuration and modify it to correspond to the 
Hund-rule state by the addition of (2/n)E4rHRc(4f"), where E4fHRC(4f" ) is the total 
energy correction described in section 2.2: 

E•F - -  ~4f7/2"]4fn = e F - -  e4fT/2 AC (2/n)E4fHRC(4fn). (16) 

gaf7/2 i s  computed in our self-consistent band calculations and is always smaller in 
magnitude than e4fs/2. Similarly, rewriting eq. (2) as 

- A +  (4f"-* 4f "+a) = Emeta~[4f"(5d, 6s)m] - Emetal[4f"+l(5d, 6s)"- 1], (17) 

we infer that the one-electron cognate of - A + (4f" -~ 4f" + 1) can be taken to be 

[-/3 F - -  e4.f7/2"]4.fn+l ~ e F - -  e4fT/2 -~ [2/(n + 1 ) ] E 4 f H R C ( 4 f " + I ) ,  (18) 

which is the Hund-rule-corrected 4f7/2 eigenvalue relative to e F in the 4f "+t metallic 
configuration. 

Figures 8 and 9 show that the one-electron excitation energies grossly depart from 
A+ and, hence, experiment. [e v --/~4fT/214fn exceeds A_ by as much as 10eV (fig. 8), 
while - [ e  F - g4fT/214fn+l underestimates A+ by amounts as great as 9 eV (fig. 9) and, 
even more strikingly, fails to yield the proper sign for most of the metals. 

A large part of the disparity between A+ and their one-electron analogs may be 
attributed to the intraatomic relaxation (or intraatomic screening) which accom- 
panies the creation of a 4f hole. This can be seen from the foll0wing RHF-only 
considerations. A measure of the energy associated with such relaxation in the 4f" 
atomic configuration is 

atom n RHF n - RHF n 
- -  a t o m r 4 f  ( 5d ,  6 s ) m ] } g n d  . ( 19 )  Ax(4f) -- e4fT/•(4f ) -- {Eio n [4f 1(5d, 6s) m] - E 

Here atom n -e«7/2(4f ) is the 4f one-electron removal energy computed in the 4f" state, 
and the term in wavy brackets is the atom -* (4f ion) total energy difference result for 
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the same quant i ty  (again including the Hund-ru le  ground-s ta te  correct ions for each). 
A~(4f) would be negligible if there were no readjus tment  of the remaining a tomic  
wave functions in the presence of the 4f hole, i.e., if K o o p m a n s '  theorem ( K o o p m a n s  
1933) applied. The  corresponding energy for the 4f" + 1 conf igurat ion is 

~a tom (Z].£n+ 1 RHF n m 1 A~* (4f) = -~4f7/2L~~ ) - {Eio" [4f (5d, 6s) ] 

RHF n + 1 - Eùtom [4f (5d, 6 s ) " -  1]}gùd • (20) 

TO make  specific contac t  with the metallic results we define by 3+ (4f" -* 4f "+~) the 
R H F - o n l y  versions of A+, the tilde signifying neglect of the ~+ correlat ion energy 
contr ibut ions.  Figure 10 compares  Ai(4f ) to 

[ e  F - -  C 4 f 7 / 2 1 4 f  n - -  Ä _  (4f" ~ 4f"-  1), 

and A ~- (4f) is displayed with 

Ä+ (4f" --* 4t" +a ) _ { _ [ev - e ¢ f T / 2 1 4 f  n + t  } 

in fig. 11. It is clear f rom these figures tha t  the in t raa tomic  relaxation energies t rack 
the difference between the metallic one-electron and total  energy results quite well in 
each case, even though  the individual quantities vary substantial ly th rough  the 
series. This  c i rcumstance also obtains  for deeper core states whose greater locali- 
zat ion involves greater  in t raa tomic  screening. Fo r  example,  we found that  Ai(3d ) 
ranges f rom 20 to 34eV across the row, but  for each metal  this energy depar ts  by at 
most  ~ 1 eV f rom the difference between the one-electron and total-energy calcu- 
lations of the 3d excitation energy (Herbst  and Wilkins 1979a). 

Single-particle est imates of the C o u l o m b  interact ion te rm U can be made  at two 
levels of sophistication. At the simpler level U is approx ima ted  b y the F°(4f,4f)  
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electrostatic integral, a direct atomic measure of the unscreened Coulomb in- 
teraction between two 4f electrons. Values of F°(4fs/2,4fs/2) from our RHF com- 
putations are included in fig. 12. They range from 24eV (Ce) to 35eV (Tm) and are 
roughly a factor of five larger than the U results from the A + calculations which are 
also shown in the figure. The one-electron analogs ofA + defined in eqs. (16) and (18) 
afford a second-level estimate embodying some of the solid state effects: 

U~ - [SF -- e4f 7/2] 4fù-- [e F -- ~4f 7JŒ]4f" +~" (21) 

Figure 12 indicates that U~ is on the order of U = A_ + A+ (and experiment). 
Despite the fact that the components of eq. (21) deviate considerably from A+ (cf. 
figs. 8 and 9), extensive cancellation occurs in their sum. That is, the screening and 
relaxation effects producing the significant departures of A ! from their, one-electron 
cognates are much less evident in the separation of the filled and empty 4f levels, 
which determines U. Although U~ does not reproduce the detailed variation through 
the series, the results in fig. 12 show that one-electron energies from band structure 
calculations in which the 4f occupancy is constrained to appropriate values should 
provide reasonable estimates of U. 

Another example of the use of constrained occupancies to estimate many-body 
parameters is provided by the recent calculation of A_ for Ce by Norman et al. 
(1984). For a supercell containing as many as eight atoms they computed the total 
energy difference between a system with one atom in the supercell having an empty 
4f shell (screened predominantly by 5d electrons) and a system with all the atoms in 
the supercell having the same unit 4f occupancy. The energy difference of 2.4 eV they 
obtain agrees weil with our renormalized atom result A ~ 1.8eV (table 4), thus 
validating our approximation scheme. 

4.2. Other systems 

The overall variation of the 4f excitation energies through the series of lanthanide 
metals characterizes other lanthanide systems as well. Figure 13 compares 4f bind- 
ing energies measured via photoemission on a variety of materials with out 
A_ (4 f "~  4f"-1) results for the metals. In each case the binding energy observed for 
the same 4f transition described by A_ is given. For example, the symbol for the 
fluctuating valence compound SmB 6 represents the Sm 3+ binding energy whose 
analog is A_ (4 f5~  4f 4) for Sm metal. An Sm 2+ peak also occurs in Stob 6 close 
below eF, and its cognate for the metal is (cf. table_3) 

A_ (4f 6 --* 4f 5) = - A+ (4f 5 ~ 4f 6) = -0 .3  eV, 

which is not included in fig. 13 for simplicity. Measured values for metallic (e.g., 
RSb) and semiconducting (e.g., EuS) systems having stable as well as mixed valences 
are included in fig. 13. It is clear that the chemical shifts of the 4f levels are at worst 
only moderate, < 2 eV, indicating grossly similar screening effects for these systems. 
In insulators the 4f electrons are generally much more strongly bound since mobile 
screening charge is unavailable. The same is true for the atomic 4f states, as 
comparison of the experimental points in fig. 3 with those in fig. 5 and fig. 13 shows. 
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We saw in section 4.1.2 that  combina t ion  of XPS and BIS d a t a  for the metals 
furnishes experimental  values for the Cou lomb  term U. In  the mixed valence systems 
fingerprints of the two relevant  4f configurat ions can offen be discerned in a single 

spectrum, providing a more direct determinat ion.  Figure 14 compares  the values of 

U obtained from the XPS spectra of the fluctuating valence systems included in fig. 
13 as well as estimates derived by Hillebrecht et al. (1984) from BIS measurements  
on a variety of cerium intermetall ic  compounds .  For  Eu and Yb the theoretical 
values are based on the 4f 6 and 4f 13 configurat ions,  respectively, which are 

appropriate for compar i son  with the experimental  values given (note that  the U 
value for Eu in figs. 6 and  12 is based on the 4f 7 configuration).  In  particular,  we 

have 

U(4f 6) - A_ (4f 6 ~ 4f 5) + A+ (4f 6 ~ 4f 7) 

= A_ (4f 6 --~ 4f s) - A_ (4f 7 ~ 4f 6) ~ 6.0eV (22) 

for Eu and 

U(4fl 3 ) = A _ (4f 13 __+ 4fl z ) +  A + (4f 13 ...+ 4fl 4) 

= A_ (4f t3 --~ 4f 12) -- A_ (4f 14 ~ 4f 13) -- 5.3eV (23) 

for Yb using table 3. 
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metallic compounds (Hillebrecht 
et al. 1984), and (iii) rare earth 
insulators (Hüfner and Wertheim 
1973).  

Figure 14 also contains U estimates obtained by Hüfner and Wertheim (1973) 
from XPS data on insulators, and it is evident that they compare as favorably with 
our results for the metals as do  the measurements on the mixed-valence materials. 
This may at first seem surprising since the individual 4f binding energies for metals 
and insulators can differ significantly. Rewriting U(4f") defined by eq. (1) in the form 

U ( 4 f " )  = A _  (4f"  ~ 4f  " - 1 )  - A_  (4f  "+1  ~ 4f") ,  (24) 

as was done  specifically in eqs. (22) and (23), we emphasize that U can be considered 
the difference of two 4f binding energies. Therefore, insofar as the screening and 
relaxation effects are similar for the two excitations, which is a plausible approxi-  
mation for the localized 4f electrons, their energy difference will be insensitive to 
chemical environment.  

5. Screening energetics 

In calculating d e (4f" ~ 4 f  "-+1) we assumed neutral final (as well as initial) states. 
Here the impact of that assumption on A_ (4f" ~ 4f"-1)  is assessed via calculations 
in which the final state contains  no additional screening charge after 4f electron 
removal. That is, each final state atomic site has net unit positive charge in this 
zero screening limit. We designate the corresponding 4f excitation energy as 
A _ (4f ion); its definition is ana!ogous to eq. (3) for ~ _ (4f" ~ 4f" - 1): 

RHF n - 1 rn RHF n A _ ( 4 f i o n )  = ~(ion) + Emetù~[-4f (5d, 6s) ] - Emetù,[4f (5d, 6s ) ' ] .  (25) 
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The initial states of eq. (3) and eq. (25) are identical, but the absence of the screening 
charge in the final state of A_ (4f ion) leads to a different correlation energy 
contribution and a more  impor tan t  change in the R H F  final state total  energy. 

5.1. Determination o f  A (4 f ion) and comparison with A _ (4f" ~ 4 f n- 1) 

We again exploit a tomic spectral information (Brewer 197la,b, Mart in  et al. 1978) 
and ionization potentials (Martin et al. 1974) to estimate the correlat ion energy 
difference ~(ion) for the 4f" 5d m- 1 6s(atom) ~ 4f"-  1 5 d " -  ~ 6s(ion) transit ion 
corresponding to A_ (4f ion). The measured ionization potential is the splitting 
between the free a tom and free ion ground states, and the spectroscopic data  
provide the splittings between the ground states of the 4 f "5d" -X6s  and 
4 f f - ~ 5 d " - a 6 s  configurat ions relevant tO A_ (4f ion) and those defining the 
ionization potential. As a specific example, the ionization potential  for neodymium 
is the ground state energy difference for the 4f 4 6s/(atom)---,4f 4 6s(ion) transition. 
The spectral da ta  furnish the splittings for the atomic 4f 4 6s 2 ~ 4f 3 5d 2 6s and ionic 
4f 4 6s ~ 4 f  e 5d z 6s transitions, so that the 4f 3 5d 2 6s(atom) ~ 4 f  ~ 5d 2 6s(ion) ground 
state energy difference can be obtained. Coupl ing this experimental information with 
our R H F  calculations for the 4t" 5 d " -  1 6s and 41"- 1 5 d " -  1 6s configurations, we find 
¢(ion): 

~(ion) - E .... (4f"- ~ 5d m- ~ 6s) - E .... (4f" 5 d " -  1 6s) 

= [E(4f"-  a 5d m- 1 6s) - E(4f" 5 d " -  ~ 6S)]expt 
- - RHF _ [E(4fn 1 5 d  m 1 6 s )  - -  E(4f" 5d" 1 6S)]gnd • (26) 

Values of ~(ion) are included in table 5. Compar ing  them with ~_ of table 4 we see 
that 

TABLE 5 
Correlation energy differences ~(ion), 4f excitation energies A (4f ion) calculated for ionized (unscreened) 
final states, and screening energy estimates Az(band ) and As(atom). The initial states are the ground 

metallic configurations. All energies in eV. 

Metat ~ (ion) A _ (4f ion) A s (band) A s (atom) 

Ce 1.9 6.8 4.0 5.0 
Pr 1.6 8.5 4.1 5.0 
Nd 1.9 10.3 4.2 4.9 
Pm 2.5 10.7 4.2 4.9 
Sm 2.8 10.9 4.2 4.8 
Eu 2.6 7.2 4.5 3.8 
Gd 2.7 13.8 4.4 4.6 
Tb 4.9 9.2 4.4 4.6 
Dy 4.6 10.8 4.4 4.5 
Ho 4.2 11.6 4.5 4.4 
Er 4.8 11.5 4.5 4.3 
Tm 5.4 11.6 4.5 4.2 
Yb 4.3 6.3 4.6 3.2 
Lu 4.3 13.1 4.6 4.0 
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- 1 . 6 e V  ~< [4 -  - ~(ion)] ~< -0 .6eV.  (27) 

Now ¢(ion) is a measure of the correlation accompanying the excitation of a 4f 
electron alone, while 4 -  represents the correlation associated with 4f-* 5d 
conversion. The bracketed quantity in the above expression is thus an estimate of 
the correlation energy associated with the additional conduction electron which is 
present in the neutral (completely screened) final state of A _ (4f" --* 4f"- 1) and absent 
in the ionic (unscreened) final state of A (4f ion). 

We calculate the total R H F  energy of the ionized metallic final state, the second 
term on the right side of eq. (25), by the methods described in section 2.1. R H F  
computat ions are performed for the 4f "-1 5d " -~  6s free ions, renormalized atom 
crystal potentials are constructed, and self-consistent band calculations are carried 
out. Normalization of the wave functions to the WS sphere ensures that the final 
state cell has charge + l [ e [ .  The q = 0 component  of the full crystal potential, 
which arises from the charge of the other W S  cells, is not included in the total 
energy since out  intent is to compare to the completely screened limit where no 
such term appears (each cell in that case being neutral). Multiplet theory is again 
employed to place the 4f electrons into their Hund-rule states.. 

Figure 15 compares A_(4fion), whose values are also listed in table 5, with 
A _ (4f" --* 41" - ~ ). The scréening charge present in the final state of A _ (4f" ~ 4t"-  1 ) 
reduces the 4f binding energy by 5-6eV across the series. Since the A (4f" ~ 4f "-~)  
results are in excellent agreement with photoemission measurements on this energy 
scale (cf. fig. 5), we infer that the experimental situation does in fact correspond 
closely to the completely screened limit, as we argued in section 2. Furthermore, the 
departures between A_ (4f"--* 4f "-~)  and A_ (4f ion) in fig. 15 are similar to those 
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between A_ (4 f"~  4P -1) and its one-electron analog in fig. 8; the two sets of 
findings are consistent since neither the one-electron results nor A_ (4f ion) include 
screening effects. 

5.2. Alternate screening energy estimates 

Simpler approximations for the screening energy are afforded by neglecting the 
correlation energy changes and using the RHF terms alone. For  the metals we 
rewrite eq. (3) and eq. (25) as 

A _ (4f" ~ 4t"-1 ) _= ~_ (4f" --* 4f"- * ) + Ä (4f" --* 4f" -1 ), (28) 

A_ (4f ion) -= ~ (ion) + Ä (4f ion), (29) 

where the tildes signify RHF-only total energy differences. An RHF estimate of the 
screening energy associated with the additional conduction electron is then 

As(band) - Ä_(4fion) - Ä (4f"--* f» - l )  

= I[TRHF [4f" - 1 (5d, 6S)  m ] - -  ~ R H F  [4f"- 1 (5d, 6s) "+ 1 ]. (30) 
~ m e t a l  ~ m e t a l  

The atomic analog of this energy is 

R H F  n - 1 A s (atom) - Eio n (4f 5d =- 1 6s) RUF - 1 - -  Eatom (4t" 5d" 6s), (31) 

the LS-average total energy difference between the free ion and free atom final states 
involved in A_ (4 f "~  4f "-1)  and A_ (4f ion). Both As(band ) and As(atom ) are 
generally in the 4-5 eV fange, as table 5 indicates. 

These screening energies are quantitatively similar to those we have found in 
corresponding investigations of 2p (Herbst and Wilkins 1982), 3d (Herbst and 
Wilkins 1979a), 5s (Herbst et al. 1977), and 5p (Herbst 1984) core level excitations in 
the rare earth metals. Comparable values have also been obtained for core electron 
excitations in the 3d transition metals via two distinct calculational approaches 
(Watson et al. 1976, Williams and Lang 1978). An approximate 4-6eV screening 
energy accompanying core electron removal is characteristic of metallic systems in 
general. 

6. Connection between parameters in the Anderson model and A+_ 

A central feature of our A+ calculations is that each transition is confined to a 
Wigner-Seitz cell. Accordingly, one might expect the calculated values to be relevant 
to dilute magnetic alloys, provided the radius of the WS cell used in a given 
calculation is appropriate to that of a magnetic impurity in a particular host. (This 
proviso is non-trivial since excitation of an f electron may form an ion, albeit 
screened, whose size differs from that of the initial ion.) A +_ might also be relevant to 
more concentrated systems, including the mixed valent or heavy fermion materials. 
In the best characterized of these Ce or Yb is the lanthanide constituent, and this 
discussion is confined to such systems. 

Two contrasting properties illustrate the problem faced in deducing the para- 
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meters of the Anderson model: (i) XPS and BIS measure excitation energies A_+ on 
the scale of eV, while (ii) the strongly-enhanced Pauli-like magnetic susceptibility 
suggests a characteristic excitation energy on the meV scale. The recent resolution of 
this paradox will be described below. 

To  begin we write the Anderson Hamiltonian (Anderson 1961) as 

HA = ~ ekC *k~C«~ + ~ e« f2 f ~ + U/'/f,fnf~ -}- Z Vkf (C *k~f~ + f ~Ck~). (32) 
ka  a k a  

The first term represents the conduction band, the second and third describe a 
single, localized, non-degenerate f orbital, and the last term represents hybridization 
between the f orbital and the conduction band. An f electron may only hybridize 
with a conduction state having the same point symmetry as the f orbital, and so in 
w r i t i n g  H A we implicitly restrict the fo operators to act on states of the same point 
symmetry. We may make the following identifications: 

A_ (f" --, f r -  i ) +___. _ cf, z~ + (f" ~ ff + 1 )~ , sf -1- U; (33) 

these obviously preserve the relation 

U = A _  + A + .  (34) 

In the limit Vkf ~ 0 the Anderson parameters sf and U can be related to ground state 
energy differences of various f configurations. 

Experimental information pertinent to our discussion is presented in fig. 16, which 
shows combined XPS/BIS spectra for CeRu 2 (Allen et al. 1983). The data contain 
two expected features and a surprising one. The expected characteristics are the 
3_  = - e f  peak in the XPS spectrum and the A + = sf + U structure, broadened by 
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Fig. 16. Combined resonant photo- 
emission and BIS spectra of CeRu 2 
(adapted from Allen et al. (1983)). 
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the multiplet splitting of the f2 final stare, in the BIS spectrum. The surprising 
feature is the resolution-limited peak just above the Fermi energy. From work based 
on analyses of H A (e.g., Gunnarsson and Schönhammer 1983a,b) we know this peak 
is a many-body resonance (designated the Kondo resonance by some authors and 
the Abrikosov-Suhl resonance by others) in the f-projected density of states. The 
peak occurs at energy 

ho3 "~ kBT K ~ sFexp(-- n I sf I/NfF),  (35) 

where F( =~p [Vkf ]2, p the density per spin of conduction electron states at the Fermi 
level) is the hybridization width of the f state. Note that the expression (35) for the 
Kondo temperature TK includes the Nf-fold degeneracy of the cerium f orbital. (Nr 
can range from 14 to 6, to 2, depending on the strength of the spin-orbit and crystal 
field splittings, respectively). The magnitude of the Kondo resonance increases as 
NfF/]sf] increases (or, equivalently, as the weight of the A_ peak decreases). In our 
opinion the peak of 4f character observed near the Fermi level in phòtoemission 
measurements on Ce and Ce0.9Tho. 1 (Martensson et al. 1982, Wieliczka et al. 1982, 
1984) can also be identified as such a many-body structure. 

This resonance at ~ kBT K provides a partial explanation for the surprising 
temperature dependence of equilibrium and transport properties of dilute alloys and 
rnixed-valent systems. The important conclusion emerging from the relevant theory 
(Bickers et al. 1985, Allen et al. 1986) is that the low-temperature susceptibility and 
specific heat reflect a greatly enhanced density of states proportional to 1/TK, not 
1/SF. Since these arguments are based on solution of the single-impurity Anderson 
model, they cannot be expected to apply a priori to concentrated systems. 
Nonetheless, for temperatures T > T K the single-impurity results, scaled by the 
number of impurities, seem to work for most properties. The most prominent 
deviation at low temperatures occurs for the resistivity, which Bloch's theorem 
forces to zero whereas the single-impurity result saturates (Lee et al. 1986). 

The essential point we wish to convey is that the Anderson Hamiltonian HA, with 
one set of parameters (sf, U, and Vkf ) is capable of explaining the high energy 
(~ 1 eV) excitation properties measured by XPS and BIS as well as the low energy 
(~0.01 eV) equilibrium properties in dilute and concentrated Ce and Yb materials. 

Finally, following Haldane (1977a,b), we point out that H A does not permit the 
local conduction electron environment to completely adjust to a change in f 
occupancy, an effect which we have built into our A + calculations. To do so one can 
add a screening Hamiltonian to H A of the form 

Hsc r = Z 8ic[cl q- E I"lfa Z Vijcti c J. (36) 
i « i j  

Here the subscript i refers to conduction electrons having point symmetry different 
from that of the localized f state and Vij is a Coulomb-type matrix element coupling 
these conduction electrons with the f states. This additional Hamiltonian accounts 
(at least imperfectly) for the redistribution of conduction electron charge due to a 
change in f occupancy. If we wished to impose charge neutrality (within a WS cell, 
for example) we could adjust the value of Vù to do this. In the work of Haldane 
(1977a,b) the same idea is incorporated by imposing the Friedel sum rule. 
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We consider the influence of Hsc r on A+ in two stages; in all this we suppose 
ùV«f = 0. First, from the diagonal piece of the second term of Hscr we see that 

ef ---+ Ef -[- Z V u < n i ) ,  
i 

which, since V u > 0, means that the effective single-particle f level is higher in energy 
(that is, closer to the Fermi level) than in the absence of H~c r. This result parallels 
the effect of the additional screening electron in our A calculations (section 5). 
Second, in XPS the transition is to a fully relaxed final state in which the conduction 
electrons have relaxed to the f hole. A traditional way to calculate this is to replace 
Hsc r by a set of bosons (representing the particle-hole excitations in the conduction 
electron gas) which are linearly coupled to rtf. In any event, one finds a positive shift 
energy A~ which is equal to the coupling divided by the frequency. Combining these 
two aspects we see that 

A_(fn--*fn-l)=-(Q+~Vu(nl)-Ae),  

A+ (f" ~ fù+l) = ,~f @ U At- Z V i i ( g l i )  - A e ,  (37) 
i 

and the relation (34) for U is still retained: On the basis of calculations for the 
electron gas Z~Vi~<n~> and Ae are comparable. Hence, HA remains a reasonable 
model. 

7. Lattice constant variation of 4f levels: pressure-induced valence transitions 

As we remarked in section 3.2, the proximity of a 4f level to the Fermi level in 
many of the metals introduces the possibility of altering the 4f number (equivalently, 
the valence) by means such as pressure and temperature changes, alloying, and 
compound formation. To examine pressure effects we have performed calculations of 
relevant 4f excitation energies A + (4 f"~  4ff +1) as functions of Wigne~Seitz radius 
rws for Ce, Sm, Er, and Yb metals (Herbst and Wilkins 1984). An integral change in 
4f occupancy is signalled by a sign change in A+ (cf. eqs. (2), (3)), and the 
corresponding transition pressure is estimated by a Maxwell construction using 
rRHV ra~ù+l(5d, 6s)m-1 ] and RHF ù {Em«al[4f (5d, 6s) m] - 4+ } expressed as functions of L, meta I L'-r~ 

atomic ~volume. We find that the 4f occupancy increases at elevated pressures, with 
transitions to states of larger 4f number f rs t  occurring in the megabar range. 

Results for two cerium 4f levels, A+(4f°~4fl)(=-A_(4fl~4f°)) and 
A+(4ft-~4f2),  are displayed in fig. 17. Throughout  the entiré rws fange in- 
vestigated A + (4f ° -~ 4P)  is negative, implying that the trivalent 4f 1 configuration is 
always stable with respect to the tetravalent 4f ° state. This finding is consistent with 
band structure calculations (Pickett et al. 1981) and with photoemission 
(Martensson et al. 1982, Wieliczka et al. 1982, 1984), muon spin rotation (Wehr et 
al. 1981), positron annihilation (Gustafson et al. 1969), and Compton scattering 
(Felsteiner et al. 1979, Kornstädt  et al. 1980) measurements, all of which indicate 
little or no change in 4f occupancy through the y - ~ «  transition. The relative 
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instability of the tetravalent configuration also supports, at least indirectly, the 
suggestion (Bauchspiess et al. 1981, Wohlleben and Röhler 1984) that no completely 
tetravalent metallic cerium compounds exist. 

In fig. 17 the sign change of A+ (4f 1 ~ 4f 2) for rws ~ 2.4 a.u. signals a 4f 1 --* 4f 2 
transition which we estimate to occur at a pressure P ~ 6 Mbar. At that radius the 
4f level width, again determined by imposing WS-type boundary conditions on the 
4f wave functions as was done in section 4.1.3, is W4fT/2 ~ 7eV. This value is 
considerably larger than W4fw2 ~ 0.3 eV at the equilibrium radius (cf. fig. 7) and on 
the order of U --- A + (4f t --* 4f 1) - A + (4f ° -~ 4f 1 ) ~ 5 eV evident from fig. 17. Hence, 
4f band formation is probably involved, and the transition may be more com- 
plicated than a first-order change between 4P and 4f 2 configurations. We neverthe- 
less expect the 4f population to i n c r e a s e  in this pressure regime. 

Figure 18 summarizes our calculations for ytterbium and samarium, two other 
elements which also form mixed-valent materials. The curves of A + (4f 13 ~ 4f 14) for 
Yb and A+ (4f s ~ 4f 6) for Sm are similar, each crossing e v twice. For  Yb (fig. 18(a)) a 

o = 4.1 a.u. is indicated, and the 2+  ~ 3 +  transition near r w s = 3 . 9  a . u . < r w s  
corresponding pressure is P ~ 90k, bar. Johansson and Rosengren (1975) earlier 
predicted P ~ 140 kbar, and measurements of the LHI absorption edge in ytterbium 
metal as a function of pressure have established that such a transition does occur, 
although over a broad pressure range beginning near P = 40 kbar  (Syassen et al. 
1982). In addition, fig. 18(a) shows that A+ (4f 13 ~ 4f 14) returns to negative values 
for rws < 2.5 a.u., signifying reentrance to the 4 ? 4 ( 2 + )  state for P > 3 Mbar. At the 
crossover radius W4f < 3eV, making it likely that the transition is between inte- 

7/2 

grally occupied 4f 13 and 4f !4 configurations. 
As rws decreases from large values in samarium (fig. 18(b)), a divalent ~ trivalent 

transition is predicted for rws ~ 4.0 a.u., which is only slightly greater than the 
equilibrium WS radius rws° = 3.8 a.u. XPS evidence of a divalent component  at the 
surface of Sm metal (Wertheim and Campagna  1977, Wertheim and Crecelius 1978, 
Wertheim 1979, Allen et al. 1978, 1980) as well as other theoretical work (Johansson 
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Fig. 18. (a) A+(4f 13 --, 4f 14) for ytter- 
bium metal. The si~gn changes for rws 
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metal. The zero-crossing near rws = 4.0 
a.u. corresponds to a 4f 6 ~ 4f 5 tran- 

sition which occurs for a ~ 8% expan- 
sion of the equilibrium lattice (Herbst 
and Wilkins 1981), while that for 
r w s ~  2.8a.u. signals reentry to the 4f 6 
configuration for P ~ 1 Mbar. 

1979) provide some indication that a bulk valence change may in fact eccur under 
pressure. Contact  with experimental information on Sm fluctuating valence systems 
can also be made. First, SmS transforms from a divalent (4f 6) semiconductor to a 
fluctuating valence (4f 5 ~ 4f 6) metal at a pressure of 6.5 kbar. Second, in Sm l_XRxS 
alloys With R = Y, Gd, Th, the 4f 6 levels have been observed to move nearer the 
Fermi energy with increasing x, i.e., with decreasing lattice constant (Wertheim et al. 
1978). Both sets of observations broadly correspond with the rise of A + (4f 5 ~ 4f 6) 
as rws passes through rws° from above in fig. 18(b). The correspondence does not 
always hold, however, since substitution of calcium (2 + )  in SmS also contracts the 
lattice but the 4f 6 levels move further away from e v with increasing Ca con- 
centration. This example illustrates the danger of applying calculations done for 
metallic systems, where the pressure is isotropic, to insulating systems where 
chemical bonds can produce significant level shifts. 

In fig. 18(b) A + (4f 5 ~ 4f 6) reaches a maximum and again becomes negative for 
rws ~ 2.8 a.u., indicating that samarium metal reenters the divalent (4f 6) c o n -  
figuration for P ~ 1Mbar.  Since the 4t" width at that juncture is ~ 2 e V  while 
U ,-~ 5eV, it is likely that a genuine 4f band has not yet developed. 

From the Ce, Sm, and Yb calculations we infer that the 4f occupation number n in 
the rare earth metals becomes progressively enhanced at megabar pressures. With 
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with formation of the 3 + (4f H) 
equilibrium metal from 2 + (4f 12) 
Er atoms. 

sufficient compression we expect n to approach 4 and 8 in cerium and samarium, 
respectively, and in general n ~ Z - 54 for a lanthanide metal of atomic number Z. A 
fascinating corollary of this expectation is the possibility that erbium (Z - 5 4  = 14) 
may undergo a metal ~ insulator transition by filling its 4f shell. The three erbium 4f 
levels relevant to this possibility are shown in fig. 19. At successively smaller WS 
radii A + (4f 11 --* 4f~z), A+ (4f 12 ~ 4f13), and ultimately A+ (4f 13 ~ 4f TM) become 
negative. These sign changes imply 4f ~~ --*4f 12, 4f~2-~ 4f ~3, and 4 f~3~  4f 14 tran- 
sitions for pressures of ~ 6, ~ 40, and --~ 80 Mbar,  respectively. Since hybridization 
effects are neglected in our calculations, however, we emphasize that it is uncertain 
whether a gap will separate the 4f from the higher-lying bands and generate an 
insulating state as n --, 14. 

The pressure-induced enhancement of the 4f occupancy predicted by out calcu- 
lations is a manifestation of the proclivity for bands of lower angular momentum l 
to increase in energy relative to bands of higher 1 under compression. McMahan and 
Albers (1982) have noted that this behavior fundamentally reflects the different 
volume (V) dependences of the one-electron kinetic energy ( ~ V  -2la) and potential 
energy (~V ~/3), which favor the population of states having lower kinetic energy 
(higher l) as V diminishes. Those authors investigated such behavior in the form of 
4s ~ 3d conversion, predicting a metal --* insulator transition in nickel at 340 Mbar. 
Our work demonstrates that a similar trend is operative for the 4f states of the rare 
earth metals. 

8. Replicate eore levels 

Spec t roscop ic  m e a s u r e m e n t s  of  m a t e r i a l s  h a v i n g  e i ther  an  i n h o m o g e n e o u s  (e.g., 

Sm3S4, E u 3 0 4 )  or  homogeneous (e.g., CeN, S m B 6 ,  E u P d 2 S i 2 ,  TmSe, YbCuzSiz) 
dis t r ibut ion  of t w o  d i s t i nc t  4f shells  of ten  revea l  t w o  sets  of  s t ruc tu res ,  o r  repl icas ,  
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I I I I [ la) p ( 4 d )  

B C e 4 _ l  - ee3l- M 
I I I 130 120 110 100 

Binding energy (eV) 
I I I I 

~ #  (3d) / (b) ~ ~  

I Ce 4-{- I / 
M _  

I I I I 930 910 890 870 
Binding energy (eV) 

Fig. 20. X-ray photoemission spectra of CeN in the Ce 4d (a) 
and 3d (b) regions (adapted from Baer and Zürcher (1977)). 
p (3d) and p (4d) denote the replicate splittings. 

associated with a given core level. The spectrum belonging to the higher valence 
(4f"f) configuration always has higher binding energy than the spectrum belonging 
to the lower valence (4f"f +1 } configuration; the smaller effective nuclear charge in 
the latter case is responsible for the decreased binding. Observation of such replicate 
spectra indicates that the two 4f configurations are present in the ground state. 

Examples of 3d and 4d replicas are shown in the XPS spectra of fig. 20 for the 
mixed valence compound CeN. The energy distribution curve for each core level is 
comprised of two pairs of spin orbit-split d3/a and ds/a peaks, with the pair 
corresponding to the 4 + (4f °) state occurring at a binding energy larger than that 
for the pair associated with the 3+ (4f 1) configuration. We define the replicate 
splitting, the energy separation of the spin-orbit-split structures, as p(nl) for each nl 
core level. Figure 20 shows that p(3d) ~- 11eV and p(4d) "~ 10eV for CeN. The 3d 
structures in fig. 20(b) overlap since the 3d spin-orbit splitting (~  18eV) is larger 
than p(3d). Such replicate spectra are particularly useful for mixed-valent Ce systems 
since direct observation of the two 4f configurations is obscured by both the fact 
that one of the relevant configurations is 4f ° and also that the 4f spectrum is often 
difficult to distinguish from the valence band emission. 

We obtain theoretical estimates of p(nl) in the following way. The calculational 
scheme we have developed for the 4f levels is used to compute the excitation energy 
Ä (4f"f; nl) of a core electron having quantum numbers nl in a lanthanide metal 
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with 4f occupancy nf: 

RHF b~RHF Ä_ (4f"f; nl) - E m e t a i [ ( n l  hole)4f"f(5d, 6s) m+l ] - ~ m e t a l [ - 4 f " f ( 5 d ,  6s)m] • (38) 

Here the tilde denotes neglect of both correlation effects and multiplet interactions 
between the nl hole and the open shells; m is the valence corresponding to nf. The 4f 
electrons in both terms on the right side of eq. (38)are once more placed into the 
Hund-rule states via multiplet theory_ Since the R H F  computations are done in the 
average of LS configuration mode, A_ (4fnf ;  nl) represents the degeneracy-weighted 
average excitation energy of the j = 1 _+1 levels when l -~ 0 and the average of the 
two levels split b y  the 4f exchange field when l = 0. Calculations of 3d excitatio~ 
energies based on eq. (38) deviate from the binding energies measured for the metals 
by no more than ~ 2  eV (Herbst and Wilkins 1979a). The replicate splitting is given 
by the difference of the nl excitation energies calculated for the two relevant 4f 
occupation numbers: 

fl (nl) -- Ä_ (4fnf; nl) - A_(4fnf + 1; nl). (39) 

Table 6 lists splittings calculated for the 2p, 3d, 4d, 5s, and 5p levels of Ce, Sm, 
Eu, Tm, and Yb metals. We find that p(nl)  ~ 8-10eV for the 2p, 3d, and 4d states 
while the splittings for the 5s and 5p electrons are significantly smaller, 3-5eV. 
This contrast stems from the fact that the core states (5s, 5p) whose charge is exterior 
to the 4f shell are more effectively shielded from .the nucleus as nf increases than 
those states (2p, 3d, 4d) interior to the 4f shell. Pu t  another way, all core level 
binding energies are reduced when nf ~ nf  -1- 1 (i.e., alt p(nl)  defined by eq. (39) are 
positive), but the reduction is greater for those core states more spatially localized 
than the 4f electrons. 

The 2p, 3d, and 4d replicate splittings we have derived for the metals depart by at 
most ~ 2 e V  from those measured by XPS and X-ray absorption on a variety of 
mixed valence systems (Herbst and Wilkins 1979b, 1982). Some experimental infor- 
mation is also available for the 5p levels. Campagna  et al. (1979) noted that the XPS 
5p binding energy is -~2eV smaller in SmTe (3 + Sm ions) than in SmSb (2+ Sm 
ions). Franciosi et al. (1983) investigated Si-Sm interfaces and monitored the 5p 
emission as a 2 + --* 3 + transition occurred with increasing overlayer thickness; 
their spectra indicate a replicate spl i t t ing of <2eV.  Although somewhat less than 
p(5p) = 3.0eV in table 6 for Sm, both results are significantly smaller than the 

T:ABLE 6 
Replicate splittings of the 2p, 3d, 4d, 5s, and 5p core levels calculated for the five lanthanide 
metals which form mixed-valent materials characterized by the indicated 4f configurations. 

All splittings in eV. 

Metal 4f configurations p (2p) p (3d) p (4d) p (5s) p (5p) 

Ce 4f °, 4f 1 9.0 10.3 7.8 3.6 2.8 
Sm 4f 5, 4f 6 8.2 9.3 7.8 3.9 3.0 
Eu 4f 6, 4f 7 8.5 9.6 7.8 4.1 3.2 
Tm 4f12,4f 13 8.3 9.3 8.0 4.6 3.7 
Yb 4f x3, 4f 14 8.6 9.5 8.3 4.7 3.7 
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splittings for the deeper  core levels. In a resonant  XPS study of the fluctuating 
valence c o m p o u n d  TmSe,  O h  et al. (1984) observed a > 3 e V  splitting of the T m 5 p  
levels which is in good accord with the 3.7eV value we find. Despi te  having been 
calculated for the pure metals, the p(nl) entries of table 6 provide reasonable  
est imates for other systems since each splitting is a difference of excitation energies. 
Changes  in chemical  envi ronment  may  shift the individual binding energies, but  
only a differential chemical  shift, which we expect to be rauch smaller, can influence 
p(nl). 

An identity exists between p(nl) and the energy lowering of the 4f"f + 1 level in the 
presence of an nl core hole, a connect ion we have investigated explicitly for the 2p 
(Herbst  and Wilkins 1982) and 5p (Herbst  1984) levels. Neglect ing correlat ion effects 
for simplicity (the following relat ions also hold if they are included), we specify the 
posit ion of the 4f "`+1 level relative to ev (cf. eq. (3)) by 

~,RHV rarùf+1 (5d, 6s),ù-1] RHV ù ,ù Ä+ (4f"f--+4f nr+l) - ~meta, e~" -- Emeta,[4f r(5d, 6s) ]. (40) 

If an nl core hole is present  this energy becomes 

Ä + (4f"f -+ 4f "f+ 1; nl hole) = ERm~tä, [(nl hole)4f "f+ ' (5d, 6s) m] 

_ ~Rv, v [(nl hole)4f"f(5d, 6s) m+ 1 ]. (41) 
~ m e t a l  

The  core hole consequent ly  changes the 4f nf+l level position by an a m o u n t  

ä(nl) - Ä+ (4f"f ~ 4f nf+ 1 ) - -  z~+ (4fne -~ 4f"f + 1; nl hole) 

R H F  R H F  n {Eme,a I [(nl hole)4f"~(5d, 6s) m + 1 ] = - E~ùeta,[4f f(Sd, 6s)m]} 

_ y;RHV [(nl hole)4f"e +1 (5d, 6s) m] - ;RnV rarù,+ 1 (5d, 6s)m-1]} 
I . ~ m e t a l  ~ m e t a t  L ~ ~  

= p(nl), (42) 

where the last line follows f rom eqs. (38) and (39). Hence, the replicate splitting of 
the nl core hole in the presence of 4f"« and 4f"« + 1 configurat ions is equal  to the 
energy by which remova l  of an nl core electron lowers the 4f"f + ~ level. 

Core. state spectra of lanthanide systems may  feature satellite structures which 
cor respond to screening of the core hole by 4f ra ther  than by conduct ion electrons 
(Wertheim and C a m p a g n a  1978, Crecelius et al. 1978, Herbs t  et al. 1980). In  our 
scheine the excitation energy of such a satellite is 

RHV hole)4fùf+ a (5d, 6s) m] RHV n Ä (nl sat) - E,ù~ta~[(nl - Emeta ~ [4f f(5d, 6s)m], (43) 

and its separat ion ~(nl) f rom the conduct ion-electron-screened line is 

ä(nl) =- Ä(nl sat) - Ä_ (4f"e; nl). (44) 

These definitions imply tha t  

Ä+ (4f af --+ 4f ne+l) = Ä(nl sat) - Ä (4f"«+l;n/) (45) 

and 

p(nl) = ~(nl) = Ä+ (4f"f --+ 4f "«+ 1) _ ä(nl). (46) 
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Now in mixed valence systems ambiguity may arise regarding distinction between a 
conduction-electron-screened core line corresponding to the 4f"f +1 configuration 
and the satellite associated with the 4f"f configuration. We have suggested (Herbst 
and Wilkins 1982) that a BIS determination of A+ (4f",~4f"f  + 1) in addition to 
measurement of the nl core spectrum can be used with eqs. (45) and (46) to resolve 
the ambiguity. 

In the case of cerium alloys such a complete study exists (Fuggle et al. 1983, 
Gunnarsson et al. 1983, Gunnarsson and Schönhammer, cf. chapter 64). The 
approach of Gunnarsson and Schönhammer (1983 a,b) has been used to fit the 
XPS/BIS and core XPS spectra of many Ce compounds. With essentially constant 
values of A+, A_ [ =  U - A + ] ,  p(nl), and 6(nl)[=A+ -p] ,  it is possible to achieve 
very good fits and hence determine F (called A by Gunnarsson and Schönhammer) 
and the relative amounts of fo, fl, and f2 in the ground state. The most striking 
result is that the f occupancy of the ground state always exceeds 0.8, in rough 
consistency with our fig. 17 illustrating the difficulty of reducing A_ (fl ~ fo) below 
an eV. While F lies in the range 30 to 250 meV, a typical value is 0.1 eV. Perhaps it is 
fitting to close with this observation: the only serious problem remaining for 4f 
excitations in the lanthanides is a first-principles approach to the calculation of the 
hybridization matrix element. It is nonetheless satisfying that we can fit the spectra 
with only that adjustable parameter. 
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1. Introduction 

Recently quite a number of basic studies have been devoted to lanthanide metals 
and lanthanide compounds. There are several reasons for this. For instance, the 
discovery of the mixed valence phenomenon has created a wide-spread interest in the 
fundamental electronic structure of 4f materials (see for example Parks 1977, Falicov 
et al. 1981, Wachter and Boppart 1982, Müller-Hartmann et al. 1985). More 
recently, the discovery of the so-called heavyfermion superconductors (Steglich et al. 
1979, Fisk et al. 1986) has drawn further attention to the properties of the 4f and 5f 
shells. A lot of research will still be necessary before a detailed understanding of 
these physical phenomena will be obtained (Lee et al. 1986). Another important 
reason for the present development in lanthanide research is that high-quality 
samples are now available (Gschneidner 1984). 

Photoelectron spectroscopy is an experimental method which has gained wide- 
spread popularity since it monitors the electronic structure in a relatively direct way. 
Furthermore, the recent dramatic increase of surface physics and surface chemistry 
studies have accentuated the interest in the technique, since the experimentally 
observed photoelectrons originate essentially only from the topmost surface layer 
and a few layers beneath the surface of the crystal. The surface sensitivity of this 
technique, however, also causes experimental problems for lanthanide systems due 
to the high chemical reactivity of these materials. Therefore it is only relatively 
recently that photoelectron spectroscopy has become widely applied to lanthanide 
based systems (Baer and Busch 1974, Campagna et al. 1976, 1979); also see the fol- 
lowing chapters in this volume: Baer and Schneider chapter 62, Campagna and 
Hillebrecht chapter 63, Lynch and Weaver chapter 66, and Hüfner chapter 67. The 
most detailed information concerning the electron structure of solids is obtained 
from single crystal systems. Using angular resolved photoemission in connection 
with oriented single crystal surfaces it is possible to map the bulk and surface elec- 
tronic band structure. Furthermore it is only for single crystal surfaces that a well- 
defined surface crystallographic structure can be achieved. Polycrystalline samples 
will instead give a distribution of different surface orientations. There are, how- 
ever, considerable experimental difficulties connected with the cleaningprocedure 
of single crystal surfaces of the lanthanide metals. Such experiments are therefore 
still rare, hut one can expect an increased number of single-crystal studies in the 
near future. 

The photoemission of electrons from a 4f shell often gives rise to a rather strong 
signal and to an easily recognizable pattern in the spectrum, which has stimulated 
the experimental work in this area. The 4f levels are clearly seen in X-ray 
photoelectron spectroscopy (XPS) where photon energies of 1254 and 1487 eV are 
generally used. It is only for the light lanthanides that the 4f emission can sometimes 
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be difficult to separate from other contributions to the photoemission intensity. 
Using tunable synchrotron radiation it is however possible to selectively enhance 
the 4f emission in such a way that the 4f's are clearly visible also for the light 
lanthanides. Most synchrotron radiation studies have been performed with photon 
energies between 50-200 eV. An important difference between using high and low 
photon energies is that this leads to significantly different surface sensitivities. The 
mean free path of photoelectrons has a minimum at around 50-100 eV and increases 
towards higher kinetic energies. Therefore, when low photon energies are used an 
extreme surface sensitivity can be obtained with as much as 50% of the photoem- 
ission intensity coming from the outermost surface layer. In XPS experiments, on 
the other hand, the corresponding fraction is of the order of 15%, permitting 
fundamental investigations of the bulk electronic structure. 

The present focussing of interest to this type of spectroscopy for lanthanide 
materials has undoubtedly led to some duplication of work. As an example we 
mention the numerous studies of the ytterbium metal. At least ten published papers 
have reported the photoelectron valence band spectrum of this element. However, in 
an early stage of development of a research technique, such as the present photoelec- 
tron spectroscopy in connection with highly chemically reactive materials, such 
duplication might be quite useful. 

Also the inverse technique to photoelectron spectroscopy, which is used to study 
the unoccupied electron states, has become more and more frequently applied to 
lanthanide systems. This spectroscopy is commonly referred to as inverse photoem- 
ission or BIS (bremsstrahlung isochromat spectroscopy). The name inverse photo- 
emission is generally used when studying low-energy photons whereas the name BIS 
is used for experiments in the X-ray regime (most commonly 1487eV). It might be 
that BIS has its most advantages when applied to f electron systems. In the 4f 
systems the unoccupied valence states (i.e. those relatively close to the Fermi 
energy) are of primary interest and also here processes involving the f shell 

f" + e ~ f  "+1 + hv (1) 

are dominating the spectra and have typical fingerprint features. Hence also this 
spectroscopy can be used for valence assignments. The comments above concerning 
the surface sensitivity of photoelectron spectroscopy also applies to this technique. 
The present development of experimental equipments suggests that BIS will become 
a rather common spectroscopy in a relatively near future. 

This flourishing experimental activity has created a need to understand the 
observed phenomena from a theoretical point of view. The observed fingerprint 
pattern of the f " ~  fn-1 photoelectron process has been weil explained by the 
fractional parentage method (Cox 1975, Beatham et al. 1979, Gerken 1983). 
Similarly, the intensity distribution for the inverse process, f " ~  fù+l is also weil 
accounted for by the same method (Lang e t  al. 1981, chapter 62 by Baer and 
Schneider in this volume). In the present chapter we will, however, turn most of 
the attention to the energy position of the 4f level in rare-earth materials. Firstly, we 
will discuss the pure elements where both the occupied and unoccupied f states 
will be treated. Secondly, as one of the simplest examples of a chemical shift we 
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will consider surface induced shifts of the 4f level. In contrast to other elements 
in the Periodic Table, surface shifts, or more generally chemically induced shifts, 
may in the case of certain favourable lanthanide systems give rise to radically 
different 9round states than for the reference system (i.e., the bulk of the pure metal), 
namely, a change of the valence configuration. Such changes are accom- 
panied by most dramatic effects, both physically and chemically. This possibility 
of valence changes and drastic electronic structure modifications gives an extra dimen- 
sion to the photoelectron studies of 4f materials and is probably one of the main 
reasons why photoemission experiments on lanthanide systems have become so 
popular. This circumstance might also explain why in this area there is an 
unusually strong and healthy interaction between chemists and physicists, since 
traditionally the occurrence of different valences has been a central issue within 
chemistry, while the electronic structure and its effect on physical properties like 
resistivity and magnetic susceptibility has attracted the attention of physicists. 

2. Energy position of the 4f level in the lanthanide metals 

The lanthanide elements, characterized by the gradual filling of the 4f shell, have 
during the last two decades or so been rather extensively studied by various 
spectroscopic methods. This is true both for the free atoms and ions (Martin et al. 
1978) as well as for the metallic state (Baer and Busch 1974, Campagna et al. 1976, 
1979). Also reliable thermochemical data for the pure metals have been accumu- 
lated, like for example their heats of vaporization (cohesive energy at zero tempera- 
tute) (Habermann and Daane 1964). Since these measurements all involve energy 
differences between different states of the lanthanide atoms (ions), it seems possible 
to interrelate the various data to each other and from this gain further understand- 
ing of the electronic structure of the lanthanides. 

In this section we will focus out attention to photoemission results for the 
lanthanide metals. The 4f positions for the lanthanide metals have been determined 
by Lang, Baer and Cox (1981) using XPS. As will be apparent later on, these 
measurements have reached a level of accuracy and internal consistency that they 
now can be trustfully employed for theoretical considerations. What we especially 
have in mind is the energy position of the 4f level relative to the Fermi energy. 

In the pure metallic state the open 4f electron shell retains an integral occupation 
number and gives rise to a well-defined localized magnetic moment. The electronic 
structure of the f shell in the free ion or atom remains essentially intact when the 
metallic state is formed. Thus there are two types of electronic states in the 
lanthanide metals; (a) a normal conduction band state of (sd) type and (b) a 
localized f state. Because of its localized nature the energy position of the 4f level 
cannot be obtained from a conventional band-structure calculation (Freeman 1972). 
Then in order to go beyond the inappropriate one-particle scheme the following 
picture of the position of the 4f level relative to the Fermi energy appears to be more 
adequate (Rosengren and Johansson 1976, Johansson and Rosengren 1976): namely, 
(for the case of a trivalent metal) that it is the energy difference between, on one 
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hand, a trivalent metallic host with one of its lanthanide ions in the tetravalent ionic 
state, and on the other hand, the perfect crystal composed of only trivalent 
lanthanide ions. Thus in the excited state one of the 4f electrons of a particular ion 
has been promoted to the conduction band leaving behind a tetravalent ion at that 
site. This new ionic stare is assumed to be in its ground state. This means in 
particular that we consider only the lowest multiplet level of the 4f final state 
configuration. This restriction will be made throughout this chapter. We also 
assume that all the atomic crystallographic positions remain identical to those of the 
unexcited crystal. Also the original conduction electrons plus the extra excited one 
are assumed to be in a completely relaxed state relative to the new ionic con- 
figuration of the whole crystal. This means that the excited state is composed of a 
tetravalent impurity placed in a trivalent metallic host. Therefore, hypothetically, 
this excited state may be reached by the following two-step process. First the 
trivalent atomic site is converted to a tetravalent atomic site (as it should be in a 
tetravalent environment, i.e., if the whole metal was made tetravalent) costing an 
energy AEHu v. Thereafter this tetravalent cell is left free to adjust itself electronically 
to the trivalent environment (with the condition that the atoms are frozen to their 
initial positions), involving the energy E~~P(III). Thus the 4f excitation energy, 
e ( f -  er), (er = Fermi energy), can be written 

8(f --~ SF) - :  AEIII,IV d- E~~ p (III).  (2) 

In this chapter we will, to begin with, concentrate on the first part of this process, 
AEItI,IV , since this tums out to give by rar the most important contribution to the 
excitation energy. However, we will later argue that the solution energy of the 
impurity, E~~ p (III), is also of great significance. 

In the above picture for the energy position of the 4f level the atomic positions 
were kept frozen during the excitation, which is appropriate for optical transitions 
(this is often referred to as a vertical transition). However, in certain situations, like 
for instance for stability considerations, it might be more appropriate to consider a 
thermodynamical excitation, e ( f ~  eF)th . . . . .  where also the atomic positions in the 
final state are allowed to relax. This state is obtained by letting the impurity term in 

imp eq. (2) be replaced by the thermodynamical one ,  Eiv,t  h . . . .  (III). This has the 
advantage that in principle it might be obtained from independent thermodynamical 
measurements. The quantity e(f-~ ev)~h . . . .  is obviously a lower limit to the actual 
optical excitation energy. 

In the photoionization process one electron is totally removed from the system. If 
this electron happens to originate from a 4f n configuration, then, because of the 
localized character of the 4f orbitals, the photoionized atom will be left with an 
n - 1 occupation of its 4f shell. Therefore if the metal is trivalent the photoionized 
site will have a tetravalent ionic configuration, giving rise to a charge imbalance in 
the system. Since photoexcitation is a vertical process the atoms remain fixed to the 
positions they had in the moment when the X-ray quantum excites the system. 
Furthermore, since the photoionization takes place in a metallic system, the valence 
electrons will immediately respond to the + e charge on the ionized site and screen 
this charged site as well as possible. Assuming that the main line observed in the 
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photoelectron spectrum indeed corresponds to this electronically completely relaxed 
state, this line corresponds to a final state where all the valence electrons are in their 
ground states relative to the (N - 1) trivalent, 4f", ions and the one tetravalent, 
4f"-1, ion (N = total number of lanthanide atoms in the system). The total number 
of lanthanide valence electrons in this final state is 3N. If this final state is compared 
with the one used in the definition of ~( f~ev)  in eq. (2), i.e., the one with a 
tetravalent impurity, we find that the only difference is that in eq. (2) the impurity 
final state has 3N + 1 valence electrons and is obviously a neutral system. Therefore 
a removal of orte electron from this impurity final state will give the samefinal state 
as visualized above for the photoionization 4f" ~ 4 f  "-1 process, provided this 
electron is taken from the Fermi level, i.e., so that this ionized + e charged state is in 
its lowest electronic configuration. In the actual photoelectron spectroscopy 
measurements for the trivalent metal, the measured Fermi level corresponds to an 
ionic configuration where all the atoms have the trivalent 4f" configuration. Thus 
the experimentally measured Fermi level is not exactly the same as the Fermi level 
for the impurity system (composed of N - 1 trivalent f" atoms and one tetravalent 
fù-1 atom). However their difference is of the order of 1IN and for a macroscopic 
system they become practically identical. Therefore by relating the energy position 
of the 4f" ~ 4f"- 1 line to the Fermi level in the photoelectron spectrum, this energy 
will, to the order of 1/N, be identical to the energy expression given in eq. (2). 

The picture of a charge neutral site in the final state for the f" ~ f"- 1 photoelec- 
tronic ionization was early advocated by Herbst and coworkers (Herbst et al. 1972, 
1976, 1978). This was also the picture used in the thermochemical treatment of the 4f 
levels in the lanthanides by Johansson (1974a). A more careful examination of this 
complete screening picture for the lanthanides was later performed by Johansson 
(1979), where the impurity aspects were stressed. This type of thermochemical 
treatment of core electron ionizations has been generalized to include all the metallic 
elements in the periodic table (Johansson and Märtensson 1980). Also de Chätel and 
de Boer (1981) performed a thermodynamical treatment of the 4f photoelectron 
ionization for some of the lanthanides, where the impurity term was included. 
Similarily, two-core hole final states as obtained in Auger decay processes have been 
considered by means of a thermodynamical approach (Märtensson et al. 1984). Even 
three- and four-hole states have been treated within the complete screening picture 
(Johansson et al. 1983, Märtensson et al. 1984). In all these cases good agreement 
with experimental data has been obtained, strongly supporting the correctness of the 
complete screening picture of core level ionizations in metallic systems. 

Above the description of the position of the 4f level relative to the Fermi energy 
was given for a trivalent metal. However, the same type of arguments of course also 
applies to a divalent metal and the only necessary modification in eq. (2) is simply 
that III is replaced by II and IV by III. Thus AEH.n~is the energy difference between 
the trivalent and divalent metallic states of the particular element in question. For  
a divalent lanthanide metal the energy position of the occupied 4f level relative to 
the Fermi level is therefore given by 

~Timp (II). (2') ~(f ~ ~F) ~ AEII,II1 q- ~ I I I  

Bremsstrahlung isochromat spectroscopy (BIS), was utilized by Lang et al. (1981) to 
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study also the unoccupied 4f levels (residing above the Fermi level) for the 
lanthanide metals. Again the complete screening picture should be applicable for the 
f "+  e ~fù+l  process. By the same reasoning as above, the measured line position 
relative to the Fermi level can, to the order fo l /N ,  be related to a similar expression 
as in eq, (2). Now the situation corresponds to an electron being taken from the 
Fermi level and injected into the f shell of a specific ion, i.e., exactly the reverse of eq. 
(2). Evidently, in this case the metallic site is converted into a site with a lower 
integral valence state. The completely screened and relaxed model gives the energy 
position of the unoccupied 4f level relative to the Fermi energy (for a trivalent metal) 

e(~ v --, f) = --AEIt,III q- E}~ p (III). (3) 

The minus sign originates from the particular way AE~~,~II was defined above. 
E~~ 'p (III) is the solution energy of the appropriate divalent impurity in the trivalent 
host. Again, obviously, the impurity term is not the thermodynamical orte, but 
rather a restricted quantity where the atomic positions remain fixed in the electron 
capture process. Naturally, also hefe a thermodynamical impurity energy will give a 
lower limit to the vertical excitation energy in eq, (3). 

With the given theoretical description of the energy position of the 4f level it is 
clear that the energies necessary for a complete valence change of  the whole system 
play a most central role, i.e., the energies AE~I,III and AEm,iv. Fortunately, it turns 
out to be possible to obtain accurate numbers for these quantities. The accuracy for 
AEII,m is in fact about +0.05eV, which is more accurate than the experimental 
accuracy of _+0.2 eV for the XPS and BIS experiments. For  the energy positions of 
the occupied f levels in the trivalent lanthanide metals, where the theoretical 
expression involves a transition from a trivalent site to a tetravalent one, i.e. AEIII , tV , 

the uncertainty in the absolute value is considerably larger than for AÆiijn. 
However, in this case, after having fixed the position of the f level for one element (as 
a tie-point), the relative uncertainty for the neighbouring elements is again small. 
Therefore in the theoretical treatment of the f electron excitation energy the 
dominating contribution can be obtained with a high accuracy and good internal 
consistency. 

As a final comment we want to emphasize that the numbers which will be derived 
in the following two sections for AEII,m and AEI~~.~v can be obtained from just a few 
'canonical' values. These are the free atomic excitations fn+ls2 ~ f " d s  z and 
fnds2 ._.+ fn - ld  2 s z and the regular values of the cohesive energy of d i - ,  tri- and 
tetravalent metals (the II A-IV A elements of the Periodic Table). Thus, for example, 
in a trivalent metal, the position of the occupied f level relative to the Fermi energy, 
e v, is essentially the energy of the atomic reaction f" ds z ~ f"- 1 d z s z renormalized by 
about 2eV (Johansson 1974a). 

3. Energy difference between the divalent and trivalent metallic states of the 
lanthanide elements 

Since we want to study total energy differences between different metallic valence 
states it is natural that we should consider cohesive energies. In fig. 1 we give 
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Rb Sr Y Zr I 
S s 2 ds 2 d2s 2 1 19.64 39.7 100.8 1l,4.2 . . . . . . . . . . . . . .  

Cs Ba La , Yb { Lu I Hf 
s s 2 (:Is 2 Ln-series I 1 I s2 ds2 d2s2 

18.51, 1,3.7 1 0 3 . 1  . . . . . . . . . . . . .  3"Z1 102.2 11,8.1, 
Fr Ra [ Ac Th ] 
s s2 ds ~ d~s 2 
? 38.2 ? 142.9 

Fig. 1. Cohesive energies (Brewer 1975) for some elements relevant to the lanthanide elements (kcal/mol). 

cohesive energies (Brewer 1975) for some elements relevant for the present study. 
From this figure it is immediately clear that mono-, di-, tri- and tetravalent metals 
have cohesive energies of about 20, 40, 100 and 145 kcal/mol, respectively. (Such a 
regular behaviour of the cohesive energy in the Periodic Table is not limited to just 
these elements but has a much wider applicability (Gschneidner 1964).) This re- 
gularity together with experimental atomic spectroscopic levels could in fact have 
been used to give results practically identical to those we will now derive in a 
somewhat different way. We choose, however, this different route in order to make a 
more direct contact with experimental thermochemical data and to achieve as 
accurate values as presently possible. 

As free atoms most of the lanthanides have a divalent atomic configuration, 
4f "+1 6s 2. (Here and in the following the 4f electrons will be considered as core 
electrons.) Only lanthanum, cerium, gadolinium and lutetium are different in this 
respect holding a trivalent configuration; 4f°5d6s 2, 4f15d6s 1, 4f75d6s 2 and 
4f 1« 5d 6S 2, respectively. However, as is well known, in the metallic phase most of the 
lanthanides are found in a trivalent 4f" configuration. There is a simple explanation 
to this, based on the non-bonding property of the localized f electrons and the 
property that I IA and I I IA elements have a cohesive energy of about 40 and 
100kcal/mol, respectively. This means that in the case of a divalent metal a 
promotion of orte f electron for each lanthanide atom in the system to the bonding 
metallic (5d6s) state gives an additional binding energy of about 
1 0 0 -  40 = 60 kcal/mol. However, this gain of binding energy must be balanced 
against the energy required to excite the f electron to the 5d orbital. From atomic 
spectroscopic levels (Martin et al. 1978) it is then immediately clear that it is only for 
europium and ytterbium that this promotion energy is more costly than the gain of 
binding energy, i.e., the energy for the atomic reaction f'+~ s z ~ f" ds 2 is larger than 
60 kcal/mol. This is the fundamental reason why Eu and Yb are divalent metals in 
contrast to all the other lanthanides. Note that we hefe only compare total energies 
and do not invoke a single-particle picture with a level crossing. 

A tetravalent metal (IVA-type) has a cohesive energy of about 145kcal/mol 
(compare fig. 1). Thus if a trivalent lanthanide metal is made tetravalent by 
promoting one f electron of every atom into the conduction band, a binding energy 
of about 145 - 100 = 45 kcal/mol is gained. However, for all the lanthanide ele- 
ments the promotion energy of the f electron is rauch too high to make such a 
transition energetically favourable (Johansson 1974b, 1977a, 1978b). That is why 
none of the lanthanides is found in a tetravalent metallic state. This means in 
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particular that the non-magnetic, so-called ct-like, cerium systems do not involve a 
tetravalent 4f ° configuration. Therefore the rather common way to refer to these 
systems as intermediate valence (IV) systems can be very misleading, unless the 
meaning of IV is clarified. Clearly the properties of ct-like cerium are not comparable 
to the electronic structure of the IV state found in some systems involving 
samarium, europium, thulium and ytterbium. Only in compounds  with strongly 
electronegative elements like oxygen and fluorine does one find that a few of the 
lanthanide elements can attain a tetravalent configuration. 

We will now derive the energy difference between the divalent and trivalent 
metallic states of the same lanthanide element. The cohesive energies of barium, 

eu rop ium and ytterbium are known experimentally (Brewer 1975). Therefore, a 
smooth interpolation between these values gives an accurate estimate of the 
(hypothetical) divalent metallic cohesive energy for the rest of the lanthanides 
relative to their fù+l s 2 atomic states. As is immediately clear from fig. 2(a) the 
difference between such an interpolated value and the orte actually measured gives 
directly AEII,IH for most of the lanthanides. Only for La, Ce and Gd do we have 
to take into account the atomic excitation E(f" d s 2 - *  fn+ 1 S 2) before we can obtain 
AEù,]I]. This is illustrated in fig. 2(b). To  give a comprehensive survey we show 
in fig. 3 the experimental cohesive energy (Brewer 1975) for all the lanthanides 
relative to the divalent atomic configuration f"+ls2. The difference between this 
value and the smoothly interpolated divalent cohesive energy curve in fig. 3 gives 
immediately -AEn,  m for most of the lanthanides. The experimental cohesive 
energies are generally determined with an accuracy better than 1 kcal/mol and they 
are listed in the first column of table 1. This accuracy means that the derived 
values of AEIu n also should have a precision of about 1 kcal/mol or 0.05 eV/atom. 
(Unfortunately there is at present no thermochemical data available for the highly 
radioactive element promethium.) It is only for europium and ytterbium that a dif- 
ferent procedure must be utilized to obtain AEII,I ". This has been discussed 
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Fig. 2. Illustration of the energy difference between the trivalent and divalent states of the trivalent 
lanthanide metals, AEn, m. For a lanthanide with a divalent atomic ground state configuration this is the 
difference between the interpolated divalent cohesive energy E H and the experimental cohesive interpol  

exp energy Eco h (a). For a lanthanide with a trivalent atomic configuration, the atomic excitation, 
E(f" ds 2 --~fn+l S2), has to be included before AEII,III is obtained (b). 
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TABLE 1 
Experimental data for the cohesive energies (Brewer 1975) Eco h, for the lanthanide elements. Derived 
values for -AEl l .m  and AEIn,I v as described in the main text. The experimental BIS and XPS data for 

the 4f levels are also listed. (All energies are given in eV.) 

Eco h - AEII,I n BIS AEIII, Iv XPS 
experiments a experiments a 

La 4.47(4) 4.47 5.31 (20) 
Ce " 4.31(2) 3.01 3.46(20) 1.95 1.9(2) b 
Pr 3.70 (2) 1.82 2.14 (20) 3.51 3.33 (20) 
Nd 3.41 (2) 1.53 1.72(20) 4.80 4.65(20) 
Pm 5.07 
Sm 2.14(2) 0.27 0.46(20) 5.07(20) 
Eu 1.857(9) - 0 . 9  8.63(20) c 6.38 1.50(20) d 
Gd 4.14(2) 3.67 4.04(20) 7.7 7.44(20) 
Tb 4.05(2) 2.26 2.76(20) 2.49 2.23(20) 
Dy 3.046(4) 1.30 1.81 (20) 4.08 3.86(20) 
Ho 3.137(13) 1.43 1.93(20) 5.16 4.89(20) 
Er 3.289 (4) 1.62 2.15 (20) 4.99 4.70(20) 
Tm 2.42(4) 0.78 1.10(20) 4.75 4.57(20) 
Yb 1.61 (4) - 0.5 5.69 1.27 (20) d 
Lu 4.434(9) 7.15 7.02(20) 

~Lang et al. (1981). 
bPlatau and Karlsson (1978). 
CThe BIS experiment for Eu is related to IAEi,iiI,see text. 
«Note that the XPS experimental values for Eu and Yb should be compared with IAEn,IIII. 
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by Gschneidner (1969), who for example, compares the heat of formation of EuCl», in 
which compound Eu has clearly become trivalent, with that of its neighbour elemenL 
GdCI». The formation of EuCI» can be thought of as taking place in two steps in 
which the divalent europium metal is first transformed to the trivalent metal and 
only then the trichloride is formed. For  the latter process, the heat of formation of 
EuC13 should be very similar to that of GdCI». Therefore, the difference in the 
experimental values of the heat of formation for EuC1 a and GdC13 corresponds 
directly to AEn,m(Eu). Naturally the experimental heat of formation of other 
compounds where Eu is trivalent can be used for the same purpose. The same type 
of procedure can also be applied to Yb. A somewhat different method, but still 
closely related to the one used by Gschneidner, was applied by Johansson and 
Rosengren (1975b). The most consistent value for AEI~.m appears to be 21 and 
11 kcal/mol for Eu and Yb, respectively (Johansson and Munck 1985). In the second 
column of table 1 the derived values for - A E t I , I I I  have been collected. 

Since none of the lanthanides forms a tetravalent metal, it is somewhat more 
difficult to obtain accurate values for AEm.iv. However, from fig. 1 it is quite clear 
that cerium as a tetravalent metal should have a cohesive energy close to 145 kcal/ 
mol relative to its tetravalent atomic state d2s 2. For  the tetravalent element after 
lutetium in the Periodic Table, i.e. hafnium, the experimental cohesive energy is 
148.4kcal/mol (Brewer 1975). Therefore all the lanthanides should in their hy- 
pothetical tetravalent metallic state have a cohesive energy of about 145- 
148 kcal/mol relative to the proper tetravalent atomic state. This means that if the 
atomic excitations f" d s  2 --* f"- 1 d 2 S 2 w e r e  known for the lanthanides we could easily 
obtain accurate values for AEnI,I v. However, since these tetravalent levels are very 
high in energy, they have not yet been identified among the spectroscopic levels. (In 
fact for most of the lanthanides the fù-i  d 2 s 2 level is above the first ionization 
potential.) Still, even if this atomic excitation was known for only one element, there 
are reliable methods available from which the f" d s  2 ~ f n -  1 d 2 s 2 excitation energies 
for the rest of the lanthanides could be estimated. This was actually the procedure 
employed by Johansson (1974a) to derive AEm.iv. Here we will review a somewhat 
different approach to obtain as accurate values for AEIH,~ v as possible (Johansson 
1979). This is a generalization of methods applied in accurate estimations of atomic 
spectroscopic data. 

4. Energy difference between the trivalent and tetravalent metallic states of the 
ianthanide elements 

In the previous section the energy difference AEII,III for the lanthanide metals was 
derived from the experimental cohesive energies. Here it will be shown that these 
data can be used directly to give AEIn,I v through the series, provided that this value 
is known for at least one of the elements. The method to be used is well known in 
atomic spectroscopy and is called the "horizontal analysis" method. Originally this 
method was applied to the 3d series (Catalän et al. 1954, Racah 1954), but more 
recently it has been used for the lanthanide atoms by Jqlrgensen (1962). A more 
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refined and a more extensive treatment has been given by Vander Sluis and Nugent 
(1974), again for the lanthanides. 

The basis is that  the f " - l - f "  difference can be expressed as (JÓrgensen 1962) 

Uf - -  (n - 1)E ° -- g(S,_ 1 - Sù + ½)E 1 + y((L, U)~_ 1, (L, U).)E 3, (4) 

where Uf, E °, E x and E 3 a r e  known as the Racah parameters and the coefficients in 
eq. (4) depend on certain group quantum numbers (Martin 1972). (For brevity the 
spin-orbit term has been neglected in eq. (4). In the analysis to follow this term, 
however, has been accounted for.) The Racah parameters are assumed to be equal for 
the two configurations f" and f"-  1. Therefore, if the Racah parameters are known for 
all the lanthanides and the f , -1  fù difference is known for one element, then the 
expression in eq. (4) can be used to give an estimation of the f " - l_ f ,  difference for 
the rest of the lanthanides. 

An alternative method of making predictions, due originally to Racah (for a 
review see Martin (1972)) is also available and is known as the 'vertical analysis' 
method. This can simply be stated as follows: a plot of, for example, the following 
atomic promotion energies for the same element f ' + l  S 2 - - - +  f ' d s  2, f"+~s--* f ' d s  and 
fù + 1 ._. f ' d  through the lanthanide seiles will give three essentially parallel curves. 
Therefore if one of the mentioned excitations is known for all the elements, the other 
two may be obtained by a vertical displacement of this curve (Brewer 1971). We 
should observe that the Racah rnethod applies for the f ' ~  f"-~ excitation for the 
same element, but at-different ionization stages. However, for the present problem 
we want to compare the excitation f"--, f ' -~  for neighbouring elements, i.e. Ln(A, 
f ù ~ f , - 1 )  and Ln(A + 1, f ù ~ f , - 1 ) ,  where A is the atomic number. If the Racah 
parameters E a and E 3 were the same for Ln(A) and Ln(A + 1) we would again 
expect a parallel behaviour of this f " ~  f ' -~  excitation energy (when plotted as a 
function of n) except for a possible (but relatively small) linear deviation, i.e., 

Ln(A + 1, f ù ~ f , - 1 )  = Eo + Ln(A, f, ~ f , -1 )  + K ( n -  1), (5) 

where E 0 and K are constants. However, it is certainly true that the Racah 
parameters for the f" and f"-~ configurations are not exactly equal for Ln(A) and 
Ln(A + 1). Therefore there should be a correction A (n) to eq. (5) and we write 

Ln(A + 1 , f " ~ f  "-~) = E o + Ln(A,f ' - -*f  " -a)  + A(n) + K(n - 1), (6) 

where A(n = 1) is defined to be zero. 
Provided the f" configuration maintains its atomic properties in the metallic state 

it is obvious that we can generalize eq. (6) to a metallic situation and obtain the 
energy difference between the trivalent and tetravalent metallic stares, AEHI,lV, for 
the lanthanides from the following relation: 

A E I H , I v ( A + I , f ' ~ f ' - a ) = E ó + A E H , ~ H ( A , f ' ~ f ' - a ) + A ( n ) + B ( n - - 1 ) ,  (7) 

where Eó and B are constants. In this relation AEII,m is already known as a 
function of the atomic number (section 3). Then it remains to determine the value of 
the constants Eó and B, and the function A(n). In order to do that we need first of all 
to know the value of AEnI,~ v for one of the lanthanide elements. From the 
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regularities in the cohesive energies of the metallic elements this quantity was found 
to be about 48 kcal/mol in the case of cerium (Johansson 1977a). In a study of the 
heat of formation of tetravalent cerium compounds (Johansson, 1978b), i.e., from a 
determination of the deviation between the experimental value and the one expected 
for tetravalent metallic cerium, AEII1j v w a s  found to be about 40 kcal/mol. From this 
we choose 45 kcal/mol as a relatively appropriate value. An error in this value will 
give the same vertical displacement of all the other lanthanide AEIH,I v values. Since 

AEII,I" (La) = - 103 kcal/mol, 

and since AEII,m(La ) and AEIH,~v(Ce ) both corresponds to n = 1 we immediately 
obtain Eó = 148 kcal/mol. Furthermore we will neglect the possible influence by the 
linear correction term B(n - 1). Since the AEH, III(n) function is known (compare fig. 3 
and table 1), it only remains to determine A(n) in order to obtain AEm,~v throughout 
the lanthanide series. 

In order to find appropriate values for the A (n) correction we have in fig. 4 plotted 
the difference between the atomic LnlV(A + 1, f" -* f"-  1 s) and LnlII(A, f" ~ f" 1 s) 
excitation energies. Considering the scale in the figure, it is true that the difference 
between these excitation energies is essentially constant. (This property has in fact 
been utilized in estimations of atomic spectroscopic levels and is often referred to as 
a constant system difference (SD) change). However, upon this large constant 
difference, there is a small but significant variation. This variation undoubtedly has 
as its origin the change of the Racah parameters in going from LnIII(A) to 
LnIV(A + 1). If the excitation energies themselves are given by the expression in eq. 
(4) then their difference must again be given by eq. (4) only that the Racah 
parameters for this difference are given by their change, i.e. AE 1 and AE 3. Therefore, 
also the difference between the excitations LnIV(A + 1, f" --* f" -  ~ s) and 
LnIII(A, f" --* f"-  1 s) will show the same familiar zigzag behaviour (compare fig. 3) as 
the excitation energies themselves, only at a much smaller scale. Realizing this we 
arrive at the "interpolated" values, shown as open circles in fig. 4 (Johansson 1979). 
From this figure we immediately obtain the dependence of n for the function A (n) 
(A(1) is put equal to zero.) Note, however, that the total variation in A(n) is only 
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atomic excitations L n l V ( A +  1, f " ~  
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values as described in the text. The 
variation of this difference relative to 
the n = 1 case gives the 3(n) function. 
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5 x 103cm 1 (0.6eV). F r o m  this we are now in a position to obtain AEin,iv for all 
the lanthanides. The derived values are collected in the fourth column of table 1. 

5. C o m p a r i s o n  w i t h  X P S  a n d  B I S  e x p e r i m e n t s  f o r  t h e  l a n t h a n i d e  e l e m e n t s  

The calculated AEnuv values, which include the A(n) correction, are plotted as 
filled circles in fig. 5. In  this figure also the experimental XPS data  (Lang et al. 1981) 
for the position of the 4f level relative to the Fermi energy have been included. For  
cerium metal the data  by Platau and Karlsson (1978) has been used. It  is 
immediately clear that  the AEnuv values reproduce the XPS results exceedingly well. 
For  completeness these experimental values are also tabulated in table 1 (last 
column). Thus  the valence change energy, AEIII,IV, accounts  in a most  satisfactory 
way for the main part  of the measured f electron binding energies. The difference is 
that  the f electron binding energies refer to a local valence change, while AEm,~v is a 
global valence change of the system. 

In fig. 6 we plot the difference between the experimental XPS values and AEIII,IV. 
Considering the quoted accuracy of the experimental da ta  (___0.2 eV) the obtained 
rather smooth  and almost  constant  behaviour of the difference demonstrates  that  
the neglected linear term B(n - 1) in eq. (7) has little importance.  In section 6 we will 
return to the remaining discrepancy between the experimental da ta  and the AEni,iv 
values. 

The data  point  for Yb in figs. 5 and 6 refers to an estimated XPS binding energy 
for the fl 3 level in hypothetically trivalent Yb. This estimation is based on the fourth 
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Fig. 5. Experimental XPS data (Lang et al. 
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to the Fermi energy. For cerium the data 
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ionization energy of the free Yb(+ 3) ion (see section 8). The deviation for Yb in fig. 6 
is close to that for Tm and Lu, which shows that the estimated value is accurate. 

From the consistency of the difference between the experimental values and AEIù,~v 
it is possible to estimate rather accurately the XPS binding energy of the f6 level 
in hypothetically trivalent europium metal. The value one obtains is 6.1 _+ 0.2 eV. This 
value might be useful for considerations of chemical shifts in compounds where Eu 
is trivalent. For promethium the corresponding XPS binding energy can also be 
estimated and is found to be 4,9 _+0.2 eV. 

In fig. 7 and in table 1 we compare the experimental BIS data (Lang et al. 1981) 
for the lanthanides with the -AEII,II~ values derived in section 3. Also the general 
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features of the BIS data are certainly weil reproduced by - AEn,II  I. (In the work by 
Johansson (1979) a comparison was made with preliminary BIS data and there a 
large deviation could, for instance, be noticed for dysprosium. However, the final 
published experimental data give a rauch bettet agreement and consistency with 
theory). The uncertainties in the AEII,III values are generally of the order of _+0.05 eV. 
Therefore it is clear from fig. 7 that there are quite substantial deviations between 
the BIS data and the AEII,III values, in fact greater than between the XPS data and 
AEm,iv for the trivalent metals. In addition to this the sign of the deviation is 
different for the XPS data than for the BIS data. 

In fig. 8 we plot the difference between the BIS experiments and the -AEH,IH 

välues. The slightly irregular behaviour is unexpected, because even if there are 
deviations, these should väry smoothly through the series. However, it should be 
kept in mind that the experimental uncertainties are of the order of _+ 0.2 eV. A 
comparison with fig. 6 therefore suggests that the experimental XPS data are in- 
ternally more consistent than the experimental BIS data. 

The finding that the AEm,iv values reproduce the XPS data quite well but that 
--AEII,III  deviates more substantially from the BIS data might lead one to suspect 
that these two types of experiments are not directly comparable. However, in fig. 7 
we have also included the XPS data for the two divalent metals europium and 
ytterbium and also hefe we note a most substantial deviation between experiment 
and AEII,n 1. These deviations are also included in fig. 8 and are in fact even 
somewhat larger than the deviations from the BIS data. From this we conclude that 
it is rather the fact that we are dealing with a divalent ~ trivalent or a trivalent 
divalent transition instead of a trivalent --* tetravalent transformation that causes 
the difference between the BIS and XPS results and not the experimental technique. 
We will return to this point in the following section. 

Recent UPS data (Nilsson et al. 1985) suggest that the fl« binding energy in 
ytterbium metal is 1.17eV rather than the value 1.27eV used in figs. 7 and 8. 
Accepting this value, the difference between AEH,IH(Yb) and experiment becomes 
more similar to the corresponding difference for Eu. 

For  the divalent metal europium, the BIS experiment involves a transition to a 
monovalent state. Therefore the complete screening picture implies that we should 
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study the quantity - -AEI , I I  , i.e., the energy difference between the divalent and 
monovalent metal. This may be obtained from the following steps of reaction: 

AE~.n = (+  1 metal) --> f" + 2 s atom ---, fn + 1 S 2 atom ~ ( + 2 metal). (8) 

The first step corresponds to the cohesive energy of a monovalent metal, and should 
accordingly be about 20 kcal/mol (compare fig. 1). The last reaction in eq. (8) is the 
experimental divalent cohesive energy. For  the reaction involving the two atomic 
states there are no experimental data available. However, the atomic excitation has 
been estimated to be about (Johansson 1979) 

E(f 8 s ~ f v s  2 ) = _ 7 . 6 _ + 0 . 5 e V .  

Thus one obtains -AEI,n = 8 .6+0 .5eV which should be compared with the 
experimental BIS value 8.63 + 0,2 eV (Lang et al. 1981). 

The same arguments can be applied to barium metal. Again considering the 
quantity -AE~,n one finds that the unoccupied 4f level should be situated at about 
5.3 eV above the Fermi level. In this case experiments give a position of about 10 eV 
above the Fermi level (Kanski and Nilsson 1981), i.e., a huge deviation from the 
theoretical value. This shows that the 4f o rbital in barium must be far more 
extended than for the lanthanides and therefore very sensitive to changes in the (sd) 
valence electron density distribution. Thus the 4f electron in barium metal cannot be 
treated as a core electron and therefore the approach outlined above is no longer 
applicable. 

This large deviation for barium suggests that also the somewhat anomalous 4f 
position in lanthanum has a similar origin although rauch less pronounced. 
(Compare the deviation from the -AEn,ni value shown in fig. 8). Thus it appears 
that the 4f orbital has not quite become completely core-like in lanthanum metal. 
However, for instance for the La 1÷ ion the localization of the 4f orbital should be 
rnore complete. 

Experiments have shown that there are divalent atoms present at the surface layer 
of samarium metal (Wertheim and Crecelius 1978, Allen et al. 1978). Therefore, in 
the BIS experiments there should also be some spectral contribution from a 
transition to a monovalent samarium ion at the surface. From the complete 
screening model, the position of the f7 level (again using eq. (8) and estimated 
atomic spectroscopic data) should be at about 4.1 ___ 0.4 eV above the Fermi energy. 

6. The impurity term 

In this section we will turn to the remaining discrepancies between AEmav and 
the XPS data as well as -AEILm and the BIS data. For  example it seems quite 
significant that the sign of the deviations for the trivalent metals is different for the 
XPS data than for the BIS data. In section 2 we derived a theoretical expression for 
the position of the f level relative to the Fermi level. Up to now we have, however, 
neglected the so-called impurity term, E imp. 

Since a completely theoretical treatment of the energy term, E imp, is not yet 
feasible (at least not with an accuracy appropriate to the present problem), we turn 
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instead to possible experimental information for the heat of solution of impurities. 
Thereby one is, however, referring to a thermodynamical energy, while the one re- 
quired for the experimental situation in XPS or BIS is a restricted impurity term (see 
section 2). The thermodynamical vatue ]t?imp will always be a limiting value and ~ t h e r m o  

gives a lower bound to E imp. The quantity we are looking for in connection with 
the XPS experiments is the restricted solution energy of a tetravalent impurity in a 
trivalent host. The corresponding thermodynamical quantity is in fact something that 
can be determined experimentally for related systems. However, we are not aware of 
any such experiments for systems relevant in the present context. On the other hand 
it is known that thorium forms solid solutions with the lanthanide rnetals for all 
concentrations. This would imply that ~imp (III) is negative. Further, over this IV,thermo 

complete range of solid solubility there is no predominant tendency to formation of 
well-defined compounds. This must mean that even though E~P~ermo(Ln) is ne- 
gative, its magnitude should be comparatively small. Similar conclusions can be 
drawn from the binary phase diagrams between lanthanide metals and zirconium 
(Gschneidner 1980). With this experimental background, it still seems possible to 
state with some confidence that imp Eiv,th . . . .  (III) in general will be negative, although 
only slightly so. If we add this effect to AEIII.IV the agreement with XPS data would 
obviously improve (fig. 6). Whether this impurity effect will show a slight variation 
with the lanthanide element or not is presently a too difficult question to answer. 
Such a dependence could in fact have masked the small linear correction term 
B(n - 1) discussed in connection with eq. (7). 

By applying the same ideas to the BIS experiments, we then deal with a divalent 
impurity in a trivalent host. Similarly, the XPS experiments for europium and 
ytterbium involve a trivalent impurity in a divalent host. Experimentally it is known 
that alkaline-earth metals and trivalent lanthanide metals do not form any solid 
solutions. This means that imp imp E i~,th . . . .  (III) and E HI,th . . . .  (II) are positive. Therefore the 
I AEH,ml curve in fig. 7 should be s ubject to a correction upwards for the theoretical 
BIS values and downwards for the theoreticat XPS values when the effect of the 
impurity term is included. Apparently this would improve on the agreement with 
experiments. Using the Miedema semi-empirical method (Miedema 1976) for the 
present situation one finds that E ~mp here might be of the order of 0.5 eV. This 
correction is in fact of the right magnitude to give a good agreement for most of the 
lanthanides (compare fig. 8). 

Thus it is clear that the impurity term, although generally small compared to the 
energy differences AEn,II I and AEm,~v, gives a significant contribution to the e(f-+ eF) 
and ~(~F-+ f) excitation energies. From the theoretical point of view it is obvious 
that the required res t r ic ted  impurity energies in the expressions (2), (2') and (3) for 
the f-electron excitation process are simple entities compared with the true thermo- 
dynamical ones. Therefore theoretical calculations for heats of solutions of impu- 
rities should first be applied to the present type of situations (XPS or BIS), before 
calculations are attempted for the much more difficult cases with completely relaxed 
impurities (thermodynamical limit). 

It is tempting, however, to neglect the difference between E imp and E~Prmo . Thereby 
the possibility opens up to use XPS and BIS experiments to derive  t h e r m o ch em i ca l  



380 B. JOHANSSON and N. MARTENSSON 

data on a quantitative level. The thermodynamical treatment of the f-level position 
in the pure metals presented in section 2 can be generalized to alloys and 
compounds (see section 11), whereby the chemical shift of the 4f level relative to the 
pure metal can be expressed in terms of various thermodynamical entities. This was 
successfully applied by Steiner et al. (1981) to core level shifts for other types of 
metal atoms than lanthanides. Another case was the use of the Pd core level shifts 
for a derivation of the heat of formation of Pdl_xAgx. Also here a most satisfactory 
agreement with thermochemical data was obtained (Steiner and Hüfner 1981a). This 
suggests that an identification of E imp with ~thermo~imP is a good approximation. It 
should also be remembered that when one considers chemical shifts a restricted 
impurity term enters twice and with opposite signs. Therefore there will at least be a 
partial cancellation of errors. 

7. Assessments of the thermodynamicai model 

With the picture of the main XPS line (i.e. deconvoluted for asymmetries) for the 
position of the 4f level relative to the Fermi level as corresponding to a final stare 
where the valence electrons have fully relaxed relative to the f-ionized site, the 
formal expression in eq. (2) is accurate. In the actual numerical evaluation of the t w o  
contributions in this expression it turns out that the energy difference AEm,iv is 
dominating, and that the impurity term plays only a secondary role. In an 
assessment of the achieved results presented in the previous sections, it is therefore 
important to critically examine the accuracy of AEIII,IV and AEII,III. 

From atomic spectroscopy it has been noted that when comparing various 
excitations of the type f" ~ f ' -  1 (by vertical or horizontal analysis), there might be a 
slight discontinuity for the f 1 ~ fo excitation relative to the other excitation energies 
(n > 1) (Vander Sluis and Nugent 1972, Johansson and Rosengren 1975a). This is a 
bit unfortunate since we use cerium as the tie-point element for the AEIn,~v 
estimations, and here we just meet this f l  ~ fo case. However, it is only for cerium 
that the AEIII,IV value is known with a reasonable accuracy so there is no other 
choice. In fig. 6 the deviation for cerium is slightly different than for the other 
elements, which might be due to this discontinuity for the fl  ._. f0 case relative to the 
f"+~ --, f" energies for the rest of the lanthanides. 

Another inaccuracy is found in the correction term A(n), which had to be 
estimated for many of the lanthanides (fig. 4). The estimations are somewhat more 
accurate for the heavier (n > 7) lanthanides than for the lighter elements. (However, 
the deviations between AEIII,IV and XPS measurements shown in fig. 6 seem to 
behave smoothly.) If these two types of uncertainties could be avoided it might be 
that the so-refined values for AEm,~v will show a nearly constant shift relative to the 
XPS experiments. However, it must be stressed that this discussion is presently 
rather academic, since neither of these inaccuracies are greater than the XPS 
experimental uncertainty (_+ 0.2 eV). If the accuracy of experiments improves in the 
future, hopefully experimental values of A(n) for all the lanthanides will have become 
available from atomic spectroscopy, so that more accurate AEin,iv values are at out 
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disposal. Finally, the value of the constant Eó in eq. (7) is a bit uncertain, but a small 
change in this constant will only result in a small rigid displacement of the AEm,Iv 
curve relative to the experimental values. 

Another uncertainty, which was not discussed in sections 3-6, is the possibility of 
a change of the f-state Racah parameters when going from the free atom to the solid 
(both having the same valence state). However, from careful considerations of the 
cohesive energy through the trivalent lanthanide series no such effect could be 
discerned within the experimental accuracy (Johansson and Munck 1985). 
Therefore, this possible energy change of the f-level position could not exceed 
0.05 eV. The same upper limit should also be expected for the divalent as well as the 
tetravalent metallic cases. Therefore, for quantities like AEII.III and AE~II,IV, where a 
subtraction is made, this possible effect will be totally negligible. 

8. Fourth ionization energies of the lanthanides 

The first three ionization energies for most of the lanthanides are known with a 
reasonable accuracy (Martin et al. 1978). This is no longer true for the fourth 
ionization energy, I , .  Presently it is only for the elements Ce, Pf, Tb, Yb and Lu 
that 14 is known with an accuracy better than 0.1 eV. Some years ago interpolation 
methods had suggested that the I 4 values for the other elements could be fairly well 
estimated (Martin et al. 1974). This is still true, but the more recent experimental 
fourth ionization value for Tb (Spector and Sugar 1976), was found to be outside the 
error limit for the previous estimated value. Therefore in general, the estimated 
values of 14 are now ascribed an uncertainty of about + 0.7 eV. The reason for this 
can in fact be traced back to the assumption of a constant difference between the 
system difference (SD) values for different ionization stages, which was used in the 
estimation of the fourth ionization energy. As we have seen in section 4 for the 
excitations of interest in the present context, this assumption holds only with an 
accuracy of about + 0.6 eV. In fact, the deviation from a constant SD value was the 
basis for the A(n) corrections to AEH~,Iv. The availability of accurate experimental 
XPS data makes it .possible to estimate new improved values for the fourth 
ionization energy (Johansson 1979). Since the accuracy of the XPS measurements is 
about _ 0.2 eV, the derived 14 values should have a comparable accuracy. 

The fact that the XPS measurements for trivalent metals can be used for such a 
purpose is not so surprising since they really involve an ionization of a trivalent ion 
to a tetravalent one. In order to make the estimations we will study the ionization 
energy difference D given by 

D = 14 - I~PS(eF). (9) 

Here I 4 is the ionization energy of the LnIV species and IXPS(er) is the XPS result for 
the position of the f level relative to the Fermi energy. Since 14 is rather accurately 
known for Pr, Tb and Lu we will use the values of D(Pr), D(Tb) and D(Lu) for a 
smooth interpolation through the seiles. Obviously the quantity D should vary 
smoothly through the series and we are therefore in the favourable position that we 
know its value in the beginning, in the middle, and at the end of the series. This 
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Fig. 9. Estimation of the fourth ionization 
energy of the lanthanides. Filled circles cor- 
respond to experimental values (Martin et al. 
1978). The smooth  curve is the interpolated D 
function discussed in the text. 

permits an accurate interpolation. The interpolated smooth D curve is shown in fig. 
9. From this interpolated curve we can now use eq. (9) to derive 14 for the other 
lanthanides. The  obtained values are shown as open circles in fig. 9. For  complete- 
ness we also include in fig. 9 the experimental 14 values for Ce and Yb. 

For Eu and Yb we naturally lack XPS data for the trivalent state. The same is of 
course also true for Pm but for other reasons. In the case of Yb we may use the 
relation (9) in a reversed way, i.e., use the experimental value of I4(Yb) to predict the 
XPS value for the 4f excitation in the hypothetical trivalent Yb metal. From this we 
immediately find 

XPS 
I4 (~F)Yb(III metal) --  5.5 ~ 0.2 eV. 

This value was used in figs. 5 and 6 where a comparison with the calculated 
AEIIov(Yb ) was made. 

In table 2 we compare  the so-derived ionization energies with previous estimates. 
As can be seen all the new values are within the error limits of the earlier 
estimations. 

In the previous section we estimated XPS binding energies for Pm and hypotheti- 
cal trivalent Eu from the calculated values of AEHmv. From relation (9) one can from 
this easily obtain I4(Pm) = 41.1 eV and I4(Eu) = 42.8 eV. These values are in good 
agreement with the earlier estimations of 41.1 _+ 0.6 eV and 42.7 +_ 0.6 eV (Martin et 
al. 1978). This demonstrates that there is a good internal consistency between 
various types of spectroscopic data for the lanthanides. 
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TABLE 2 
Derived values of the fourth ionization energy for the lanthanide elements by use 
of XPS data from the metallic state. For comparison earlier estimations are 

given in the last column. (All energies are given in eV). 

Exp. values Estimated values Earlier 
(ref. a) from XPS data estimations 

(ref. b) (rel. a) 

Ce 36.758(5) 
Pr 38.98(2) 
Nd 40.6(2) 40.4(4) 
Pm 41.1 (6) 
Sm 41.5(2) 41.4(7) 
Eu 42.7(6) 
Gd 44.4(2) 44.0(7) 
Tb 39.37(10) 
Dy 41.2(2) 41.4(4) 
Ho 42.4(2) 42.5(6) 
Er 42.4(2) 42.7(4) 
Tm 42.5(2) 42.7(4) 
Yb 43.56(10) 
Lu 45.250(25) 

a Martin et al. (1978). 
bJohansson (1979). The values have been slightly modified in accordance with 

the published XPS data (Lang et al. 1981). 

9. Valence state at the surface of  the lanthanide metals 

From high-resolution X-ray photoemission spectra (XPS) for metallic samarium it 
was concluded that either the bulk or surface of samarium could very weil be in an 
intermediate valence state (Wertheim and Campagna 1977). However, since the 
trivalent metallic state of samarium is favoured relative to the (hypothetically) 
divalent metallic state of samarium by about 6kcal/mol and since the bulk 
properties of samarium fit very nicely to the other trivalent rare-earth metals as well 
as to intra-rare-earth alloys (Johansson and Rosengren 1975a) the bulk interpre- 
tation appeared to be rather unlikely. Instead it seemed more plausible that the 
conditions at the surface might be such that the divalent state is more favoured there 
than it is in the bulk (Johansson 1978a). This was confirmed in the XPS measure- 
ments on samarium by Wertheim and Crecelius (1978). In these experiments the 
XPS data were studied as a function of the electron take-off angle with the substrate 
surface. From the observed angular dependence it could be concluded that the 
divalent component of the spectrum originates from atoms in the surface layer. By 
employing synchrotron radiation, Allen et al. (1978) performed most surface- 
sensitive photoemission measurements and arrived at the same conclusion in a 
somewhat more direct way. 

A characteristic feature of a surface is the incomplete atomic coordination which 
gives rise to a surface-tension force perpendicular to the surface. The surface tension 
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7L has been experimentally determined for a substantial part of the elemental metals 
in their liquid phase (for a review, see Allen (t972)). Furthermore, in many cases, its 
temperature dependence has also been measured. These data extrapolated to lower 
temperatures, provide estimates of 7 for elemental solids. The surface tension is 
numerieally related to the Helmholtz surface free energy F ~ as follows: 

= es/A,  (10) 

where A isthe surface area. In the theoretical treatment Skapski (1948, 1956) found 
it more convenient to discuss the molar surface tensions, i.e., the values referred to a 
surfaee occupied (in ä mono-atomie layer) by 1 mol of atoms. The molar surface 
tension ~MiS thus defined by 7M = AmomY, where Amo ~ is the surface area of 1 mol of 
atoms. By using a nearest-neighbour broken-atomic-bond model, Skapski derived 
for a closed-packed metal, that at zero temperature the molar surface energy U s can 
be related to the cohesive energy E¢oh in the following way: 

u S ~  0.25Eco h. (11) 

To arrive at this relation Skapski made the simplifying assumption that the bond 
energies of surface and bulk atoms are equal. Evans (1974) has criticized the main 
initial assumption, namely, that the total energy of the metal is due to pair-wise 
bonds between the atoms. However, for the present purpose, it is more important 
that empirically the simple expression given above has been found to hoId with a 
quite reasonable degree of accuracy, and it is in this sense relation (11) will be 
applied below. In doing this a coefficient 0.20 rather than 0.25 will be used in eq. 
(11), since this has been found to better account for the known experimental data 
(Allen 1972, Lucas 1973). Thus we may give the following picture. It takes about 
0.20Eco h to bring a metal atom from the bulk solid to the surface (while enlarging 
the surface area correspondingly) and then it costs another 0.80 Eco h to remove the 
atom from the surface to infinity (while decreasing the surface area). 

For a trivalent lant'hanide metal the cohesive energy is about 103 kcal/mol 
relative to the proper trivalent atomic state (Johansson and Munck 1985). For  a 
divalent metal such as (hypothetical) divalent samarium the cohesive energy relative 
to the divalent atomic configuration should be close to that of europium, i.e. 
42.8 kcal/mol (Brewer 1975, Nugent et al. 1973, Johansson and Rosengren 1975b). 
However, the measured cohesive energy for samarium is 49.3 kcal/mol. Since the 
atomic configuration of samarium is divalent, f6 s 2, this experimental value tells us 
firstly that metallic samarium is trivalent and secondly that the energy difference 
between the trivalent metallic state and the (hypothetically) divalent metallic state, 
AEII, HI is 43 - 49 = - 6  kcal/mol. Thus 6 kcal/mol is the energy margin by which 
samarium in the bulk phase maintains its trivalent character. 

From the observed empirical relation for the molar surface energy U s = 0.20E~oh ' 
we can state that by taking a bulk atom in trivalent samarium and bringing it to the 
surface (and thereby enlarging the surface appropriately as well as keeping the atom 
in the trivalent state) we lose the energy, 0.20 x 103 ~ 21 kcal/mol. Similarly, the 
same process in hypothetical divalent samarium or in europium will cost about 
0.20 x 43 ~ 9 kcal/mol. Thus in a relative sense we gain energy in the divalent case 
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as compared to the trivalent one, the gain being about 21 - 9 = 12 kcal/mol. If we 
compare this relative gain with the energy margin by which samarium is a trivalent 
metal, we note that it is certainly large enough to convert the surface atoms of 
samarium into the divalent state. 

From their experimental results Wertheim and Crecelius (1978) concluded that 
the valence state at the surface was of an intermediate type, the formal valency being 
about 2.6. This would indicate that the energy actually gained in having a divalent 
surface is close to 6 kcal/mol. F rom the numbers above this is not unrealistic. Still, 
as pointed out by Wertheim and Crecelius, the experimental result may also be 
interpreted as if the surface is totally divalent but that due to surface roughness the 
orientation of the sample surface may vary from one small region to another, 
thereby invalidating the analysis which gave rise to the intermediate valence state 
interpretation. However, the experiments by Allen et al. (1978) also seemed to point 
towards a mixed valence state at the surface. From more recent BIS measurements 
the position of the unoccupied 4f level (corresponding to a divalent final state) in 
bulk samarium was found to be 0.46eV (11 kcal/mol) above the Fermi energy (Lang 
et al. 1981). If we interpret this experiment as actually creating a divalent samarium 
atom in a trivalent host, we find that the solution energy of a divalent samarium 
impurity in trivalent samarium is 11 - 6 = 5 kcal/mol (note its positive value). By 
applying Miedema's semi-empirical scheme (Miedema 1976) to this situation a 
higher value is obtained but with the same sign. At the strrface the corresponding 
solution energy would be somewhat reduced, and by applying the same kind of 
arguments as those used in eq. (11) we can estimate the 'surface solution energy' to 
be about 0.8 x 5 ~ 4 kcal/mol. Thus the above 'energy gain' at the surface of about 
12kcal/mol is reduced to about 1 2 -  4 = 8 kcal/mol when we account for the 
impurity effect. However, this gain is just about  equal to the energy required to 
transform trivalent samarium into a divalent metallic stare. Admittedly, the de- 
rivation of the impurity effect is somewhat crude, but at least it serves to illustrate 
that the conditions at the surface of metallic samarium might be such that a mixed 
valence cannot be completely ruled out. 

However, later work showed that the binding energy of the surface divalent 4f 6 
level is 0.77 _+ 0.25 eV relative to the Fermi level (Lang and Baer 1979), which is in 
good agreement with the value of 0.65 eV reported by Allen et al. (1980). This 4f 
binding energy seems to be too large for having a mixed valence situation at the 
surface and instead indicates a totally divalent surface or possibly an inhomo- 
geneous valence state at the surface. Also electron energy loss spectroscopy studies 
show that samarium has a divalent surface (Strasser et al. 1982, Netzer and 
Matthew 1986). Recent careful UPS experiments (Gerken et al. 1985) showed no 
surface shift of the trivalent 4f » level, from which it was concluded that there was 
less than 10Üo trivalent atoms at the samarium surface. Thus the present picture of 
the samarium surface is that there is a totally divalent surface layer on top of a 
trivalent bulk metal. Later in this section we will return to some of the problems 
which are encountered in a theoretical treatment of a divalent surface on a trivalent 
bulk. The complications mainly arise from the interfacial interaction between the 
topmost  layer and those beneath. 
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Fig. 10. Energy difference -AEII,III between the 
divalent and trivalent states of the lanthanide 
metals. For Eu and Yb open dots are used to 
denote that  for these elements the -AEII,[II val- 
ues are not  directly obtained from experimental 
cohesive energies, compare section 3. The open 
dot for Pm is used to show that this is an 
estimated data point. For  those elements where 
-AEII,ItI falls below the critical line labelled 
'surface', the surface will be divalent (Johansson 
1979). The critical values for divalent edges and 
corners are also indicated. 

The fact that for samarium the surface has a different valence than the bulk 
suggests that there might be other lanthanide metals with a similar surface valence 
change. For almost all of the lanthanides we know very accurately the energy 
difference between the divalent and trivalent bulk states (section 3). In fig. 10 we plot 
these numbers and compare them with the 'energy gain' 12 kcal/mol (for clarity we 
disregard for the moment  the interfacial interaction problem), i.e. the gain for the 
surface situation relative to the bulk. As can be immediately noted, the surface layer 
will remain trivalent for all the trivalent lanthanide metals except samarium. Not  
even for thulium should there be a divalent surface. This is confirmed by the 
experimental results on thulium obtained by Johansson et al. (1981). (However, also 
see below.) 

If instead of a surface we consider atoms at a perfect edge of a single crystal, say 
with 90 ° between the cutting planes, it seems reasonable that the molar edge energy 
should be something like U ~  g° = 2 x 0.20Eco h. The reason for the factor of 2 is that  
at the edge two planes meet instead of just orte as in the case of a surface. The energy 
gain would in this situation be about 2 x 12 = 24 kcal/mol (again disregarding the 
'interface' interactions). F rom fig. 10 we notice that in this case thulium actually 
migfft show a valence change. Finally for a 'corner atom'  the corresponding energy 
gain would be about 3 x 12 = 36 kcal/mol. F rom fig. 10 we now find that several of 
the lanthanide metals might show divalent behaviour at the corners of a single 
crystal. Naturally these critical energy numbers (24 and 36 kcal/mol, respectively) 
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should not be taken too literally, but rather they represent a trend. Interestingly 
enough, in a recent work by Domke et al. (1986) divalency for a heavily distorted 
thulium surface has been observed, confirming the general trend of the surface 
stability expressed by fig. 10. 

For  the heavier actinide metals it has in recent years become increasingly clear 
that in many respects they behave like the rare-earth elements (Brooks et al. 1984). 
Therefore it is just as meaningful to discuss also these elements in terms of valence 
as it is for the lanthanides. Experimental crystallographic work by Noé and 
Peterson (1976) indicated that californium might be a mixed-valence metal. That  
this is not unreasonable could also be derived (Johansson 1977b) from the relevant 
atomic spectroscopic levels for californium (Worden and Conway 1970) (i.e. the 
5f96d7s 2 level relative to the ground state 5fl°7s2). However, the experimental 
determination of the heat of sublimation of californium made by Ward et al. (1979) 
gave A H ° 9 8  = - -  46.9 kcal/mol. Since this value is numerically larger than - 43 kcal/mol 
(typical for a divalent metal) it certainly indicates that californium is a trivalent 
metal and casts serious doubts on the validity of the observations of a bulk inter- 
mediate valence state by Noé and Peterson. This is especially so since the experi- 
ment by Ward et al. was performed on a 2 mg sample, while Noé and Peterson 
used much smaller samples (weighing less than 10gg). However, undoubtedly 
the divalent metallic state of californium will be quite close in energy to the tri- 
valent state. In fact it is perhaps even closer than for samarium metal. There- 
fore, as is clear from the discussion given above for samarium, it is most likely that 
the surface layer of californium is completely divalent. This means that even for 
thin films it cannot be excluded that californium will be divalent. In the X-ray 
powder diffraction study by Noé and Peterson a lot of surface area might have been 
scanned. Thus, their observations of a purely divalent, a purely trivalent as well as of 
a mixed-valence state might to a large extent originate from surface properties of 
californium. The apparent contradiction between the experiment by Ward et al. on 
the orte hand and the experiments by Noé and Peterson on the other, could then 
find its explanation in that Ward et al. were investigating a truly bulk sample, while 
Noé and Peterson were working on a microscale. Since experiments on californium 
necessarily must be performed on small samples, this indicates that caution must be 
taken so that real bulk properties are being studied. 

Also americium metal behaves as a trivalent lanthanide metal. The UPS and XPS 
data for an evaporated americium film (Naegele et al. 1984) show clearly that the 5f 
emission is totally withdrawn from the Fermi level, just as the 4f emission is well 
separated from the Fermi energy in the lanthanides. Attempts to fit in detail the 
UPS spectrum with calculated 5f spectra indicate that there is a substantial frac- 
tion of divalent americium atoms at the surface (Zangwill 1984, Johansson 1984, 
Märtensson et al. 1987). Since the heat of sublimation for americium numerically is 
as high a s  A H ° 9 8  = - - 6 7 . 9  kcal/mol (Ward et al. 1976) this is rather surprising. The 
reason for the appearance of divalency might therefore be that the preparation 
method for the film does not give rise to a smooth planar surface but rather to an 
uneven and less weil characterized surface. 

As pointed out by Wertheim et al. (1978a) the surface valence of lanthanide 
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systems in general may be anticipated to be lower (of rather have a tendency to be 
lower) than that of the bulk. This is fully consistent with the pieture outlined above. 
A trivalent lanthanide atom always forms stronger bonds than the corresponding 
divalent atom. Therefore the loss of bonding in forming a surface will always be 
larger for the trivalent case than for the divalent one and thus the lower valence will 
become somewhat favoured at the surface relative to the bulk. This means that  
experimental results, obtained from a surface-sensitive technique such as XPS, must 
be carefully analyzed before a specific structure of the spectrum can be said to 
originate from the bulk or the surface, respectively. 

The energy comparison between the situation when the trivalent bulk metal is 
covered by a divalent layer and when both surface and bulk are trivalent is in fact 
rather complicated. Here we would like to consider this in a more careful way than 
the simple treatment given above. Ler us start from the completely trivalent case. 
First we remove the surface layer, but in such a way that external boundary 
conditions are imposed on the remaining system so that all the remaining atoms 
behave as in a bulk system, and thereafter the removed layer is put into the bulk. 
The energy gained is the surface energy uSii . Thereafter a macroscopic part of the 
system is made divalent, involving the energy -AEn.m. Then a surface layer is 
created for the divalent system which costs the surface energy u Si . After this the 
divalent surface layer is removed in such a way that it leaves behind itself a system 
with such boundary conditions that it is totally bulk-like. In the next step this 
divalent surface layer is pur on top of the prepared trivalent system (i.e., a trivalent 
metal with such boundary conditions that it is totally bulk-like). Finally the divalent 
layer and trivalent bulk are left free to relax relative to each other. The last processes 
involve an interaction energy, ~~Tinterf/lll]ii ~n.lxj. Thus the energy difference between a 
totally trivalent system (i.e. with a trivalent surface) and one with a trivalent bulk 
and a divalent surface becomes 

in te r f  " AFsurf __ __ u s +  u s  + AEnm + En (III). (12) ~ ~  II,III - -  

Assuming, again for simplicity, that U s ~- 0.2Eoo h, in analogy to eq. (11), we obtain 

A~~urf _ _0.2  /rcoh ~coh ~ I I , I I I  - -  \ ~ I I  - -  ~ I I I  ) -~  A E I I , I I I  + E i I~ te r f  ( I I I )  - (13) 

However AEII,III c a n  be written as (compare fig. 2 or see next section fig. 11 and eqs. 
(17)-(18)) 

A E t I , I I I  ~ c o h  a tom r'~oh (14) : ~ I I  + E f ~ d  - -  ~ I I I  

where atom Ef~d is an atomic excitation energy flora f"+ls2 to a proper f"ds 2 con- 
figuration. Combining (13) and (14) we arrive at 

A g ' s u r f  - -  - -  0 . 8  (E]~ ch - -  l~ 'c°h ] Eat°mf~d E~~terf ~'-a~II, I I I - -  ~II I + + (III). (15) 

Assuming first that the energy difference between having a divalent layer on top of a 
divalent bulk and a divalent layer on top of a trivalent bulk is negligible, i.e., 

interf  E,I (III) -- 0, then 

A gTsurf __ coh - -  r c o h ' ~  Ef~datom 
~ ~  II,IIl - -  - -  0 . 8  (E I I I  ~ I1 ! 21- 

= AEI[,III + 0.2(E]I°I h -- ~n~~°h~» (16) 
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This expression is equivalent to the verbal description given in the early part of 
this section. This simplified formula shows that at the surface the energy balance 
is such that it favours a divalent surface by about 12 kcal/mol relative to the energy 
balance in the bulk. 

However, there are some serious problems involved in the reduction of eq. (12) to 
eq. (16). First of all it neglects the fact that the divalent atoms are considerably 
larger than the trivalent atoms. This means that in order to cover a given surface 
area the required number of divalent atoms is less than for a trivalent coverage (a 
reduction /~ of about 25%). At first sight this certainly seems to favour a divalent 
surface. However, the trivalent second layer below the surface will thereby have tess 
neighbours in the outermost divalent layer than for the situation with a trivalent 
surface layer. The average number of missing (broken) bonds with the uppermost 
divalent layer will in fact correspond to the difference in number of atoms covering 
the surface with a trivalent and a divalent configuration, respectively, Thus these 
two effects tends to partially cancel each other. In an explicit calculation, using a 
simple pair bonding model (Rosengren and Johansson 1982), this partial cancel- 
lation was in fact demonstrated. For a given surface which is covered by N 3 
trivalent atoms, the number of divalent atoms covering the same surface will be 
/~N3, (/~ < 1). Thus when pN 3 trivalent atoms are made divalent at the surface and 
(1 -/~)N 3 trivalent atoms are brought into the second layer and thereby becomes 
more bulk-like, there will in the bonding between the surface layer and second layer 
on the average only be K ~ N  3 bonds (K is some proportionality constant) instead of 
K N  3 bonds, i.e. the reduction of the number of bonds is K ( 1 - / 3 ) N  3. Thus, 
effectively, (1 - /~ )N 3 atoms in the second layer are therefore still surface atoms (in 
the sense that the energy contribution from the second layer to the total energy is 
reduced by an amount approximately equal to the surface energy of 
(1 -/~)N 3 atoms). Since the expression in eq. (16) refers to an energy per atom, it can 
be directly applied to this situation. Thus eq. (16) is a better approximation for the 
energy difference (12) than what one at first would expect. 

Therefore it has to be realized that the way the interfacial interaction term 
interf E H (-III) was defined, it also contains contributions where some of the atoms are 

changing valence. This makes it a difficult quantity to evaluate with precision. 
Another difficult problem concerns the geometry of the divalent surface relative to 
the underlying trivalent layer. Because of the volume difference there taust be serious 
matching problems. This raises for example the question whether there will be a 
buckling of the divalent surface layer (Rosengren and Johansson 1982) or if there 
instead will be island formation but still with an almost complete coverage of the 
underlying trivalent layer. Apparently, future experimental structure determinations 
of the samarium surface will be extremely important before a deeper insight into the 
energetics, governing the samarium surface conditions, can be developed. 

Thus in comparison with the surface formed by a simple termination of a bulk 
trivalent material into vacuum, the real surface of samarium involves a tremendous 
reconstruction, namely, both a valence change and most likely a geometrical 
transformation. The obtained surface should be expected to be heavily dependent on 
the mode of preparation. As regards to surface properties samarium is a most 
exclusive element in the Periodic Table. 
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A different type of experiments for studying the coordination number dependence 
of the lanthanide valence was performed by Lübcke et al. (1986). They isolated Pr, 
Nd and Sm clusters in solid argon and monitored the valence state by means of L m 
absorption thresholds, which change markedly upon a valence change. The average 
size of the clusters could be determined for some of the Sm/Ar matrices by 
investigation of the extended X-ray absorption fine structure (EXAFS). As a 
function of cluster size an abrupt change of the average valence was observed. The 
critical number of atoms in the cluster, Sc, for rhis valence change was determined to 
be 5 and 13 ___ 3 for Nd and Sm, respectively. In the case of Sm, the surface atoms of 
the cluster are expected to remain divalent, independent of the cluster size. For Nd, 
however, it is more likely that all of the atoms in the cluster change valence from 2 + 
to 3 + simultaneously when the cluster size increases. By applying the simple pair 
bonding model introduced by Rosengren and Johansson (t982), Lübcke et aL (1986) 
could quite weil account for the critical cluster size from considerations of the 
energy balance between the trivalent and divalent cluster, AltTeluster 

~ ~  I I , l l I  " 

10. Surface shift of  the 4f level 

The energy position of the 4f level depends on the chemical environment of the 
particular lanthanide atom from which the 4f electron is ionized (chemical shift). 
Since the environment for a surface atom is different than for a bulk atom, one 
expects a shifted 4f level binding energy for a surface atom relative to a bulk atom. 
This will here be referred to as a surface shift of the 4f level. Due to its surface 
sensitivity the photoelectron spectroscopy technique is weil suited for studies of these 
shifts. 

Already long ago the existence of surface core-level shifts (among which the shift 
of the 4f levels in the lanthanides is just a special case) was anticipated. However, it 
is only relatively recently that these shifts have been verified experimentally and 
have been studied in a more systematic way (for reviews see Johansson and 
Märtensson 1983, Citrin and Wertheim 1983 and Spanjaard et al. 1985). For this 
development to take place the improvement of the experimental resolution has been 
an absolute necessity, since the magnitude of the surface shifts are small, generally 
less than 0,5 eV, making the separation between the surface signal and the rnore 
intense bulk signal most difficult. The increased availability of tunable photon 
energy sources (synchrotron radiation) has been extremely valuable for the develop- 
ment of this field. By variation of the photon energy, the experiments can be 
performed with a varying degree of surface sensitivity, which is most helpful in the 
identification of the surface signal (Tran Minh Duc et al. 1979). 

The fact that the surface-shifted core-level signals originate exclusively from atoms 
in the topmost surface layer(s), make them attractive in studies of problems within 
surface and interface physics. Thus, they might become useful in investigations of 
catalytic activity, corrosion resistance, surface and grain boundary segregation in 
alloys, just to mention a few possibilities. At the present stage of development we 
believe that they already now can be fruitfully applied, like for example in 
connection with surface segregation. 
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Fig. 11. Diagram showing the con- 
nection between e(f~ er) on one hand 
and AEII ,III and E'rTl p (II) on the other. 
An extension of the cycle to the free 
atoms is also included. 

For the treatment to follow it is useful to reconsider the position of the 4f level in 
the bulk metal (say for a divalent lanthanide). The illustration in fig. 11 shows that 
our earlier expression (compare the 'inner' Born-Haber  cycle in the figure) 

e(f --* er) - -  AEtI,III + imp E i i  I ( I I )  (17)  

can be rewritten in a more complicated way (see the 'outer '  Born-Haber  cycle in fig. 
11): 

8(f__.  SF) E~òh + atom b~III imp " = E f « d  - -  ~coh + EIII (II) ,  (18) 

where ~r'imPm (II) is (as before) the heat of solution of a substitutional trivalent metallic 
impurity a tom (f") into the divalent (f"+l)  host metal. 

This decomposition of the position of the bulk 4f level can be immediately 
repeated for a surface atom. Thereby one arrives at the following surface 4f level 
binding energy (Johansson and Märtensson 1980, 1983): 

8surf(f __, ~3F) 11 atom it? III b-imp,surf/li ,  I = E f ~ d  JL~coh,surf -I- ~I I I  tJ-x, t- Ecoh,surf + - -  (19) 

Here we have introduced the surface cohesive energy, Ecoh , sur f  , both for the original 
divalent metal and for the hypothetical trivalent metal. (With the surface cohesive 
energy is meant the energy gained when a free atom is brought to the metal surface 
(the metal and the free atom having the same valence), while enlarging the surface 
area correspondingly.) In eq. (19) there is also a surface substitutional impurity 
energy, Ei i~  p . . . .  f (II). This is the solution energy for bringing a surface atom of the 
(hypothetical) trivalent metal into the divalent metal surface layer. 

By combining eqs. (18) and (19) the 4f level energy shift between the surface and 
the bulk, AEs, is found to be 

AEs gsurf(f__~ gF) gbulk(f_+ eF ) p l l I  tTIII I1 lI 
~coh ~L'coh,surf (Ecoh . . . . . .  Ecoh,surf ) 

- -  (E~I~ p (II) -- E~~p'su«(II)). (20) 
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Since the difference E c o  h - Ecoh .... f is just the surface energy, U s, we obtain 

AEs = U S -  U S -  (EIITIP (II) - -  ~b~imp'surf /11~ '1II I  ~ ~ ~ l , .  (21) 

Thus there is a direct connection between the surface 4f level shift and surface 
energies, modified only by the difference in heat of solution for a bulk and a surface 
substitutional trivalent impurity. 

The expression (21) for the surface 4f level shift can be interpreted as the energy 
difference between having the trivalent metal atom impurity in a substitutional 
surface position or in a substitutional bulk position. This is illustrated in fig. 12, 
which, in fact, could have been used directly to give the above expression for the 
surface shift. From this it becomes immediately clear that AE s is nothing but the 
surface segregation energy of a trivalent impurity (compare the lowest figure in fig. 
12) (Johansson and Märtensson 1980, Rosengren and Johansson 1981). Due to 
experimental difficulties, this technologically important quantity has not been 
measured thermochemically, not even for more general systems th, an the lan- 
thanides. It follows that experimentally determined surface 4f level shifts indirectly 
provide us with segregation data not available otherwise. However, it must also be 
kept in mind that the photoemission process is vertical. Thus the measured surface 
shift is not exactly the thermodynamical surface segregation energy, but rather 
corresponds to the segregation energy for a 'restricted' impurity in the sense that the 
atomic positions of the surroundings to the impurity have not relaxed. From a 
theoretical point of view this segregation energy is a much more tractable quantity 
to handle than the truely thermodynamical one. It is, however, likely that the 
difference between the thermodynamical segregation energy and the restricted orte 
obtained from the surface shift is only marginal. 

In order to quantitatively calculate the surface 4f level shift, we will introduce 
some approximations. As in the previous section we use the empirical relation for 
the surface energy 

U s ___ 0.2Ecoh. (22) 

Furthermore, it seems plausible that, at least approximately, the impurity term 
should obey a similar type of relation, i.e., 

Eimp,su r f  f l I h  f) ~ ~7'imp 
III ,xx ,  ~--- v . v ~  III ( [ [ ) '  ( 2 3 )  

With these approximations the following expression for the surface 4f level shift is 
obtained: 

AEs ~- 0.2(E~ò~ - E~òh -- E]~I p (II)). (24) 

In most applications of this formula the impurity term has been neglected, and we 
then finally obtain a simple but approximate relation for the surface shift 
(Johansson and Märtensson 1980) 

A U  S ~__ 0 . 2 ( E ~ ò I  II - Eco h). (25) 

This expression can of course be trivially generalized to a trivalent lanthanide metal. 
Experimentally, the surface shifts of the 4f level for the lanthanides have been 

thoroughly studied by Gerken et al. (1985), so that experimental shifts are now 
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Fig. 12. Illustration of the correspon- 
dence between the surface 4f level shift, 
AEs, and the surface heat of segregation 
of the final state impurity. 

available for practically all the elements in the series. Of special interest is also the 
work by Kaindl et al. (1983) where the surface shifts of both the 4f and 5p levels in 
Yb and Lu were determined. These are up to now the only cases where for the same 
element more than one core-level has been investigated with respect to surface shifts. 
Within the experimental uncertainties, identical shifts were found for the two levels. 
For lanthanum, with no occüpation of the 4f level, the surface shift of the 5p level 
has been measured to be 0.48(7)eV (Nilsson et al. 1985). 

In the absence of reliable data for the lanthanide surface energies, we use eq. (25) 
for the calculation of the surface shifts. Due to the practically constant cohesive 
properties throughout the seiles, the shift values for Yb and Lu should be approp-  
riate for the whole series, at least to a first-order approximation. A comparison 
between the theoretical values and the experimental data is made in fig. 13. As can 
be seen, the agreement is fairly good, but there are clear systematic deviations for the 
heavier elements. 

F rom the data in fig. 13 we note that the surface shift is about 0.5 eV for the 
earlier trivalent elements, but reaches values of the order of 0.7 eV for the heavier 
trivalent elements. It is also clear that the 5p shift for lanthanum appears to be 
consistent with the 4f shift for the lighter lanthanides. The shift for the divalent 
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Fig. 13. Calculated (solid line) (Johansson 
and Märtensson 1983) and experimental 
(data points with error bars) (Gerken 
et al. 1985) surface shifts of the 4f level in 
the lanthanide metals. For lanthanum the 
surface shift of the 5p level is shown 
(Nilsson et al. 1985). 
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TABLE 3 
Experimental surface 4f and  5p level shifts for the l an than ide  e lements  (in eV). All da ta  refer to 

polycryst  alline samples.  

4f 5p 4f 5p 

La 0.48(7) a Tb  0.55(5) c 
Ce ~<0.4(1) b Dy  0.55(5) c 
Pr 0.4(1) ~ Ho 0.63(5) c 
Nd 0.5(1) c Er 0.65(5) c 
Pm T m  0.70(5) ¢ 
Sm Yb 0.62(3) d, 
Eu 0.60(5) d, 0.63(3) ¢ 0.56(3) ~, 
Gd 0.50(5) c Lu  0.77(5) c, 

0.60(3) ~'« 0.60(5) d 
0.51(8) f 0.56(5) a 
0.83(10) d 0.74(10) d 

aNilsson et al. (1985). dKa ind l  et al. (1983). 
bParks et al. (1982). «Alvarado  et al. (1980). 
CGerken et al. (1985). f Schneider et al. (1983). 

metals, Eu and Yb, appears to be more constant throughout the series, and agrees 
quite well with theory. For  completeness we list in table 3 the experimental data for 
the surface 4f and 5p level shifts. 

The main difference in the electronic structure of the light and the heavy 
lanthanide elements is the number of 5d electrons. Energy band calculations give for 
lanthanum nd = 2.0 and for lutetium n a = 1.4 (Skriver 1983). For hafnium the 
number of d-electrons is 2.3, i.e. about one more than in lutetium. Thus, as regards 
the number of d-electrons, lanthanum is intermediate between lutetium and haf- 
nium. Assuming that the d-electrons are mainly responsible for the surface energies, 
one obtains, according to eq. (21), that the lanthanum surface shift should be some- 
where between that of lutetium and hafnium (Gerken et al. 1985). Since experimen- 
tally the surface shift is 0.77(5)eV for lutetium and 0.42(4)eV for hafnium (Nyholm 
and Schmidt-May 1984), this gives a reasonable explanation for the smaller surface 
shift for the lighter lanthanides as compared to the heavier ones. For  the divalent 
lanthanide elements the number of d-electrons relative to the number of s-electrons 
is probably too low for the assumption about a dominating d-contribution to the 
surface energy to be valid. Therefore, for the divalent elements there will not 
necessarily be a corresponding variation with the atomic number as for the trivalent 
lanthanides. 

Also the unoccupied 4f levels will be shifted at the surface. For  a trivalent metal 
the surface shift, AE B Is, takes (in the simplest approximation) the form 

~,in~ (26) A E  BIS = 0 .2 (E~òh  - -  ~ c o h ] ,  

i.e., equal in magnitude but opposite in sign to the surface shift of the occupied 4f 
level for a divalent metal. From the measured bulk unoccupied 4f level in samarium, 
0.46eV, a surface shift of - 0 . 6 e V  (which is the negative of the surface shift of the 
occupied 4f level in europium) implies that the unoccupied level lies below the Fermi 
level, i.e., a clearly unstable situation. This means that the samarium metal is 
unstable against a surface valence change, a fact which was discussed in the previous 
section. 
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At the divalent surface layer  of samarium the 4f 6 level is measured to have a 
binding energy of 0.77 + 0.25 eV (Lang and Baer 1979). Allen et al. (1980) find a 
binding energy of 0.65 eV. This corresponds to a 4f 6 ~ 4f » ev excitation, compare 
section 2. In the bulk the BIS experiment, as just mentioned, gives a position of 
0.46eV for the 4f»eF--*4f 6 reaction. Thus the XPS and BIS experiments imply a 
surface 4f level shift of the f6 level of about 0.5 + 0.7 = 1.2 eV towards higher 
binding energies (notice that we here consider a shift between an unoccupied f6 bulk 
level and an occupied f6 surface level). This surface shift is about a factor of 2 larger 
than the surface shifts measured for the other lanthanides. There is, however, a 
distinct difference between the present case of samarium and a normal type of 
surface core-level shift, namely that for the samarium surface there is a macroscopic 
number of atoms which have turned over into the divalent state. Therefore the 
surface f6._~ f5 transition (XPS) occurs in an environment which is very different 
from that of a bulk samarium atom on which the f5 ~ f6 transition (BIS) takes 
place. Thus, rather than to show a normal value for the surface 4f level shift (i.e. of 
about 0.5~).6 eV), which would have given an f6 level close to the Fermi energy and 
a possibility for a homogeneously mixed valence state, the observed shift indicates 
that the transition at the samarium surface is of a first-order type. 

Rosengren and Johansson (1982) studied this question using a simple pair- 
bonding model and showed that the reason for the somewhat unexpected high 
binding energy of the f6 level at the surface originated from the fact that the whole 
samarium surface is transformed to a divalent layer. From the following Gedanken 
experiment additional support can be given to this explanation. Namely, we first 
assume that Sm as a whole is a divalent metal. For europium the measured binding 
energy of the 4f 7 level is 1.5eV. Since AEH.IH(Eu) is 0.9eV it follows that 
E~~P(II)(Eu) is 0.6eV. For samarium AEH,m is -0 .27eV.  The same value as for 
europium should be expected for ,_,~Timp(II)ni (Sm). Thus for hypothetically divalent 
samarium we derive E ( f ~  er) = 0.33 eV. This result is by itself remarkable since it 
means that the divalent samarium metal is stable locally. Thus the valence change in 
samarium is of a collective type, since the single sites in divalent samarium are by 
themselves locally stable against a valence change. With this binding energy in the 
bulk for hypothetically divalent samarium metal, and with the assumption of an 
equal surface 4f level shift in divalent samarium as in europium (i.e. 0.6 eV), we find 
esurf(f~ er)= 0.93 eV for hypothetical divalent samarium metal. The surface layer 
of this system should be rather similar to the one for the real samarium surface, 
except that in the latter case the divalent surface layer interacts with the trivalent 
layers beneath the surface. Thus the derived value for the surface f6 level position in 
hypothetical divalent samarium should be somewhat higher than for the true 
samarium system. The observed value of about 0.7 eV confirms this, and shows that 
it is the total reconstruction to divalency at the surface which gives rise to such a 
high binding energy for the 4f level. Again this supports the picture that the surface 
of samarium is completely divalent. 

The expected close neighbourhood of the divalent surface stare for thulium can 
also be inferred from available experimental data. For  samarium the measured shift 
between the unoccupied bulk f6 level and the occupied surface f6 level is about 



396 B. JOHANSSON and N. M/~RTENSSON 

1.2 eV (see above). Since the unoccupied bulk f13 level in thulium is at 1.1 eV above 
the Fermi energy (Lang et al. 1981) the expected similarity of the shifts for samarium 
and thulium gives that for a reconstructed completely divalent thulium surface on 
top of a trivalent bulk, the f13 level should be 0.1 eV below the Fermi level and thus 
be stable in the divalent state. As seen above for divalent samarium metal, this is a 
necessary hut  not a sufficient condition for the stability of a divalent thulium 
surface. Thus a divalent thulium surface layer is locally stable against a valence 
change, but cooperative effects make this divalent state globally unstable. Still, it 
strongly indicates that the divalent surface state must be almost stable in the 
thulium metal. A monolayer (or less) of thulium on an ytterbium crystal is a system 
where thulium may attain a divalent state (Rosengren and Johansson 1982). 
Experimentally this situation might, however, be difficult to realize since trivalent 
thulium droplets might be formed instead. 

From a study of the 4f surface shifts for ytterbium, Schneider et al. (1983) were 
able to draw conclusions about the temperature dependence of the microstructure of 
evaporated Yb surfaces. At low substrate temperatures, due to the low mobility of 
the Yb atoms, nucleation is enhanced, leading to island formation and an increase in 
surface roüghness. Thereby, the 4f surface signals become dominated by contri- 
butions from surface atoms with a relatively low coordination number (7). The 
corresponding surface shift is measured to be as high as 0.86(5)eV. Thus the 
absolute 4f binding energy for such surface atoms is 2.03(7)eV. Since AEILIH 
(Yb)=0.5eV and AEII~III ( T m ) = - 0 . 7 8 e V ,  a corresponding geometrical configu- 
ration for hypothetical divalent thulium metal would give a surface 4f binding energy 
of 2.03 - (0.5 + 0.78) = 0.75 eV. This surface binding energy is almost comparable 
to the value obtained above in the Gedanken experiment for hypothetical divalent 
samarium metal (0.93 eV). Thus it appears quite possible that thulium surface atoms 
with a low coordination number would attain a stable divalent f13 configuration. 
The observation of a divalent signal for a distorted thulium surface shows that this 
is actually the case (Domke et al. 1986). This surface was obtained in the same way 
as the ytterbium surface with the high surface 4f level shift, i.e., evaporated on a cold 
substrate. In these experiments the divalent thulium 4f binding energy was found to 
be 0.5 eV. For samarium the actually measured surface divalent 4f binding energy 

was about 0.7 eV (see above), i.e., a lowering of 0.2 eV relative to the derived value 
for the hypothetical completely divalent samarium metal. Thus a similar reduction 
of 0.75 - 0.5 = 0.25 eV is observed for the real thulium surface relative to the 
distorted and hypothetical completely divalent thulium metal. This suggests that the 
divalent signal originates from divalent atoms, which within the surface layer are 
surrounded by other divalent surface atoms and by trivalent atoms in the layers 
beneath the surface. From the pair-bonding calculations by Rosengren and 
Johansson (1982) it can be shown that when a divalent surface on top of a trivalent 
bulk is just stable, then the surface 4f binding energy is 0.4 eV. Thus the measured 
divalent surface 4f binding energy of 0.5 eV for thulium, indicates that the divalent 
low coordination surface configuration is stable relative to a fully trivalent state by 

0.1 eV. This also means that none of the other lanthanides (like Dy or Nd) could 
be divalent for this type of surface geometry. 

Presently no direct BIS experiments have been performed in order to identify a 
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surface shift of the unoccupied 4f level. However, in their photoemission experiments 
on single crystal Gd(0001) Himpsel and Reihl (1983) recorded the spectrum of 
secondary electrons. There, a double peak structure is observed around 4 eV above 
the Fermi level. One possible interpretation is that these two peaks correspond to a 
surface f8 and a bulk f8 final-state configuration separated by at least 0.5 eV (the 
surface peak being closest to the Fermi level). The simplified formulas in eqs. (25) 
and (26) suggest that the surface shift of the unoccupied level in a trivalent metal is 
about equal in magnitude but opposite in sign to the surface shift of the occupied 
level in a divalent metal. Thus one would expect a surface shift in Gd of about 
-0 .6eV.  This is consistent with an interpretation of the double peak in the 
secondary electron spectrum as a genuine surface shift of an unoccupied 4f level. 

11. Energy positions of 4f levels in metallic lanthanide compounds 

By forming alloys and compounds of the lanthanide metals the properties of these 
elements can be modified significantly. For  the light lanthanides (especially Ce), 
which have the most extended 4f orbitals, different environments lead to different 
degrees of hybridization of the 4f states. In those Ce compounds which have a small 
4f-ligand hybridization one finds 7-1ike behaviour with localized 4f-moments, while 
it is observed that a large 4f-ligand hybridization leads to ct-like behaviour with loss 
of magnetism (e.g. see the following chapters in this volume: 64 of Gunnarsson and 
Schönhammer, 63 of Campagna and Hillebrecht, and 70 of Hillebrecht and 
Campagna). However, also in systems with completely localized 4f states the 
properties of these can vary considerably between different compounds. As a 
particularly dramatic example of this we note the occurrence of mixed-valence states 
in certain compounds of Sm, Eu, Tm and Yb (e.g., Parks 1977, Falicov et al. 1981, 
Wachter and Boppart 1982, Müller-Hartmann et al. 1985). 

The (electropositive) lanthanide metal atoms form strong bonds with the more 
electronegative metal atoms at the end of each d-transition series. In these cases it is 
natura l . to  expect that the strength of the bonds change differently for different 
valence states of the lanthanide metal atoms relative to the corresponding bonds in 
the pure metals. Therefore, the energy balance between the valence stares becomes 
modißed in compounds. In several intermetallics of this kind, the divalent lanthanide 
metals Eu and Yb thereby become mixed-valent or trivalent due to the relative 
increase of the bond strength for the trivalent state as compared to the divalent 
state. In other cases as for instance in certain compounds with p-electron elements 
the trivalent Sm and Tm metals become mixed-valent or even divalent, i.e., in direct 
contrast to the situation for the lanthanide compounds with the late transition 
metals. It is thus of considerable importance to understand the mechanisms which 
cause these dramatic changes. 

At first we consider how AEII,III and AEIII,IV are modified in alloys and com- 
pounds. For  simplicity we restrict the discussion to the energy difference between the 
divalent and trivalent forms of a lanthanide metal compound. The corresponding 
equations for the energy difference between the trivalent and tetravalent states and 
between the divalent and monovalent states, respectively, are easily written down in 
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analogy with these. In the left part  of fig. 14 we show how the previous derivation of 
AEIu,, (section 3) can be extended to a compound.  Compared to the derivation for 
the pure metals in fig. 2 it is now necessary to take into account the fact that the 
divalent and trivalent modifications of the metal form bonds in the compound 
which are of different strengths. On one side of the cycle we have to add an 
additional step which connects the divalent compound to the divalent metal. We 
denote the associated heat of formation AHc°mp(II). Similarly, on the other side of 
the cycle we have to connect the trivalent form of the compound to the trivalent 
metal which is described by the heat of formation AHc°mp(III). We thus obtain for 
the energy difference between the trivalent and divalent states of the compound 

A~,comp = AE n III ~- AHc°mp (III) - AHc°mp(II). (27) II,ll, 

From eq. (27) we immediately obtain a criterion for a valence transition in a 
compound. For an initially divalent metal we see that the compound becomes 
trivalent when the difference in the heat of formation, A H c ° m p ( I I ) -  AHc°mp(III),  

becomes larger than AE,,I,I (note that AH ¢°mp is negative for a stable compound). 
This difference in the heats of formation expresses the difference in the bonding 
strengths between the divalent and trivalent configuration with the ligands. Similarly 
we find that a necessary condition for homogeneous mixed valence is that the right- 
hand side of eq. (27) is close to zero. F rom eq. (27) it is thus possible to predict the 
valence state of any compound for which the necessary AH values are known. The 
problem, however, is that at most one of the heats of formation in eq. (27) can be a 
direct experimental quantity, since for each compound the heat of formation is of 
course only known for the stable valence state. Furthermore, it is only in cases 
where the compound and the pure lanthanide metal have the same valence state that 
the AH c°mp value in eq. (27) is the quantity which is obtained directly from a 
calorimetric measurement. If the valence stares are different the measured value 
taust be corrected by the valence change energy, AEù.n, before the quantity AH c°mp 
is obtained. As will become clear in section 13 the energy separation between 
various valence states, expressed by eq. (27), is a situation where most important  
information can be obtained from photoemission and inverse photoemission data. 
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As an example of how this stability criterion can be used we consider Eu, which is 
a divalent metal. In section 3, AEù,m(Eu) was ascribed a value of 21 kcal/mol. 
Therefore, in order to find trivalent Eu in a certain type of compound, the heat of 
formation of this compound formed from pure hypothetically trivalent Eu metal and 
the other component  taust numerically be at least 21 kcal/mol Eu larger (more 
negative AH c°mp) than the heat of formation for the divalent compound formed from 
divalent Eu metal. Similarly we find that mixed valence can occur when the heat of 
formation difference is close to 21 kcal/mol Eu. 

This approach was applied to predict the valence state for a large number of Eu 
(Miedema 1976) and Yb (de Boer et al. 1979) intermetallic systems. A semi- 
empirical scheme was then used to obtain the quantities AHc°mp(II) and 
AHc°mp(III). The result of this analysis for Eu intermetallics is shown in fig. 15. In 
this figure the valence state of a large number of Eu intermetallic compounds is 
plotted against the calculated heat of formation difference, AHC°mp(II) - 
AH°°mp(III), for the compounds. It is seen that there is a critical value for the valence 
transition around 21 kcal/mol Eu, which in fact just corresponds to the value of 
AEII,H~ for Eu metal. Considering the accuracy of AE~I,IH and the calculated 
AH °°mp values, this perfect agreement must be considered to be somewhat fortuitous. 
However, the analysis shows that the separation between divalent and trivalent 
compounds is weil described by the Miedema semiempirical scheme. 

Also for Yb (de Boer et al. 1979) a most satisfactory account for the valence state 
of different intermetallic compounds was obtained, de Boer et al. (1979) also 
extended their treatment to discuss the possible existence of tetravalent Ce in- 
termetallic systems. However, in this case, using the same scheme as for Eu and Yb, 
it was not possible to reproduce the separation between 7- and «-like Ce compounds 
as a transition from trivalent (fl) to tetravalent (f0) Ce. This demonstrated, in full 
agreement with many other later observations, that the 4f electron cannot always be 
treated as completely core-like, i.e. the Ce 4f electron is not always chemically inert. 
As a further example of valence investigations, a simple extension of eq. (27) has 
been used to determine the stabilities of various valence states for lanthanide- and 
actinide-halides and oxides (Johansson 1978b). Again a good agreement with the 
experimental data  was obtained. 
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Equation (27) refers to a valence transition o f  the whole lattice, i.e., every 
lanthanide atom in the system makes the valence change. In contrast, in the case of 
an f-emission (or f-addition) process by photoelectron spectroscopy (or BIS) only 
the valence of one lanthanide atom is changed, while the surrounding lattice remains 
undisturbed. As an example we first consider the photoemission process in a 
divalent lanthanide alloy which brings one of the 2 + ions into a 3 + state. General 
expressions for chemical shifts in alloys have been derived which have proven to 
describe the situation weil (Johansson and Märtensson 1980, Steiner et al. 1981). 
Applying these expressions to the present system we obtain for the f-ionization 
energy relative to the Fermi level; 

eall°y (f ~ eF) ---- AEII,m + EIlI (II alloy) - E i l  (II alloy). (28) 

In analogy to the discussion leading to eqs. (2) and (2') we have obtained the 
expression in eq. (28) by considering the following steps. Firstly one divalent 
lanthanide atomic site in the alloy is decoupled from the rest of the system in such a 
way that it behaves as in a purely divalent metal. This process then corresponds to 
the solution energy of a di~¢alent lanthanide metal atom into the divalent alloy, 
E~~(II alloy). This divalent lanthanide metal site is then converted to a trivalent site, 
as it should be in a fully relaxed trivalent metallic environment, a process which 
requires an energy AEH,II I. Finally, this trivalent site is left free to adjust itself 
electronically to the alloy, which defines the solution energy of a trivalent impurity 
in the otherwise divalent alloy, Em(II alloy). As was discussed in section 6 the 
solution energy Em(II alloy) refers to a situation where there is no lattice relaxation. 
However, in practical situations this quantity is generally substituted by the 
thermodynamical analogue Em,thermo(II alloy). 

In many situations the lanthanide metals form intermetallic compounds with well- 
defined structures. In such cases the expression in eq. (28) is a less practicäl 
decomposition of the 4f binding energy. The derivation of a more appropriate 
expression for the binding energy in a divalent compound is demonstrated in fig. 14. 
It is convenient to consider a process where one lanthanide atom plus a correspond- 
ing fraction of the other atoms in the lattice (e.g., one Eu and two Pd atoms in an 
EuPd 2 compound) are removed from the system. This molecular unit is thereafter 
split up into its metallic constituents with the lanthanide metal in its divalent state. 
These two steps correspond to the heat of formation of the divalent compound (per 
lanthanide atom), AH c°mp (II). Thereafter the divalent metal is made trivalent which 
requires the energy AEII,m. When we dissolve the trivalent metal atom back into the 
lattice in order to form the final state configuration in the 4f photoelectron 
ionization process, we do this in two steps. Firstly we bring together one formula 
unit of the trivalent compound (as it would appear in an infinite system of the 
trivalent compound) which then defines the energy AHC°mP(III). Secondly we bring 
this whole unit back into the original lattice. This last step is associated with a 

Eimp 'molecular impurity' energy which we denote mcomp(IIcomp)- This is thus the 
solution energy of one formula unit of the trivalent compound (containing just one 
lanthanide atom) in the corresponding divalent compound. Instead of (28) we obtain 
in this way the following expression for the 4f binding energy: 
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imp ~comp (f ____} ~F) = - - A H C ° m p ( I I )  + A E H , m  + A H C ° m P ( H I )  -}- E m e o m p ( I I c ° m p ) "  (29) 

Here the important  point is that the final-state level is reached by a decomposition 
such that in the intermediate step AHc°mp(III) corresponds to a thermodynamical 
process with full lattice relaxätion. In this way it becomes possible to use eq. (27) 
and rewrite eq. (29) in the following way: 

~comp(f___~ ~3F) : A ]~'comp imp ~~H, III + Emcomp(Ilcomp). (30) 

Thereby the expression for the f binding energy has a form completely analogous to 
the expression for the pure metals, compare eq. (2'), where the first term expresses a 
complete valence change of the whole system. As for the metals the impurity energy 
is of the restricted type, which means that the trivalent impurity and its environment 
retain the geometry given by the initial lattice. Also here, however, it is a reasonable 
approximation to use the corresponding thermodynamical  'molecular impurity'  
term. 

It is of interest to relate the 4f position in the compound to the 4f position in the 
metal. This is commonly referred to as the chemical shift of the 4f level and we will 
denote this quantity by Ae c°mp(f ~ ef). Combining eq. (29) with eq. (2') we find that 
the 4f level shift can be expressed as 

Bscomp(f__.~ EF ) ~_ Ecomp (f ._.} /3Z) __ e(f___} eF) 

= AHC°mp(III ) - AHC°mp(II) 
imp " imp 

-~- E III comp ( I I  comp) - E iii ( I I ) .  (31)  

Here it should be noted that the impurity energies enter twice and with opposite 
signs. Therefore, the errors introduced by using a thermodynamical  impurity energy 
to approximate the restricted one tend to cancel each other when one considers 
chemical shifts. 

For  the BIS process in an initially trivalent compound, using a similar derivation 
as above, we get the following expression for the position of the unoccupied f level 
relative to the Fermi energy: 

imp e¢°mP(~ v ---} f) = -AH¢°mp(III)  - AE~I,m + AH¢°mp(II) + Eiicomp(IIIcomp). (32) 

Combining this with eq. (27) we arrive at 

/~comp (/~F -'-')" f) = - A ]t?c°mp imp - ~ ~  H.m + EH ¢omp (III comp), (33) 

which is completely analogous to eq. (3) for the pure elements. One can also write 
down a chemical shift expression for the unoccupied 4f level: 

A ~ c ° m P ( E F  --+ f) = E c ° m P ( E F  --)" f) - e(eF ~ f) 

= -- AH ~omp (III) + AH comp (II) 
imp " " + EHcomp(IIIcomp) -- E~~P(III). (34) 

From this derivation we observe that similar expressions are obtained for the 
electron emission and electron addition processes. With respect to eqs. (30) and (33) 

imp EII comp (III comp), we note that  the molecular impurity terms, Em¢omp(IIcomp) and imp " 
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can be expected to be quite small in many types of compounds. This is especially the 
case for compounds which are dilute in the content of lanthanide metal, since 
thereby the lanthanide atoms will mainly be surrounded by atoms of the opposite 
kind. For compounds, and in particular for dilute compounds, the measured 4f 
positions will thus according to eqs. (30) and (33) often be a good approximation to 
AVCOmp Therefore in this connection it becomes natural to consider also the ~ II,III • 

following type of generalized shift expressions, D8 e°mp(f ~ er): 

D~c°mp( f -'* sF) = sc°mP( f ~ er) -- AEH,m 

= AHe°mp(III) - AHC°mp(II) + Eiiicomp(IIcomp) , (35) 

and De¢°mP(e F ~ f), 

DSc°mP(SF ~ f) = se°mP(8 F ~ f) -]- A E I I j I  I 

= - A H  c°mp (III) + AHc°mp(II) + EI~¢omp (III comp) (36) 

for photoemission and BIS, respectively. In these generalized shift expressions the 
energy positions of the 4f levels in the compounds are related to the energy 
difference AEII,III for the pure metals instead of to the spectroscopic 4f positions. It is 
seen from these equations that, apart from the 'molecular impurity' terms, the 
generalized photoemission and BIS shifts are the same but with opposite signs. For  
regular heat of mixing curves between the divalent and trivalent compounds, the 
terms E m comp (II comp) and EII comp (III comp) will have the same sign and most often 
they will also be of similar magnitudes. These terms will thus tend to remove the 
direct correspondence between the generalized photoemission and BIS shifts, 
Dsc°mp(f ---~ sF) and De~°mP(ev~ f), respectively. However, it was noted above that 
these impurity terms are often quite small and therefore they can in many appli- 
cations be disregarded. The situation for the 'normal '  chemical shifts Ae ~°mp (f ~ er) 
and A~~°mp(~v ~ f) is somewhat different due to the relative importance of the terms 

imp - EHI (lI) and E]~ p (III), see section 6. 
Laubschat et al. (1986) have investigated the relationship between measured 4f 

positions and the stability of different valence stares for a number of lanthanide 
compounds (see also Laubschat (1984)). Particularly interesting are the results for 
the lanthanide dialuminides, LnAI2, for which both photoemission and BIS experi- 
ments were performed. In the divalent compound EuAlz these authors located the 
bulk 4f position at 0.45 eV. This should be compared to the 4f binding energy in Eu 
metal which is 1.50eV (Lang et al. 1981). The chemical shift of the 4f position, 
ASc°mP(f'--~SF) , is thus - 1 . 0 5 e V  in this compound, i.e. a most substantial shift. 
Considering instead the generalized shift expression De¢°mP(f~eF) in eq. (35) and 
using table 1 for AEH,IH, a shift of 0 . 4 5 -  0.9--  --0.45eV is obtained. For  the 
trivalent compound GdAI2, Laubschat et al. (1986) investigated in a corresponding 
way the BIS 4f position. This level was located at 4.2 eV above the Fermi energy in 
the compound, compared to the experimental position in the pure metal of 4.04eV 
(Lang et al. ~1981). The chemical shift of the unoccupied 4f level is thus 0.16eV in 
GdA12. The generalized shift Dec°mP(er ~ f) in GdA12 is instead 4.2 - 3.67 = 0.5 eV. 

From this it can be seen that the generalized shifts D8 c°mp for the two cases are 
very similar in magnitude and of opposite signs. This gives strong support for the 
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correctness of the assumption that the molecular impurity terms in eqs. (35) and (36) 
are small and that it is a reasonable approximation to neglect these terms for the 
lanthanide dialuminides. The directly measured chemical shifts, Aec°mP(f~ er) for 
EuAI2 and Aec°mP(~v-~ f) for GdAI2 are, however, quite different from each other. 

~imp (II) and E]~ p (III) in This demonstrates the importance of the impurity terms ~m 
the pure Eu and Gd metals, respectively. The different magnitudes for the chemical 
photoelectron shift in EuA12 and the BIS shift in GdA12 are mainly caused by the 
impurity terms for the pure metals. 

The close correspondenee between the 4f positions and the stability energies 
between different valence states for lanthanide compounds will be further discussed 
in seetion 13. 

12. Surface shifts of 4f levels in lanthanide metai compounds 

As for the pure lanthanide metals it is necessary to treat the 4f properties at the 
surface of a compound separately. As a matter of fact the difference between bulk 
and surface is in many cases even more accentuated in compounds than in the pure 
metals. This is so since for a compound not only the structure but also the 
composition can be different in the surface region as compared to the bulk. 

We start by considering how the derivation of the bulk 4f binding energy for a 
compound (section 11) is modified for a surface layer. As for the bulk we can 
proceed step by step to obtain the corresponding surface expressions. To start with 
we formally rewrite eq. (27) as 

A æ c o m p , s u r f  A g?surf L'II,III ~--- ~~II,]II + AHC°mp'surf(III) - AHC°mp'~urf(II), (37) 

where Apc°mp .... f denotes the energy difference between the trivalent and divalent L a ~  II,III 

states at the surface of the compound. Note, however, that in this case it will be 
necessary to treat separately various, different situations. The heat of formation of a 
surface layer, AH ¢°mp'surf, will for instance depend on the underlying bulk valence 
state. This could be included by an interface term as in eq. (12) for the pure metals. 
There are also other effects which will influence A~'c°mp'surf Orte is the already ~ ~  II, III 

mentioned possibility that the composition and structure at the surface might be 
different than in the bulk. Furthermore, a surface valence transition might alter the 
equilibrium composition at the surface and also this effect would have to be 
included in a full treatment of A~t?c°mp'surf  These and other effects add up to a t..~~ II,lII 

situation which is eren more complicated than for the pure lanthanide metals. 
However, instead of discussing formal expressions which cover all these different 
situations we will for the sake of transparency neglect these effects and instead make 
a number of simplifying assumptions already from the beginning. This will be done 
in such a way that we can see more directly how surface and bulk properties are 
related to each other. To do this we will try to relate the surface terms in eq. (37) to 
the corresponding bulk terms. 

Considering the expression in eq. (37) we first of all note that it was already 
discussed in section 9 how for the pure metals ^~su« ~ ~  II,III can be related t o  ÆEII, III. The 
remaining two terms in eq. (37) are the heats of formation of the compounds at the 
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surface. Due to the reduced coordination at the surface these energies will be related 
to the bulk values by some factor c~ which is smaller than one. If we for simplicity 
assume that « is the same for the divalent and trivalent compounds  we obtain 

A]tTcomp,surf ~ AgTsurf ~II,III ~~II,III + «(AHC°mp(III) - A M t ° m p ( I l ) )  • (38) 

This equation can now be used to estimate the valence state at the surface of ä 
lanthanide compound. In section 11 we performed an analysis of the bulk valence of 
different Eu compounds on the basis of Miedema's (1976) scheine. It is now 
interesting to investigate what the same kind of analysis gives for the surface. At first 
we note that for bulk Eu metal the energy difference between the trivalent and 
divalent states, AEn,ni, is 21kcal/mol. At the surface the divalent configuration is 
according to eq. (16) further stabilized by about  0 . 2 ( 1 0 3 - 4 3 )  = 12kcal/mol. 
Accordingly, the stability of the divalent configuration at the surface of Eu metal, 
AESU« ~~ , iijii~t~uJ, becomes 21 + 12 = 33 kcal/mol. This stability energy should now be 
compared to the difference in heat of formation of the divalent and trivalent surface 
compounds. In eq. (38) we express this difference as a reducfion factor « times the 
corresponding heat of formation difference for the bulk. From fig. 15 we notice that 
the maximum value of AHc°mp(II ) -  AHc°mp(III) that is calculated for any Eu 
cqmpound within Miedema's (1976) scheine is around 39 kcal/mol (for EuRe2). To 
obtain an estimation of the corresponding difference for the surface, 
AHc°mP'sUrf(III)- AHCUmp'surf(II), the same reduction factor « = 0.8 is used as in 
section 10 for the pure metals. Thereby a maximum difference of 
0.8 × 39 = 31 kcal/mol is obtained. We immediately see that this energy is smaller 
than what is required for a transition to a trivalent surface, 33 kcal/mol. Therefore 
according to eq. (38) the surfaces of europium compounds are predicted to be 
divalent. Only for EuRe 2 do we find a close neighbourhood to a trivalent surface. 

For the sake of completeness it should be pointed out that we have presented a 
rather simplified analysis for the surface valence stabilities. Even within the frame- 
work of Miedema's model it would be possible to refine the given treatment 
considerably (see, e.g., Nilsson et al. 1985). Within Miedema's scheine it would eren 
be possible to estimate certain aspects of the presently neglected details of the 
interface term since ternary systems can be handled, i.e., the bonding interaction 
between a divalent surface layer and a trivalent bulk can be treated in some depth. 
There is, however, a more fundamental reason why the result for Eu-compound 
suffaces, based on eq. (38) should be used with some caution. In a detailed analysis 
it would for each compound be necessary to consider what surface structure and 
surface composition gives the lowest total energy. Thus it is possible to imagine a 
situation in a Eu compound where at the surface there will be a dramatic 
enrichment of the second non-lanthanide component.  Thereby only a few Eu bonds 
are broken in the surface region. For such a surface the conclusions above could 
therefore very well be altere& However, the trivalent Eu compounds which have so 
rar been investigated by photoemission, i.e. EuPd 3 and EuPd» (Murgai et al. 1982), 
do indeed show a divalent europium surface, which is in complete agreement with 
the predictions above. Thus, unless a drastic reconstruction of some kind has taken 
place at the surface, it seems possible to state that all europium compounds,  except 
possibly EuRe2, will be divalent at the surface. 
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Surface valence transitions from a trivalent bulk to a divalent surface have been 
observed also in a number of other trivalent compounds such as YbAu/(Wertheim 
et al. 1978a), TmS (Kaindl et al. 1982b, Märtensson et al. 1982b), SmA12 (Kaindl et 
al. 1983, Laubschat et al. 1986) and YbPd» (Domke et al. 1985). Divalent surface 
layers have furthermore been identified in several mixed divalent-trivalent com- 
pounds such as SmB 6 (Allen et al. 1980), YbAI/ (Kaindl et al. 1982a), EuPd2Si z 
(Märtensson et al. 1982a), TmSe (Kaindl et al. 1982b), Tm a_xYxSe (Märtensson et 
al. 1982e), Sml_xYxS (Reihl et al. 1982) and YbPd (Domke et al. 1985). 

T h e  photoemission 4f energy position for the surface of a lanthanide compound 
can in anMogy with eq. (29) be expressed as 

8comp,surf(f __, 8F ) _____ A17surf ~~ H,in + AH ~o~p,surf (III)  - AHC°mp'su« (II)  

-~- x.~gT'imPiii compf (II comp). (39) 

An expression for the surface shift, ~~sA~Tc°mP, i.e., the difference in 4f energies between 
the surface and the bulk of the compound can be obtained by combining eqs. (29) 
and (39). Before writing this expression down we make the simplifying assumption 
that all the cohesive energies, heats of formation and impurity energies for the 
surface can be obtained by multiplying the corresponding bulk quantities by one 
and the same factor ct (et < 1). In this way we obtain for the compound surface shift 

= AK'surf _ AE n III AE~omp scomp . . . .  f (f--~ SF) - -  Sc°mp(f--) SF) = ~x'~II,III 

imp + (c¢ -- 1)(AH~°mp(III) - AHc°mp(II) + Eiiicomp(Ilcomp) ). (40) 

Based on the discussion in section 10 it is also possible to rewrite the expressions for 
the surface shift in the pure lanthanide metals in a similar way, namely, 

AEs = ~~A]g'surflI,III - -  AEnln. + (« - 1)E~~ p (II). (41) 

An interesting quantity in this connection is the difference in measured surface shiff 
between the compound and the pure metal, A (AEs). By combining eqs. (40) and (41) 
we obtain the following expression for the difference in surface shift: 

A(AEs) = AEg°mp - AE s = (Œ -- 1)(AHC°mp(III ) - AHC°mp(II) 
imp + Eni¢omp(II comp) -- E~~ p (II)). (42) 

The expression within the parenthesis is immediately recognized as the bulk 
chemical shift of the 4f position in the photoemission experiment, As~ °mp (compare 
eq. (31)). We thus end up with the simple result (Märtensson et al. 1982a, Johansson 
et al. 1982, Murgai et al. 1982, Kaindl et al. 1983, Laubschat et al. 1986) 

A(AEs) = (Œ -- 1) As~ °mp. (43) 

This equation can also be expressed as a relationship between the chemical shift of 
the 4f level at the surface in the compound and at the surface in the metal, Ae~ °mp, 
and the corresponding shift in the bulk, Aeg°mP; 

As~ °mp : ~A8ä  °mp (44) 

This simple relation shows that the surface 4f energy position undergoes a shift 
which is numerically smaller than the bulk shift. One can thus set up simple rules for 
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the behaviour of the surface shifts in lanthanide systems. In all the pure lanthanide 
metals the surface 4f position is shifted to higher energies relative to the bulk 
position. For a compound in which the bulk 4f level shifts towards the Fermi level, 
the surface 4f level will shift in the same direction but with a reduced amount. Thus 
in such a compound there will be a larger surface shift (AE~ °mp) than for the pure 
metal (AEs). A shift of the bulk 4f level towards higher binding energies will by the 
same argument lead to a smaller shift for the surface 4f level. In this case the surface 
shift for the compound will be smaller than in the pure metal. 

Kaindl et al. (1983) and ~Laubschat et al. (1986) discussed for a number of 
lanthanide compounds the behaviour of the 4f surface shifts. In figl 16 the shift of the 
surface 4f level, Ae~ °mp, in each compound is plotted against the corresponding bulk 
4f shifts, A~~ °mp. In the figure two groups of data points can be distinguished. To the 
left there a r e a  number of points obtained from 4f spectra of trivalent lanthanide 
dialuminides. These compounds show small shifts of the bulk as well as of the 
surface 4f levels. On the right-hand side of the figure there a r e a  set of data points 
corresponding to divalent or mixed-valent Eu and Yb compounds.  These com- 
pounds show larger shifts both for the bulk and for the surface. As can be seen from 
the figure there is to a first approximation a linear relatjonship between the shift of 
the surface and the bulk 4f levels. It  is furthermore seen that the surface 4f level shifts 
are less than for the bulk, in full agreement with eq. (44). There have also been 
measurements for conpounds  with shifts in the opposite direction. Märtensson et al. 
(1982c) studied the 4f spectra in several trivalent lanthanide antimonides. The 
spectra from ErSb and LuSb are shown in fig. 17. The 4f levels in these antimonides 
are shifted by 1.10-1.15eV towards higher binding energies relative to the bulk 
positions in the pure metals. Furthermore,  the spectra reveal no sign at all of a 
separate surface 4f signal. Considering the experimental widths of the 4f features it 
could be concluded that the surface shifts must be small (at most a few tenths of an 
eV) for these compounds. This is again consistent with eq. (44) in so far that a large 
positive shift of the bulk 4f levels, A~~ °mp, should lead to a reduced shift of the 
surface component and thus to a reduced surface shift, A/~~ ° m p .  However, since the 
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Fig. 17. Photoelectron spectra of the trivalent com- 
pounds ErSb and LuSb (after Märtensson et al. 
1982c). The 4f energy positions for the pure metals 
(Lang et al. 1981) are inserted for comparison. 

surface shifts could not be resolved there is still a large uncertainty in the positions 
of the surface 4f peaks and therefore none of these points have been included in fig. 
16. 

Kaindl et al. (1983) and Laubschat et al. (1986) obtained from their analysis of 
surface vs. bulk 4f shifts a value of « of the order of 0.7 (compare fig. 16). However, as 
can be seen from fig. 16, there a r e a  few data points which behave significantly 
differently. The assumption of a fixed value of ~ for all the different compounds is 
thus clearly an oversimplification. This means that a detailed knowledge about the 
structure and composition at the surface is required. From broken bond arguments 
one would expect « to be about 0.8, which is the number that was used earlier in 
connection with the pure metals. However, if the composition of the surface layer is 
different from the bulk this factor will be modified (Johansson et al. 1982, Nilsson et 
al. 1985 and Laubschat et al. 1986). To see what happens in such a situation let us 
consider a compound in which the bulk 4f level is shifted towards the Fermi level, 
i.e. a negative chemical shift Ae~ °mp. If the surface region is enriched in the 
lanthanide metal this means that the surface lanthanide atoms experience a situation 
which is intermediate between the perfect (non-segregated) surface of the compound 
and the surface of the pure metal. This corresponds to a numerically reduced shift of 
the surface 4f energy level relative to the pure metal surface 4f energy and thus 
effectively a smaller c« Since thereby (1 - c~) increases we find from eq. (43) that this 
kind of segregation will lead to a larger surface shift, AE~ °mp, of the 4f level in the 
compound than in the pure metal. In an analogous way a depletion of the 
lanthanide content in the surface layer leads to a reduced surface shift in the 

Aocómp compound (provided that ~~B is negative). 
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The most extreme case for segregation would be a lanthanide system in which the 
lanthanide component segregates to form a complete monolayer at the surface. We 
now assume that the interatomic bonding is mainly determined by the nearest- 
neighbour interaction and that we can divide the number of bonds for an atom 
approximately equal between bonds within the layer, bonds to the layer above and 
bonds to the layer below. In the segregated case each lanthanide atom at the surface 
experiences the effects of the atoms of the opposite kind only from the layer below 
the surface. One would thus obtain a shift of the compound surface peak relative to 
the pure metal surface peak, which is only ½ of the shift of the bulk. For  such an 
extremely segregated case one could thus obtain effective « values as low as of the 
order of 0.3. The other extreme case is that the surface becomes totally covered by 
the non-lanthanide component of the system. This might lead to a situation where 
no infiuence of a surface on the 4f binding energy can be measured, i.e., in practice 
all the lanthanide atoms have become bulk-like. This may for example be the reason 
why no surface shift could be identified for the lanthanide antimonides (compare 
above). 

In general the surface shift will of course depend on the details of the surface 
structure of the compound. One can visualize various situations where the lan- 
thanide bonds are more or less affected by the surface, leading to different shifts. 
(This was for example clearly demonstrated by the variation of the surface shift for 
evaporated ytterbium metal as a function of the deposition temperature (Schneider 
et al. 1983)). However, the basic parameters which determine the shifts are known 
and measurements of the surface shifts can thus give important  information on the 
structure and composition of surfaces of lanthanide compounds. 

Related to the discussion in the present section is also the increasing number of 
studies of the properties of very thin lanthanide layers deposited on metals and 
semiconductors. The valence state and 4f positions of such systems can be treated in 
a completely analogous way as above for compound surfaces (Nilsson et al. 1985, 
Fujimori et al. 1986). Similar treatments have also been presented for non- 
lanthanide systems (Steiner and Hüfner 1981b, Egelhoff 1983, Wertheim 1986). 
Structurally well-characterized lanthanide overlayers on single crystal surfaces can 
for instance be used as most valuable model systems for studying concentration- and 
structure-dependent surface properties of lanthanide compounds. Such investi- 
gations have for example been performed for Sm on Cu(100) and AI(100) (Fäldt and 
Meyers 1984a,b), Yb on AI(100) (Nyholm et al. 1984) and Yb on Ni (110) 
(Chorkendorff et al. 1985b). There has also been a particular interest in the 
properties of lanthanide metals on semiconductor surfaces (e.g. Rossi et al. 1983, 
Grioni et al. 1984, Franciosi et al. 1984, Grioni et al. 1985, Chorkendorff et al. 1985a, 
Rossi et al. 1985 and Fujimori et al. 1986). This is related to the importance of the 
formation of Schottky barriers at metal-semiconductor interfaces. Fujimori et al. 
(1986) have in this connection discussed the thermodynamical aspects of rare-earth 
metal-semiconductor interfacial reactions. They demonstrated that already the 
variation of lanthanide valences could be used to give important information on 
thermodynamical quantities related to these interfaces. For  example at ultra-low 
coverages of lanthanide metals on Si ( l l l )  it has been observed that Sm is divalent 
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(Franciosi et al. 1984) and Tm is trivalent (Fujimori et al. 1986). This observation 
alone defines a relatively narrow range for the difference in adsorption energies for 
the divalent and trivalent states of the lanthanide atoms. In the future, accurate 
experimental recordings of the energy positions of 4f levels by photoelectron 
spectroscopy and BIS for this type of systems should be most valuable. Thereby the 
quantification of important  thermodynamical parameters for the interfacial in- 
teraction could be facilitated. 

13. Stability of 4f configurations of lanthanide compounds studied by photodeetron 
spectroscopy and BIS 

As a demonstration of the effects of compound formation Murgai et al. (1982) 
showed how the Eu 4f photoemission spectrum changes as the europium valence is 
brought from E u  2+ in EuPd and EuPd 2 through mixed-valence in EuPd/Si  2 to 
Eu 3+ in EuPd 3 and EuPd 5. The spectra from this investigation are shown in fig. 18. 
In the Eu 4f spectra, Eu a + atoms give rise to characteristic features in the energy 
region 0-3 eV below the Fermi level, whereas the Eu 3 + intensity is to be found in 
the energy region 6-10eV. The europium valence can thus be determined by 
investigating the presence of the characteristic Eu a + and Eu 3 + 4f emission features. 
Furthermore, as discussed in the previous sections the absolute energy position of 
t h e  Eu 2 + 4f level gives direct information about the relative stabilities of the divalent 
and trivalent europium stares. 

The measurements by Murgai et al. (1982) were performed with synchrotron 
radiation using a photon energy of 120eV. This leads to a considerable surface 
sensitivity of the measurements with an information depth of only a few atomic 
layers. In the present systems this photon energy has also the particular advantage 
that it is close to the Cooper minimum for the Pd 4d emission. This means that in 
the photoemission spectrum there is an almost total dominance of the Eu 4f states in 
the valence band energy region. 

The s pectrum from EuPd is shown in greater detail in fig. 19. From this figure it 
can be seen how the Eu 4f spectrum can be decomposed into two peaks (each peak 
consisting of several closely spaced multiplet lines) separated by about 0.8eV. The 
peak closest to the Fermi level was identified as due to the bulk 4f emission, while 
the structure at higher binding enerf, les originates from a few ,~ thick surface layer. 
The higher binding energy of t~,~ o«rface peak in EuPd as well as in EuPd 2 implies 
that there is a higher stability of the divalent state in the surface region as com- 
pared to the bulk. 

In EuPd2 Si2 it is observed that the Eu 2 + bulk and surface emission features are 
both shifted towards Ev relative to their positions in EuPd (fig. 18). Analyzing the 
bulk 4f emission spectrum, one finds in this case that the lowest-lying multiplet line 
is located in the vicinity of the Fermi level. A small Eu(4f 7) ~ Eu(4f 6) excitation 
energy implies that the E u  2+ and Eu 3 + configurations are essentially degenerate in 
energy, and therefore the necessary condition for homogeneous mixed-valence is 
fulfilled. The mixed-valent character of this system is then established in the 
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Fig. 18. Eu 4f photoelectron spectra from the divalent 
compounds  EuPd and EuPd z, the mixed-valent com- 
pound EuPd2Si 2 and the trivalent compounds  EuPd a 
and EuPd» (Murgai et al. 1982). The spectra are almost  
totally dominated by the Eu 4f emission due to a 
Cooper min imum in the Pd 4d intensity. 

spectrum by the simultaneous appearance of E u  3 + emission features at around 6-  
10 eV binding energies. 

The main divalent intensity for EuPd2Si 2 is still located at about 2eV (peak 
position) from the Fermi level. The surface origin of this feature could be shown by 
performing temperature-dependent measurements (Märtensson et al. 1982a). 
E u P d 2 S i  2 undergoes a valence transition from E u  2 2 +  at room temperature to 
E u  2"9+ at low temperatures ( <  100K). It was found that the intensity of the Eu 2+ 
feature closest to the Fermi level and the Eu 3 + intensity vary in accordance with the 
effective bulk valence, whereas the intensity of the 2eV feature stays practically the 
same dufing the transition. This implies that the 2 eV peak originates from a surface 
stabilized divalent layer. The surface shift thus generates a divalent surface layer on 
top of the mixed-valent bulk compound. The same effect has been seen in a number 
of other mixed-valent systems (see section 12) and it seems possible to conclude that 
the surface of a mixed divalent and trivalent compound is always divalent. 
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As the Pd concentration is further increased in the series of compounds one can 
from fig. 18 observe for EuPd 3 and EuPd» how the bulk 4f intensity close to the 
Fermi level becomes completely transferred to the Eu 3+ emission region; i.e. the 
bulk samples have attained a completely trivalent state. The spectrum of EuPd 3 is 
also shown in greater detail in fig. 20. Although the effects of the alloying are 
sufficient to bring the bulk to an integral valent Eu 3 + state it is seen that the surface 
europium atoms still remain divalent. The decreased divalent surface 4f binding 
energy as a function of Pd content shows, however, that the energy difference 
between the two valence states at the surface is reduced. 

This example with Eu and Pd demonstrates first of all how the valence state of a 
lanthanide can be determined by the presence of the well separated Ln / + and Ln 3 + 
emission features. For  the mixed-valent compound it is furthermore possible to 
establish the degree of valence mixture from the relative intensities of the two 
emission features. The relative stabilities of the divalent and trivalent configurations 
are also revealed by the position of the divalent photoemission features in the 
different compounds.  Therefore one can determine for each compound by how much 
the divalent configuration is stabilized by the surface. 

Complementary information for the EuPdx systems has been obtained by BIS 
experiments (Laubschat et al. 1984, Märtensson et al. 1985). As explained in the 
previous sections, this technique can for example be used to estimate ~~Al~'c°mPii,iii for the 
trivalent compounds  EuPd 3 and EuPd». The BIS data of EuPd 3 are shown in fig. 
21. In this spectrum we observe the dominating f 6 _ .  f7 contribution close to the 
Fermi level, showing that there is only a small stability of the trivalent con- 
figuration. Here we will, however, first consider the spectral feature identified at 
10.0eV above the Fermi level which Märtensson et al. interpreted as due to an 
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ture at 10eV has been interpreted as 
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Eu(4f v) --* Eu(4f 8) transit ion in the divalent surface layer. Strong support  for this 
interpretation was given by the fact that  the 10eV feature disappeared upon  
adsorption of oxygen, a process which is known  to remove the divalent layer at the 
surface. It is interesting to investigate in some detail the energy position of this 
feature. Using Miedema's  (1976) scheine for the the rmodynamic  quantities in eq. 
(34) one obtains a calculated chemicat shift A~]3 °mp (~F---~ f) of 1.9 eV between the 4f 
BIS position in the bulk of hypothetically divalent E u P d  s and the bulk of Eu metal. 
Since for E u P d  3 we are in reality considering a surface layer, this shift relative to the 
surface of Eu metal should be reduced by a factor « according to eq. (44). With 
Œ=0.8 this leads to a calculated shift A~~°mP(ev --* f) of 1.5eV. To  obtain the 
absolute value in E u P d  3 we first note that  the experimental 4f BIS posit ion in bulk 
Eu metal is 8.63eV (Lang et al. 1981). The surface 4f position should, however, be 
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shifted somewhat from this position. Using an expression analogous to eq. (26) for 
the BIS process a surface shifl of -0 .15  eV is predicted for Eu metal. This gives an 
estimated surface 4f position in the metal of 8.5 eV. Adding to this the calculated 
chemical shift of the surface component we obtain 8.5 + 1.5 = 10.0eV for the 
4f 7 ~ 4f 8 position at the surface of EuPd3, which is in perfect agreement with the 
experimental position. Although this very good agreement taust be considered to be 
somewhat fortuitous it gives good support for the given interpretation. 

In section 11 we derived expressions for AE]~,~f and AE]~I,~~ in compounds. If 
we consider the expression for AE]~,~~ in eq. (27) we first of all note that the AEù,m 
values for the pure metals are accurately known from section 3. However, the 
required heats of formation, AH c°mp, are often insufficiently known. For example, it 
is clear that only one of the required AH c°mp values can be a direct experimental 
quantity. However, from the chemical similarity of different lanthanides it can be 
safely assumed that the energy terms AHc°mp(III) and AHc°mp(II) for a certain type 
of compound will vary smoothly over the lanthanide series. There will only be a 
continuous variation due to the lanthanide contraction. Therefore, if the heats of 
formation are known for a few lanthanide systems of a certain type it is possible to 
obtain the remaining values in the series by interpolation. The AH c°mp values used 
in eq. (27) are thus most often interpolated quantities. In particular, this regularity in 
the compound formation also implies that if AE]I°~"~~ is known only for a few 
members of a seiles of Ln-X compounds, then the AE]~°I"~f energies can be derived 
accurately also for the remaining Ln-X compounds. 

The same kind of systematic behaviour can be anticipated for the 4f positions 
~c°mp(f--*/3F) and ec°mP(eF-'-~f) seen in photoemission and BIS, respectively. 
Furthermore, as discussed in section 11 these spectroscopic positions are in many 
cases nearly the sarne as the corresponding energies for changing the valence state of 
the whole lattice, especially for compounds which are dilute in the lanthanide 
component. This therefore provides a method for studying the stabilities of a whole 
series of lanthanide compounds based on spectroscopic measurements on only a few 
members of the series. 

Laubschat et al. (1986) used this approach to discuss the bulk and surface valence 
states of the LnPd and LnPd 3 compounds. In EuPd which is a divalent compound 
the bulk 4f position was found at 0.6 eV (Murgai et al. 1982), compare fig. 19. YbPd, 
which has been found to be mixed-valent, gives rise to both divalent and trivalent 
emission features (Domke et al. 1985). The energy of the divalent bulk 4f feature was 
determined to be 0.1 eV in this compound. The generalized shifts, Dec°mP(f-* SF) , eq. 
(35), for these two compounds are thus 0 .6-0 .9  = - 0 . 3 e V  for EuPd and 0 . 1 -  
0.5 = - 0 . 4 e V  for YbPd, respectively. Thus the shifts are seen to be nearly the same 
for the two compounds. Since this De e°mp shift should be a smoothly varying function 
of the atomic number in the lanthanide series the 4f positions can be determined 
also for the other LnPd compounds by interpolation and extrapolation in the 
series of compounds. In fig. 22 the --AEn, m values (see table 1) for the lanthanide 
metals are plotted. In this figure a new Fermi level eß can now be drawn which is 
determined by the generalized shifts, D~3 c°mp, for EuPd and YbPd. This is the 
Fermi level relative to which the 4f positions for the LnPd compounds should be 
referred. From this diagram the valence stability of all the LnPd compounds can be 
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predicted. It can be seen that in fact all the lanthanides except Eu and Yb form 
trivalent LnPd compounds. 

The stability diagram for the surface valence states of the LnPd compounds was 
constructed in a completely analogous manner. The surface 4f binding energies were 
measured to be 1.5eV in EuPd (Murgai et al. 1982) and 0.geV in YbPd (Domke et 
al. 1985). This implies generalized shifts of 1.5 - 0.9 = 0.6eV and 0.9 - 0.5 = 0.4eV 
for Eu and Yb, respectively, relative to the metallic AEù.nI values. These shifts now 
define the Fermi level e s for the surface 4f positions of the LnPd compounds 
(fig. 22). As a result of this analysis it can be seen that a divalent surface is predicted 
in SmPd. For the other LnPd compounds, however, trivalent surfaces will be 
found. 

In a similar analysis, Laubschat et al. (1986) discussed the relative stabilities of the 
divalent and trivalent configurations of the LnPd 3 compounds. The difference is in 
this case that all the bulk compounds are trivalent. The analysis was therefore based 
on BIS results for EuPd 3 and YbPd 3 (Laubschat et al. 1984). In EuPd 3 the 4f 6 ~ 4f 7 
transition has been located at 0.67(5)eV while the 4f 13 ~ 4f 14 transition in YbPd 3 
has an energy of 0.93(5)eV. This gives generalized shifts, Dec°mP(ev-- f), of 
0.67 +0.9 = 1.6eV and 0.93 + 0.5 = 1.4eV for EuPd 3 and Y b P d »  respectively. 
Based on these shifts the Fermi level which corresponds to the bulk of the LnPd 3 
compounds has been inserted~~in the stability diagram in fig. 23. This diagram shows 
clearly why all lanthanides form trivalent LnPd 3 compounds. The surface layers for 
EuPd3 and YbPd»  on the other hand, have been found to be divalent and a 
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discussion of the surface valence stability Could consequently be based on photoem- 
ission measurements for these compounds. These energies are measured to be 
0.93eV for EuPd 3 (Murgai et al. 1982) and 0.53eV for YbPd 3 (Domke et al. 1985), 
i.e. in both cases very close to the AEH,IH values themselves. From the so constructed 
stability diagram in fig. 23 it can be seen that in this series of compounds only Eu 
and Yb form divalent surfaces. SmPd 3 is predicted to be trivalent also at the surface, 
in contrast to the situation in Sm metal and SmPd. This prediction for SmPd 3 is 
supported by XPS measurements for the 3d core levels in SmPd 3 which show no 
sign of divalent Sm atoms (Hillebrecht and Fuggle 1982). 

Using a combination of photoemission and BIS, Laubschat et al. (1986) further- 
more obtained a coherent picture of the relative stabilities of the divalent and 
trivalent configurations in the bulk and at the surface of the lanthanide dialum- 
inides. This is an interesting series of isostructural compounds where EuA12 is 
divalent, YbA12 mixed-valent and where the remaining compounds are trivalent. 
The stability diagram in fig. 24 was constructed from the measured bulk and surface 
4f levels in divalent EuA12 and mixed valent YbA12. From this diagram it can be 
seen that all the other lanthanide dialuminides are trivalent in the bulk. It  is, 
however, seen that a divalent surface state is predicted for SmA12. Such a surface 
valence transition has in fact also been observed for this compound (Laubschat et al. 
1986). 
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A lt?comp For the trivalent LnA12 compounds similar information on ~~ix,m can, in 
accordance with eq. (34), be derived from BIS measurements. The BIS spectra for 
GdA12, ErAI 2 and TmA1 z were therefore also investigated (see fig. 25). These 
measurernents yield sc°mP(~F --* f) transition energies of 4.2, 2.1 and 1.3eV, re- 
spectively. These energies define additional points for the bulk Fermi level (sF in fig. 
24). These points are marked by filled squares and it is interesting to note that they 
fall close to the ev B line which was previously derived from the photoemission 
measurements for EuAI 2 and YbA12. This proves experimentally that  for the LnA1 z 
systems the measured XPS and BIS 4f positions closely correspond to the ~~II,IIIA]~'c°mp 
stability energies. 

Märtensson et al. (1982b) investigated in the same way by photoemission the 
energy relationship between the divalent and trivalent configurations of the lan- 
thanide monosulphides. The analysis was based on measured 4f positions for the 
divalent compounds SmS, EuS and YbS. The spectrum from YbS is shown in fig. 26 
and reveals both bulk and surface-related 4f levels. Also in SmS a surface shift of the 
4f spectrum could be resolved, while for EuS, the large number of closely spaced 4f- 
multiplet levels prevents a unique resolution of the bulk and surface emission 
features, which makes the determined EuS 4f energies somewhat less accurate. 

The measured bulk 4f positions for the divalent compounds SmS, EuS, and YbS 
ar-e 0.91 eV, 1.9 (2)eV and 0.98 eV, respectively, which gives generalized shifts, D e c°mp, 
of 1.18eV for SmS, 1.0eV for EuS, and 0.48eV for YbS. Using these shifts the 
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Fig. 26. Yb 4f photoelectron spectrum 
from a cleaved (100) surface of the 
divalent compound YbS. The spec- 
trum shows both bulk (sofid bars) and 
surface (broken bars) 4f levels. Oxygen 
exposure (orte Langmuir) is seen to 
remove the characteristic surface fea- 
ture. (After Märtensson et al. 1982b.) 

s tabi l i ty  d i ag ram in fig. 27 was constructed.  F r o m  this d i a g ra m it is seen that  all the  
other  l an than ides  give in te rpo la ted  4f pos i t ions  on the t r iva lent  side of the Fermi  
level. However ,  for TmS,  an in te rpo la ted  4f posi t ion of only 0 .2eV above  the Fe rmi  
level is obta ined .  

The  Fermi  level (~s) for the  surface valence stabil i t ies are ob ta ined  from the 
measured  surface 4f pos i t ions  in YbS, 1.4 eV and SmS 1.45 eV. F o r  TmS we now find 
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Fig. 27. Formally constructed stability 
diagram for the lanthanide monosul- 
phides. The diagram is obtained from the 
Fermi level referenced data for the semi- 
conducting compounds SmS, EuS and 
YbS (Märtensson et al. 1982b). 
Complications due to the non-metallic 
character of the divalent monosulphides, 
as for instance incomplete screening, are 
discussed in the text: 

Tm S (100) 
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Fig. 28. Tm 4f photoelectron spectrum 
from a cleaved (100) surface of TmS. Both 
divalent and trivalent 4f features are seen 
in the spectrum. (After Märtensson et al. 
1982b.) 

that a divalent surface is predicted. Divalent  mult iplets  were also observed in the 
TmS spectrum (see fig. 28) and  we can now conclude that  the surface in TmS is 
divalent, but that  the bulk is t r ivalent .  This agrees weil with the detailed analysis of 
the TmS spectrum performed by Kaind l  et al. (1982b). We also note  that  the 
position of the lowest-lying mult iplet  line (3H6) in the Tm 2 + spectrum is 0.15eV in 
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good agreement with the interpolated value for the surface 4f position (0.19 eV). For 
DyS, the interpolated 4f position corresponds to a very small stability for the 
t~ivalent configuration. Also for this compound the UPS spectrum was recorded and 
no divalent signature was found. 

In connection with the construction of the stability diagram for the lanthanide 
monosulphides in fig. 27, based on spectroscopically determined 4f positions, it 
should be pointed out that the divalent compounds used for the analysis are not 
metallic. Firstly, this might lead to experimental difficulties due to calibration 
problems. Secondly, the whole concept of comparing Fermi level referenced 4f 
binding energies to valence transition energies is based on the assumption of 
complete screening in the photoemission process in the sense that there is no energy 
associated with the hole left behind when providing the screening electron. This 
assumption is justified only for metals. It is therefore most interesting to note that 
the measured bulk and surface 4f energies for YbS are completely consistent with the 
observed bulk and surface valence states and 4f level positions of TmS, which is 
trivalent and therefore metallic. Although the surface of TmS is divalent and 
therefore non-metallic it seems most reasonable that it anyway experiences a 
complete screening, since this atomically thin surface layer sits on top of a metallic 
bulk. However, in the photoelectron spectrum for SmS a large binding energy of the 
4f level relative to the Fermi leyel is found (Wertheim et al. 1978b, Brocksch et al. 

Alt? SmS 1982), whereas it is known (for instance from pressure experiments) that ~,~ ii, in must 
be very small. This shows that for SmS the spectroscopic 4f position is not directly 
related to the valence transition energy. (Therefore the diagram in fig. 27 should not 
be used as a stability diagram in the same way as for the previously discussed 
intermetallic compounds. This is also the reason why no extrapolation to the light 
lanthanides has been made in fig. 27). 

Photoelectron spectroscopy has also been used to study the relative stabilities of 
the trivalent and tetravalent configurations of different lanthanide compounds. This 
is of particular interest in connection with discussions of the 4f properties in Ce 
systems. Märtensson et al. (1982c) investigated in a systematic manner the photo- 
emission spectra from NdSb, GdSb, ErSb and LuSb, in which compounds the Ln 
atoms all have a trivalent configuration. The spectra for ErSb and LuSb are shown 
in fig. 17 and they were recorded at a photon energy of 70eV. At this energy the 
spectra are dominated by the lanthanide 4f contribution. The 4f emission features 
are sharp and no sign of a surface shift was observed. Considering the widths of the 
observed levels this implies that any surface shift must be small. The multiplet 
patterns are identical to the ones in the spectra from the pure metals, and the 
characteristic energy shifts between the antimonides and the elemental metals couid 
be determined with high accuracy. These chemical shifts are summarized in fig. 29. It 
is clear that they fall close to a straight line with essentially a constant shift of about 
1.1 eV throughout the lanthanide series. Additional chemical shifts can be obtained 
from early XPS measurements on the rare earth antimonides by Campagna et al. 
(1976). These spectra yield chemical shifts in the range 0.9-1.2eV for another six 
trivalent antimonides, i.e., within the experimental errors they fall on the line drawn 
in fig. 29. 
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Fig. 29. Chemical shift of the 4f level in 
the lanthanide antimonides relative to the 
pure metals (Märtensson et al. 1982c). 

The observed regularity of the antimonide shifts was used to discuss the in- 
terpretation of the photoemission spectra of Ce metal and the Ce pnictides. A 
complication in the case of these Ce systems is that experimentally one observes two 

4f related photoemission features. These two 4f signals were first observed by 
Franciosi et al. (1981) in spectra from Ce pnictides and shortly after by Märtensson 
et al. (1982d) for Ceo.9Tho.1, and Wieliczka et al. (1982) for evaporated Ce films. 
The interpretation of these two features was controversial and it was proposed that 
the characteristic 4f chemical shifts could be used to add information on this 
problem (see also Freeman et al. chapter 65, this volume). One of the controversies 
concerned the identification of the 4f ° final state in the Ce spectra. This corresponds 
to a 4f 1 ~ 4f ° process with 5d-screening in complete analogy with the 4f emission 
process in the heavier lanthanides. By extrapolation in fig. 29 Märtensson et al. 
(1982c) obtained under these assumptions a shift of 1.0eV between CeSb and Ce 
metal. 

Figure 30 shows the photoemission spectrum of y-Ceo.9Th0.1, recorded at 
hv = 50eV (Märtensson et al. 1982d). (The 10~o Th is added to stabilize the FCC 
phase and has no significant influence on the Ce 4f spectrum.) The two 4f related 
features are clearly seen at this photon energy. The pnictide spectra (CeP, CeAs and 
CeBi) show the same type of two peak structure (Franciosi et al. 1981). The 
Spectrum from CeSb was unfortunately not measured but since CeAs and CeBi 
sh0w their two 4f features at practically identical positions (0.6eV and 3.0-3.1eV), 
the same positions will certainly be found in CeSb (As is located above and Bi below 
Sb in the Periodic Table). These antieipated 4f spectral positions for CeSb are 
marked by vertical bars in fig. 30. In the figure it is also indicated how these energy 
positions should be modified by the previously extrapolated antimonide chemical 
shift of 1.0 eV. From fig. 30 it is immediately clear that only the most bound features 
in Ce and CeSb are related by this energy shift. Therefore it is the 2 eV peak in y- 
Ce0.9Th0.1 which shows the same characteristic displacement as shown above for 
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Fig. 30. Spectrum of 7-Ceo.9Th0d, re- 
corded at 50 eV photon energy 
(Märtensson et al. 1982d). The energies of 
the 4f related features in CeSb (see text) 
are marked at 3.05eV and 0.6eV. The 
arrows show how these spectral features 
in CeSb should be displaced according to 
the extrapolated Ce 4f shift from fig. 29 
(Märtensson et al. 1982c). 

the other lanthanide antimonides. Based on this regularity it was concluded that the 
2eV feature in 7-Ce (as weil as the 3eV feature in CeAs, CeSb and CeBi) 
corresponds to a process, which in analogy with the other lanthanides produces a d- 
screened 4f ° final-state configuration (Ce(4f 1) --4 Ce(4f °) transition). 

This approach was also used by Märtensson et al. (1982c) to discuss the energy 
separation between the tetravalent and trivalent states of CeP. At 100kbar CeP 
undergoes an isostructural phase transition with a large volume collapse o f  ~8~o. 
This transition was interpreted as due to a promotion of the 4f electron into the 5d 
conduction band (Jayaraman et al. 1976). Such an interpretation requires a re- 
latively low value for the A~ceP transition energy. Previous XPS results for CeP ~~III , IV 

identified a 4f peak at 0.4 eV and therefore seemed to provide strong support for the 
promotional  model (Baer et al. 1978). However, Franciosi et al. (1981) showed that 
there is an additional 4f derived spectral feature a t ~ 3 e V  below sv in CeP. Before 
con¢luding anything about  the valence transition in CeP it was therefore necessary 
to determine what spectral feature corresponds to the 4f 1 (ds) a ~ 4f ° (ds) 4 transition. 
In this case it was possible to utilize the fact that Baer et al. (1978) measured the 4f 
binding energy in G d P  to be 0.6eV higher than in Gd metal. As discussed above the 
4f 1 ~ 4 f  ° process in ?-Ce requires an energy of about 2eV. With the most 
reasonable assumption that the shifts in the phosphides show the same type of 
element dependence as the antimonides in fig. 29 it could be concluded that actually 
the 3eV feature in the CeP spectrum corresponds to this process. With the close 
correspondence between the measured binding energy s c°mp (f ~ er) and the valence 
change energy AI~'CeP it is clear that this identification of the 3eV signal casts ~~III , IV 

serious doubts on the interpretation that the pressure-induced phase transition in 
CeP corresponds to a 4f promotion. Instead it seems to suggest that the transition is 
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related to the 7--~ transition in Ce metal, for which practically no change in the 4f 
count is observed. 
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1. Introduction 

Because of the large Coulomb and exchange interaction the 4f electrons largely 
retain their atomic nature even in solids. This large correlation energy U which 
plays a central role in the physics of the lanthanides, ensures that the 4f electrons are 
usually localized, and that fluctuations of the type 2f" ~ fù+l + fù-I do not occur. 
As rar as is presently known, except for the Ce compounds, lanthanides where 
despite the large U two different f-configurations are present in the ground state 
(Campagna et al. 1976) - the so-called homogeneously mixed valent compounds - 
are known to exhibit in X-ray 4f photoemission spectra multiplets of two final 
states with relative amplitudes closely related to the mixing amplitudes of the two 
initial-state configurations. U can then be experimentally determined directly from 
the energy separation between the centroids of these two multiplets (Campagna et 
al. 1974); its magnitude has been found to be in agreement with early th~oretical 
predictions (Herbst et al. 1972). U can also be determined in the case of s(able, fn- 
configuration compounds (Lang et al. 1979b, 1981). In such a case one uses photons 
to excite an electron from the 4f level to the continuum, so that in photoemission 
one measures the ionization energy A_ of the 4f" state. Inversely, to obtain the 
affinity energy A+ of the 4f" ÷ ~ state one can irradiate with electrons the same solid, 
so that a transition 4f" ~ 4f "÷1 may take place and hence U = A_ + A+. This is the 
idea of the inverse photoemission experiment: the sample is irradiated with electrons 
and one detects the emitted photons. The technique of keeping the photon energy 
fixed in the soff X-ray regime while scanning the energy of the incident electrons is 
called bremsstrahlung isochromat spectroscopy, abbreviated BIS. The energy of the 
emitted photon is given by the kinetic energy of the incoming electrons, increased by 
the work function of the spectrometer minus the energy of the final state. In a metal 
the valence band is cut by the Fermi level EF, and the photons with the highest 
energy are those emitted when the incident electrons make transitions into states 
immediately above E v. For  metallic systems one has therefore a good reference in 
the energy scale because E v appears as a sharp cut-off in the spectrum. The 
transition probability is given by the product of the appropriate matrix element and 
the density of final states. For  incident electron energies of ~ 1500eV, variations of 
the density of initial states can be neglected. Also the matrix element for initial and 
final states located in the energy up to 20eV above E v is not expected to change due 
to a change of the initial state in BIS. Consequently, the probability for emission of 
a photon is largely determined by the density of final states, weighted by a transition 
probability (see fig. 1). The first experimental spectra of the unoccupied states of La 
and Ce metals obtained in this way were published by Liefeld et al. (1974) and 
Chamberlain et al. (1974). In fig. 2 we show a typical example of combined XPS-BIS 
data for Gd, allowing easily the identification of the f-related structure and hence the 
determination of U, which is 10.5 eV for Gd (Lang et al. 1981). 

In many compounds, especially intermetallic compounds with 4d or 5d elements 
the photoemission cross section for the ligand states is comparable or even higher 
than the 4f cross section. Lanthanides do not form many intermetallic compounds 
with transition metals having nearly empty d-bands ('early' transition metals). In 
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Fig. 1. Probing the unoccupied states by bremsstrahlung 
isochromat spectroscopy (BIS). The number of emitted 
photons is proportional to the density of final states (DOS) 
weighted by a transition matrix element. 
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Fig. 2. xPs  and BIS spectra of GD (Lang et al. 1981). The sum of the 4f ionization potential A and the 
4f electron affinity A + is equal to the 4f intrashell Coulomb correlation energy U. 

contrast, when the d-band is substantially filled ('late' transition metals), the 
contribution of these empty states to the BIS spectrum above E v is obviously small. 
We recall that in these cases resonant photoemission spectroscopy with synchrotron 
radiation at high resolution is the most appropriate technique for studying such 
occupied states. BIS will in contrast easily allow the identification of the empty f- 
states. 

In summary the questions to be answered by studying the unoccupied states of 
integral and mixed-valent lanthanide compounds by BIS concern: 

(i) magnitude of the 4f Coulomb correlation energy U and its variation upon 
compound formation; 

(ii) changes of the electronic structure and especially of the f-signature due to f-d 
or f-p hybridization upon transition to mixed-valent or heavy-fermion behaviour; 
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comparison with f-counts, n e, known from other experiments as weil as with results 
of single-particle and many-body theories. 

2. Inverse photoemission in the soff X-ray regime 

2.1. The technique 

The spectrometers presently used for BIS are combined instruments originally 
built for X-ray photoemission spectroscopy (XPS). For  high-resolution XPS 
Johann-type crystal monochromators equipped with quartz single crystals are 
widely used. The best resolution achieved is about 0.25eV (Gelius et al. 1984), 
however 0.5 to 0.7eV is more common. Any XPS instrument equipped with a 
monochromator can readily be modified to perform BIS. One has to add an electron 
gun to the measuring chamber, and to introduce a detector at the entrance slit of the 
monochromator, which acts as the exit slit in BIS. Figure 8 of chapter 63 (this 
volume) shows schematically the apparatus built in Jülich (Fuggle et al. 19")9, 
Hillebrecht 1983c). The electron gun is a Pierce-type gun, designed to yield a well- 
defined beam while operating in the space-charge limit. The apparatus of Lang and 
Baer (1979a) is equipped with a spherical Pierce gun producing a circular spot, 
whereas the design of Hillebrecht (1987) uses a cylindrical gun producing an 
elongated spot, matched to the imaging properties of the multicrystal Johann-type 
monochromator (see fig. 8 of chapter 63). The detector consists of a photocathode 
(CsI) and a channeltron, which detects the low-energy secondary electrons ejected 
from the photocathode by the X-ray photons. To obtain a small energetic spread of 
the electron beam, a BaO dispenser cathode is used which yields a sufficient current 
at 1000°C operating temperature and a thermal broadening of less than 200meV. 

The probing depth of the BIS experiment is about the same as for XPS of valence 
levels. The limiting factor is the electron mean-free-path of the incident electrons, 
which at 1500 eV is 20 to 30,4. This is why the BIS experiment is more bulk sensitive 
than inverse photoemission in the UV regime. However, as in XPS, it is still 
extremely important to maintain atomically clean sample surfaces which can be 
monitored by scanning the O and C (Is) core lines in the XPS mode. The high flux of 
electrons needed in the BIS experiment can create a problem when measuring 
reactive materials such as the lanthanides since a portion of the electrons will be 
reflected from the sample, impinge on the walls of the vacuum vessel and lead to 
desorption. A procedure useful in this case is irradiation of the sample until 
outgassing of both sample and vacuum vessel are negligible. The changes seen in the 
BIS spectra due to oxidation are clearly discernible, and in many cases the degree of 
sample cleanliness can be inferred from the BIS spectrum without having to change 
to the XPS mode. As an example we present in fig. 3 a series of BIS spectra of La 
with increasing contamination by the residual gas in the measuring chamber 
(1 x 10 -1° Torr) over a period of 10h. The BIS 4f I final state, which is located at 
5.4eV above E v in La, broadens upon oxidation on the high-energy side. This is 
caused by the appearance of a 4f I final state shifted to higher energy by 1.6eV with 
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Fig. 3. Oxygen contaminat ion of lanthanide 
surfaces causes a shift of the BIS 4f derived 
signal. Sample cleanliness can often be as- 
sessed without the use of XPS. Spectrum (e) 
corresponds to approximately one mo- 
nolayer exposure of 0 2. 

respect to E v. At the same time the relative intensity of the underlying 5d-states 
decreases. We see in fig. 3 the effect of approximately 1 monolayer of oxygen: 
although O interacts primarily with the 5d6s electron states of La, the BIS 4f derived 
feature is seen to be a very sensitive indicator of the presence of oxygen (or of other 
contaminants). 

2.2. Cross sections for  photoemission and inverse photoemission 

Inverse photoemission is the time-reversed process of the photoemission process. 
The cross section for inverse photoemission is a strong function of the kinetic energy 
of the incoming electrons in an analogous way as the photoemission cross section 
depends on photon energy. Calculations show that the Au 4f/5d ratio of the 
photoemission cross section increases by 5 orders of magnitude between 25 and 
500eV final-state energy (Manson and Cooper 1968, Manson 1978). The experimen- 
tally determined variation of such ratio is not quite as big, but still a significant 
effect. In fig. 4 inverse photoemission spectra of Gd are shown for different initial- 
state energies, i.e., different kinetic energies of the incoming electrons (Fauster and 
Himpsel 1984, Lang et al. 1981). At 28 eV the 4f structure located at 4.3 eV above E v 
has a size comparable to features originating from critical points in the one-electron 
band structure of noble metals (van der Marel et al. 1984). At 1487eV the 4f/5d ratio 
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1981). 

is about 20. This confirms that a photon energy of 1487 eV is very favourable for 
observing the 4f states of most of the lanthanides and their compounds. 

Next we consider the 4f cross-section variation through the lanthanide series in 
BIS, in analogy to the 4f photoionization as calculated by Scofield (1976). As can be 
seen from fig. 5, a scales linearly with the atomic number Z for Ce, Pr and Nd, 
making a linear extrapolation to La meaningful. The rise in the cross section with Z 
is caused by the lanthanide contraction, resulting in a higher amplitude of the 4f 
wavefunction in the vicinity of the nucleus. From La through Gd, this rise exceeds 
the loss due to the increasing occupation of the 4f stares. For Tm, with only orte or 
two 4f holes, the total a is of comparable size as for La with 14 holes! 
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Fig. 5. Cross section for the 4f shell in BIS, 
normalized to the Cls XPS cross section 
(Scofield 1976). Crosses represent the cross 
section per electron state (left scale), circles 
the total cross section (right scale). For the 
total cross sections of Tm and Yb metals 
trivalent configurations have been assumed; 
for divalent eonfigurations the total cross 
sections for Tm 2+ and Yb 2+ are 0.35 and 0, 
respectively. 
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3. BIS spectra of the lanthanide metals and compounds with stable 4f 
configurations 

3.1. L a n t h a n i d e  me ta l s  

Lang et al. (1981) have studied all the lanthanide metals by XPS and BIS. Their 
results have been discussed in chapter 62 of this book, so that we refer the reader to 
this chapter for the original data. As in core photoionization of metals also in BIS 
involving 4f levels the final state must be viewed as (anti-)screened (neutrality within 
the Wigner-Seitz cell). (Anti-)screening can be reached via conduction electron 
(hole) stares. An indication of the width of the 5d6s conduction states can be inferred 
from self-consistent calculations, which give a 5d width of about 8 to 10eV (Pickett 
et al. 1980, 1981, Glötzel and Podloucky 1980) or from BIS data for Yb metal, see 
fig. 15. 

3.2. L a  c o m p o u n d s  

Figure 6 shows the occupied and empty valence states of a series of ordered La-  
Ni compounds (Hillebrecht et al. 1984). Ni d-band filling increases with La 
concentration, as seen from the drop of intensity at E v, indicating a reduced total 
density of states (DOS) near E v. Also the decreased intensity of the well-known 
6eV two-hole final state (Hüfner and Wertheim 1975, Fuggle et al. 1983) as well as 
the disappearance of the core-hole satellite structure (Hillebreeht et al. 1983a) are 
signs of d-band filling. The BIS 4f 1 final state is seen superimposed on a back- 
ground signal due to La 5d6sp states. The Pauling electronegativities of Ni and La 
are 1.8 and 1.1, indicating a possible charge transfer from La to NJ. This would 
naively imply a somewhat more positive La in the compounds leading to an in- 
creased 4f binding energy, in contrast to the observations. 

Band-structure calculations for Ln-Ni 5 compounds by Malik et al. (1982) indicate 
that the DOS at E z is only reduced by 20% from the original value for Ni. This 
seemed to be confirmed by values of the coefficient of the electronic specific heat 
(Takeshita et al. 1980). Figure 7 shows a more detailed comparison of LaNi5 XPS- 
BIS data with a calculation by Cabus (1983). The small unoccupied part of the Ni d- 
band at E v is not seen in the spectra, primarily because of the low instrumental 
resolution of 0.7 eV. In contrast we note also that the calculated DOS shows a split- 
off peak at 1.8eV above E F, mainly of La 5d character, in accordance with experiment. 

3.3. L a n t h a n i d e - P d  3 c o m p o u n d s  

A number of lanthanide compounds with Pd, Sn, and In crystallize in the Cu a Au 
structure. These compounds have been extensively studied because most of them are 
fairly easy to prepare by congruent solidification from the melt, sometimes even as 
single crystals. In addition the simple structure makes it possible to perform self- 
consistent band-structure calculations (König 1983). In fig. 8 XPS and BIS data are 
shown for YPd a (Hillebrecht et al. 1983b). Again the reduced intensity at E v 
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compared to Pd metals is a sign of filling of the Pd d-band, which extends down to 5eV 
below E v. Above E v, the BIS spectrum of YPd3 shows a peak at 2.8eV, super- 
imposed on an otherwise structureless spectrum, a quite different empty DOS from 
the one of metallic Y (Speier et al. 1984). The XPS/BIS data for YPd3 are in good 
agreement with the results of the calculations. 

In fig. 9 the BIS spectra of several Ln-Pd3 compounds are shown, where the 
split-off d-band state is visible in the fange 2.8 to 3eV above Ev. These results in- 
dicate that compound formation can lead to new structures in the density of states 
making the 4f derived feature somewhat more difficult to be identified. 

4. BIS spectra of compounds with fluctuating 4f eonfiguration 

4.1. Sm, Eu, Tm and Yb compounds 

We have seen in chapter 63 of this book that when surface effects are taken into 
account the determination of the f-count with so-called low-energy probes (e.g. 
lattice constant, susceptibility, Mössbauer, etc.) for mixed-valent compounds of Sm, 
Eu, Tm and Yb is in reasonable agreement with determinations of nf from XPS or 
XAS data. 

In fig. 10 we show a BIS spectrum for divalent, semiconducting SmS (Oh and 
Allen 1984). The BIS spectrum of divalent Sm should be analogous to that of 
trivalent Eu (4f 5 initial-state configuration). The agreement with calculated f5 _~ f6 

multiplet spectra is however poor, and more work is needed to establish experimen- 
tally whether all the features seen in the spectrum are 4f reläted. Oxidation yields 
Sm 2 0 3 (trivalent Sm). The shape of the BIS spectrum of oxidized SmS is again only 
in fair agreement with thät of tfivalent Sm metal. 

As an example for a Eu intermetallic compound we show in fig. 11 the occupied 
and unoccupied valence states for EuPd 3 (Märtensson et äl. 1985). Small structures 



434 F.U. HILLEBRECHT and M. C A M P A G N A  

¢ -  

E 
P 

i 

_ y , , ,  • 

fl :.:"~. LaPd 3 
. , 

ù: 

./';'i~'~ . , y . "  »'.,,ù .~ ~ ~... 
i ,« 

f 3 : - : / ~ ~  PrPd 3 

ù»B t ~- 

,: ......... :.,% f4 NdPd 3 
: )  

ù 
I . . r  

~ / t  

ù: 
ù 

,7.-- ," 
/ f - - -  

_ j - -  
I 

.,..- 

r i "  'k '" : ' " 'v " I . ......, 
] ...., ..«.. 

I." 
r 

ù; 
ùI 

• " - ' " "  I I I I I I 

5 E F 

; ": f8 

i 

R-Pd 3 BIS 

"»%.'~'~ . • 

GdPd 3 

ù. . . . . . . . . . ' , : . - ' , ' "  ~. ~ 
ù . . ' . ' , . . ' , ' . . . . .  

LuPd 3 Fig. 9. BIS spectra for some lanthanide- 
Pd 3 compounds, showing the split-off d- 
band state (see arrow). Contamination by 
residual gases in the spectrometer shifts 
and broadens the 4f-state by about 2eV 
in RPd3 and the d-band state becomes i i i i i i i i  

10 
visible (see full line, PrPd3). Data for 

energy above E F (eV) LuPd3 are from Laubschat et al. (1984). 

below Er, which can be identified by compar i son  to LaPd  3 or by resonant  

photoemission, are due to Eu 4f states as indicated. Several 4f related structures are 
more clearly seen above E F, besides the peak at 2.5 eV due to a split-off d -band  state. 
The f8 final-state ass ignment  can be made because exposure to a small dose of 
oxygen reduces the divalent  con t r ibu t ion  in both the XPS core level spectra as well 
as the peak at 10.5 eV in the BIS spectrum as shown in fig. 12. A similar surface 
effect as for EuPd  3 is observed in trivalent EuNis ,  see fig. 13. The divalent  
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Fig. 11. XPS-BIS  data for EuPd 3 (Märtensson et al. 1985). 

contribution also appears at 10.5eV, as for EuPd 3, but has more intensity. This 
again scales with the related intensities in the photoemission spectra. 

The valence changes in EuPd2Si 2 or EuCu zSi 2 upon temperature have not yet 
been studied by BIS and remain an interesting topic for future investigation. 

In fig. 14 the results of Oh and Allen (1984) for TmSe are shown. The BIS 
structure around 4eV, peak B, is also found in YS and is attributed to s--d 
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conduction states. The peaks A and C are then associated wirb flz to f13 and f13 to 
fa4 transitions. 

In fig. 15 BIS data are shown for Yb and some Yb compounds. (Yb~_xYx)CuAl is 
a mixed-valent compound (Mattens et al. 1979), and one finds the 4f a4 final state in 
the BIS spectrum practically pinned at Er in contrast to trivalent to YbRh2.» and 
YbPd3 (Laubschat  et al. 1984), where the f14 final state is distinctly above Ev. 

So far the only BIS study of a valence change with temperature has been 
performed on YbA12 by Oh et al. (1985). At 80K, Yb is divalent in this material, but 
the valency increases to about  2.5 as the temperature is raised to 800 K, as deduced 
from systematics of lattice constant and magnetic susceptibility. We recall that the 
changes (Oh et al. 1985) observed in XPS are consistent with a change of valence 
upon temperature. The BIS spectra of YbAI 2 shown in fig. 16 indicate qualitatively a 
similar behaviour, i.e., an increase of the 4f 14 final state which is a measure of the 
valency with temperature. 

4.2. The novel view of the Ce 4f  level width 

Ce intermetallic compounds,  in which the local moment  of the 4f electron is 
quenched and in which the volume of the Ce ion is similar to that of • (c0-Ce are 
called ? (c0-type materials (e.g. CePd3). The first published BIS spectrum of an c- 
type material was the spectrum of CePd3, by Baer et al. (1981) shown in fig. 17. Also 
shown are data for ?-Ce and for the heavy-fermion compounds CeA13 and CeSn 3. In 
these spectra the 4f z final state can be easily identified because it appears with 
similar energy and shape as in 7-Ce. The BIS spectrum of CePd 3 also contains a 4f 2 
signature, shifted however from E v by about 1.1 eV compared to y-Ce. In addition it 
shows two more peaks at 0.45 and 2.25eV. The peak at 0.45eV above E v, whose 
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position can only be determined within the experimental resolution, was assigned to 
a 4f 1 final state. The peak at 2.25eV is due to a split-off d-stare, as discussed in 
section 3.3 (Hillebrecht et al. 1983b). 

In figs. 18 through 25 we show a collection of systematic XPS-BIS data of Ce 
compounds (Hillebrecht et al. 1984). Details are given in the figure captions. Data 
for 7- and ~-Ce (fig. 25) and CePd3 are also compared with calculations in figs. 26 
and 27. The valence band data confirm the introductory remark concerning the 
difficulty of detecting 4f-related features of Ce in XPS spectra. This is especially true 
when they are energetically located in the d-band region of the ligand (see figs. 18, 
20 and 23). Only the use of resonant photoemission with synchrotron radiation 
allows the 4f features to be identified (see figs. 22 and 24). In contrast BIS at high 
energy is very suitable for this purpose. The empty 4f-states can easily be identified 
because of their characteristic spectral shape, see figs. 18, 20 and 21. We see in figs. 
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spectra of Ce-Ni compounds is 
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18 or 20 that  the t ransi t ion to a nonmagne t i c  Ce ground state in CeNi» or CePds 

starting from 7-Ce is accompanied by the appearance of a 4f 1 final state pinned at 

EF, a clear indicat ion of a t ransi t ion to a s trong mixing of the type (5d6s)S4f 1 
(5dös) 44f ° in the g round  state. The experimental  demons t ra t ion  that the peak at 
E v in the mixed valent  cases is 4f related is best i l lustrated in fig. 19: the 4f 1 final 
state disappears upon  oxidat ion and the 4f 2 broadens  and loses its characteristic 
multiplet structure. It can be seen that  the C o u l o m b  correlat ion U is essentially 
unchanged for magnet ic  and nonmagne t ic  compounds  since the 4f 2 final state is 
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always 4 to 5 eV above E v, while the fl state is below or at E v. The large U value 
makes a single-particle band structure approach inappropriate for describing the 
physics of both 7- and c-type Ce materials, see figs. 24. 25 and 26. 

According to the above findings we see that the BIS spectra of Ce intermetallic 
compounds can be classified in two groups: those exhibiting only a 4f 2 final state 
and characterizing materials having 7-1ike behaviour, and those characterizing the c~- 
like materials whose spectra show a pronounced 4f a final state pinned at E v. 

In table 1 the relative 4f a intensities are given, together with some other numerical 
results from the BIS spectra. For  comparison also f-counts derived from XPS as 
well as from low-energy experiments are indicated. The apparent discrepancies 
between intensities of f°-related structures, i(fo), which in the simplest picture yield 
the f-occupancy n f = [ 1 -  i(f0)], obtained with different high-energy spectros- 
copies show unambiguously that dynamical  effects caused by measuring process 
influence the intensity distribution over the various final stares. This is a con- 
sequence of the hybridization A between 4f and band states, which determines 
spectral features in both 'high-' and 'low-energy' experiments. The weights in the 
spectra can only be explained by a value of the hybridization A significantly larger 
than the traditionally accepted order of magnitude of 10meV. This finding can be 
considered as the main contribution of spectroscopic studies towards a quantitative 
understanding of the properties of Ce compounds. 
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4.3. Comparison with model calculations 

Gunnarsson and Schönhammer 1983a,b,c, 1985a,b; see also chapter 64 in this 
volume) proposed a description of Ce spectroscopic data in terms of an Anderson 
impurity model, which allows to extract the crucial parameters, i.e., the 4f con- 
duction band hybridization A and the 4f occupancy nf from spectroscopic data. The 
justißcation for using a single-impurity Anderson Hamiltonian comes from spectros- 
copic data like the BIS data discussed here or photoemission and absorption data 
discussed in other chapters of this book. The fact that A increases, e.g., for Ce-Ni  
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amoun t s  of B dissolved in the lattice (Wuilloud et 

compounds with increasing Ni content and increasing Ce-Ce separation shows that 
direct 4f overlap is not the driving mechanism for the 4f charge fluctuation. In fig. 28 
a set of BIS spectra for fixed A = 120 meV and ground state f-occupancies as 
parameter are shown. The calculation shows a 4f 1 final state at E v whose intensity is 
significantly larger than the gr~und state 4f ° contribution. In analogy to the XPS 
case the comparison with experimental spectra allows orte to determine nf and 
provides a kind of internal self-consistency check for the model calculation. Indeed 
one set of  values of the parameters A, nr, and U gives a reasonable description of 
both XPS and BIS data for a given material. When the multiplet structure and spin- 
orbit coupling is included the agreement with experiment is further improved, 
see fig. 29 for the cases of CeRu 2 and CeNi 2. The mixing width zl, used as a 
parameter in the calculation, is largely responsible for the variation of the 4f 1- 
amplitude in the spectrum for constant ground-state occupation of the f0_ and fl_ 
configurations, see fig. 30. The transfer of spectral weight upon variation of A is a 
nice illustration of the influence of dynamical effects on Spectroscopic properties of 
Ce systems. 

4.4. Initial-state hybridization and final-state screening, heavy-fermion systems 

The excitement about many Ce and U compounds came about because of their 
unusual physical behaviour due to 'heayy electrons' as originally found by Andres et 
al. (1975) and Steglich et al. (1979)• As we mentioned in chapter 63, core-leve! 



c 

» 
F- 

Z 
p- 
Z 

- l O  

1 • 1 1 1  I i i i I I i 

: ' ' , .  
ù ( a )  C e A I  

i ",.. 

ù., 

ù~L._  

( b )  C e l  r 2 

~ \ « ' \  

(c) C e R u  2 

ù 

ù, «~.';,. 
. .~..-:. .~, . •.. 

'; ...#¢,¢, 
/ 

q [ t i 1 1 I I I I I 
0 10  

ENERGY A B O V E E  F (eV) 

Fig. 22. UPS and BIS data  for CeA1, Celr2, and 
CeRu 2 (Allen et al. 1983). The data  for the oc- 
cupied states have been obtained by resonant 
photoemission using 122eV photons. 

E 

i . . . .  I , • • 

C e P t  3 .,~:~.~.. 
. :h~: "«' %. 

ù- 
ù.. 

¢ 
« 

XPS , , . , /  ...., 
~t 

"t. 
i l "  

, fl , ,  f 2 
] :  ." "-.. 

, - / ".:. 

ù %, , ,  

B I S  

):. +, ,«.  f2 
C e A u  - ,  : , ù - .  . \ . ,  

." % 
.: '-' i i ,, 

- . %, 

..," 
'\ 7 

, , ~q,'--. , , , 
i i 110 ~ ' ~ ' I I i i ~ i I , 

- - 5  E F 5 10 

energy (eV) 

Fig. 23. XPS/BIS data  for CePt 3 and CeAu. 

444 



I 
i ..... /,f2 
I I ... "...,..... 

• i] ." "~. 

~ .. ". 
I .......... % ..... Ce 

_ '" " .  

t """. 
i : 
L : 

.. '- CeSb ù 

I .." " ' »  " ' "  "'«-" ~ " "  
II ": '" -" """ 

II : " .  
I 

--. CeAs 
- "  .v.. '»". «.«" «-'.'"«"'"'" -"« • "..-- ,..~- .. '-.. 

".. . . « y  -~" 

i -... 
1 . ' . . CeSe i 
I I ." ". 
I . .  

"Jt i i I , i i I i i i 

5 E F 5 10 

energy (eV) 

Fig. 24. Resonant photoemission and BIS spectra of 7-Ce, CeSb, CeAs, and CeSe (Gudat et al. 1982a,b, 
Hillebrecht et al. 1985)• 

i ' ' ' ' i , , 

!... fl f2 «- Ce 

• :%,% ù.. 
• j" 

._.. ~ - . .  

i ~, II Jkl .J, .~ I LJ . 

«J .f2 t - C e  
, .«..  

~.:.•".ù«.... 
"v~.  

Fig. 25. BIS spectra for 3'- and «-Ce (Wuilloud et al. 1983). The 
c-phase was prepared by evaporation o n t o  a substrate held at  

low temperature (80 K). 

ù ù,.- 
ù.:. 

i ":.%.'<~-.~.--'" 
I," ' - 

" J ' l  i 

E F 2 I, ' 
energy (eV) 

spectroscopy had to be extended to an investigation of the unoccupied stares by BIS 
in order to obtain a confirmation of the role of empty states in determining core- 
level lineshapes as suggested, e.g., by Fuggle et al. (1980). We conclude the review of 
experimental data by comparing XPS/BIS data of strongly mixed valent, non- 
magnetic CeCo2 (superconducting, below T c = 1 K) and the heavy-fermion com- 
pound CeCu 6 (:fig. 31), as well as insulating CeOz, mixed valent CeN and heavy 
fermion CeSi2 (Yashima et al. 1982) (fig. 32). These data confirm the universal 
features of the mixed-valence problem in Ce systems, of which the heavy-fermion 
aspect is just one special case. In the cases of strong mixed valence the fl spectral 
feature in photoemission is clearly seen by XPS only in CeN and CeSi2; the use of 
resonant photoemission allows its observation in the presence of transition metal 
ligands, e.g. in CeCoz. 
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The absence of f-related features at E v in XPS and BIS in insulatin 9 compounds, 
e~g. CeO2, see fig. 32, is a nice illustration of the role of initial-state hybridization of 
4f levels in determining final-state spectral features, especially in core-level photo- 
emission and X-ray absorption spectroscopy. 

5. Summary and ouflook 

The study of the unoccupied states of lanthanides and their compounds by 
Bremsstrahlung Isochromat Spectroscopy has been used only fairly recently in 



TABLE 1 
Fraction of 4f ° related features normalized to total intensity from different spectroscopic experiments. 
Also given is a crude characterization of the magnetic behaviour, as well as 4f ° amplitudes obtained from 
low-energy experiments; the 4f-occupancy nf is given by nr = 1 _ f 0 .  Abbreviations are: P = Pauli 
paramagnetic; F=ferromagnetic; C - W =  Curie-Weiss behaviour; N =nonlinear susceptibility over 

the entire temperature range studied. 

Magnetic fo  (%) f0 (%) 
behaviour low-E exp. XAS XPS BIS 

7-Ce C- W 5 2 - 2-7 
Œ-Ce P 67 5 22 

CeAI 3 - _ 
CeCo/ P 10 66-52 
CeC% F 7 61-56 
Ce v Ni 3 C~W - 3-13 
CeNi P 30 2 21-22 
CeNi z N 11 6 44--42 
CeNi s C~W 8 12 62-54 
C e C u  6 

CeRu 2 12 6z1~52 
Ce7 Pd 3 - _ 
Ce 3 Pd 5 - _ _ 
CePd3 N 6 5 29 
CeSn 3 C-W 14 - - 2-7 
CePt 3 10 21-23 
CeAu 

A = 0.12 eV 

Ef *U = 4 eV f2 

fl 
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Fig. 28. BIS spectra for 4f signature in Ce and Ce 
compounds calculated by Gunnarsson and 
Schönhammer (1983a,b) using the extended 
Anderson impurity Hamiltonian. 
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Fig. 29. Simulation of multiplet splitting in the model 
calculation, compared to experimental results (dashed) 
for CeNi2 and CeRu2. 
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Fig. 30. Intensity of fx final state in BIS, 
normalized to total f intensity, over f0 
contribution in the ground state, de- 
rived from spectra calculated with the 
Anderson impurity model (Gunnarsson 
and Schönhammer 1983a,b). 

comparison to other spectroscopic techniques. Nevertheless, the data available 
t0day are complete enough to allow some general conclusions. First of all, the 
unoccupied 4I" states can easily be observed in BIS spectra of lanthanides and their 
compounds because of their large cross section and distinct shapes. If the non-4f or 
ligand states yield structures of comparable intensity in the unoccupied DOS, 
comparison to analog compounds containing different lanthanides still allows 
identification of the relevant 4f features. To isolate the 4f features one can also make 
use of the fact that the presence of oxygen affects the 4f states more strongly than 
states of other subshells. Because of the small probing depth of BIS, surface-induced 
effects can be present and have to be separated from the bulk spectral features. The 
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Fig. 31. XPS and BIS valence band data for mixed valent, superconducting CeCo 2 and the heavy fermion 
compound CeCu 6 (see also Patthey et al. 1986). The BIS spectrum of pure Cu (Van der Marel et al. 1983) 
is indicated for comparison. 
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Fig. 32. XPS/BIS valence band density of states for 
insulating CeO2, mixed valent CeN, and heavy fermion 
CeSi/ (Wuilloud et al. 1984a, 1985). 

unoccupied 4f states can be weil described by atomic multiplet theory, and the 4f 
intrashell Coulomb correlation energy U is of the order of 5 to 10 eV in agreement 
with theoretical calculations. The Coulomb correlation energy is not changed 
significantly by compound formation. Consequently, the loss of magnetism for some 
Ce compounds cannot be attributed to a Mott  transition. For mixed valent 
compounds final states are observed which originate from the two configurations 
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present in the ground state. For  many cases - i.e., most compounds of Sm, Eu, and 
Tm - the intensity ratio of the final states is a good measure for the average f 
occupancy in the ground state, as determined either from other spectroscopies or 
from "low-energy" experiments. For  nonmagnetic Ce compounds the average 4f 
occupancy determined purely from the intensity ratios observed in BIS does not 
agree with results from other experiments. This was one of the findings which 
demonstrated the importance of hybridization for the spectroscopic as well as low- 
energy properties of Ce compounds. The discrepancy can be resolved by a large 
coupling or hybridization between the localized 4f state and the extended stares of 
the solid. Calculations based on the single-impurity Anderson Hamiltonian which 
allow for such a large hybridization have been performed by Gunnarsson and 
Schönhammer (chapter 64, this volume), and can model the experimental spectra of 
very diverse materials, as shown in figs. 31 and 32. In this sense one can say that the 
Ce problem from the point of view of spectroscopy has been solved. The apparent 
discrepancies between various spectroscopic results, especially with regard to f 
occupancy, are removed by taking into account dynamical effects which are caused 
by the large hybridization. Recently, also examples of Yb compounds have been 
found for which a sizeable hybridization is required to explain the data (Oh et al. 
1987). Based on hybridization and 4f occupancy as determined from spectroscopic 
data, it is possible to estimate the Kondo temperature which in turn determines the 
low-energy properties, e.g. susceptibility. Such estimates yield at least a rough 
agreement with experimental results (Gunnarsson et al. 1983c, Allen et al. 1986). It 
appears then that it may be possible to describe all the phenomena displayed by 
lanthanide c o m p o u n d s -  mixed valence, heavy Fermion behaviour, Kondo effect, 
e tc . -  within one single theory, with the hybridization being the determining factor 
for the physical properties of the material. The observation of the "Kondo res- 
onance" at the Fermi level, which has been achieved by ultraviolet photoemission 
in some favourable cases for the occupied portion below E v (see chapter 62, this 
volume) would make the spectroscopic evidence for this picture complete, however a 
resolution of ~ 10 meV in inverse photoemission or BIS is difficult if not impossible 
to achieve. 
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K ls core level T n lifetime of the valence state with n 4f 
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L11 2pl/z core level Th+ 1 lifetime of the valence state with 
LHI 2p3/2 core level n + l  4f electrons 
M l 3s core level T t transition time between the two 
M n 3pl/2 core level states of different valence 
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trons a absorption cross section 
n number o f4 fe lec t rons  Akt effective 2p binding energy shift 
R metallic radius upon 4f configurational change 
S Mössbauer  isomer shift 

I. Introduction 

X-ray absorption and emission spectroscopy is a fietd with a distinguished history. 
At the beginning, i.e., from 1913 to the early thirties, these spectroscopies were 
dedicated to a systematic exploration of the atomic structure in the context of the 
periodic system of the elements. The intense work of numerous spectroscopists, 
which contributed prominently to the foundations of modern atomic physics and to 
the development of quantum theory, was reviewed in the classical books 
'Spektroskopie der Röntgenstrahlen' by M. Siegbahn (1913) and 'X-Rays in Theory 
and Experiment' by Compton and Allison (1935). 

The lanthanides were investigated through X-ray spectroscopy since Malmer 
(1915) rneasured the La, Ce, Pr, Nd K«.~ emission lines and de Broglie (1916) and 
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Wagner (1916) recorded the La, Ce, Nd, Tm, Yb and Lu K absorption edges. These 
data contributed to the completion of the original Moseley diagram, whieh had 
established the nuclear charge Z as the basic ordering scheme of the elements up to 
Ag (Z = 47). The measurement of the L absorption in Cs, Ba, La, Ce, Pf, Nd (Hertz 
1920) resulted in the detection of internal screening doublets (L~ and LII). Bohr and 
Coster (1922) summarized the K, L, M, N, and O absorption levels (from experim- 
ental absorption and emission data) in Moseley's diagram up to Z = 92. They found 
strong irregularities at Z = 57(La) and Z = 71(Lu). These irregularities confirmed the 
number of 4f electrons to be 14 (4/+ 2, l = 3; according to Pauli's principle) and 
thus verified that the lanthanides are completed at Lu. The X-ray absorption transi- 
tions from inner shells into incompletely filled outer shells were expected to exhibit 
sharp lines (Pauli 1926), in analogy to optieal transitions. Such intense (so-called 
white lines) were first observed in 2Pl/2 - 5d(Lrl ) and 2P3/2 - 5d(Lm) excitations of 
lanthanide-s in various aqueous solutions (fig. la, b). The expected strong lines in 
transitions from 3d(Mw.v) or 4d(N~v,v ) inner sheil levels into the partially filled 4f 
shell were detected later (Lindberg 1931, Rule 1945, Zimkina et al. 1967, Fomichev 
et al. 1967). 

The task of X-ray spectroscopy in clarifying the atomic structure of the elements 
was for the most part accomplished in the mid-thirties. Since then its even more 
voluminous task has been to trace modifications of the atomic shell configurations 
and of their energetics by the chemical bonding in molecules and solids. In 
absorption spectroscopy these chemical effects can be detected by chemical shifts 
and by new fine structures in the absorption line or edge and in the near edge region 
(E - Ec«g e ~< 30 eV). The existence of such chemical effects has been known since the 
beginning of X-ray spectroscopy. They were interpreted by Kossel (1920) t o  
originate from the specific chemical oxidation state, valence, or type of chemical 
bonding in the substance under investigation. A chemical fine structure in the 
absorption spectrum of a-lanthanide molecule was observed 35 eV above the white 
lines at the Lni edge of Ce in Ce(NOa)a 'H20 (Hertz 1920) and the Lin edges 
of R in R2(SO4)3 + aq. (R = Pr, Nd, Sm, Eu, Dy, Ho) (Nishina 1925). How- 
ever, at that early time only minor efforts were made to clarify such chemical effects 
quantitatively, since e.g. lanthanide chemistry was then just at its beginning. The 
experiments were performed with ill-defined chlorides, oxides and aqueous solu- 
tions, which gave variations of the spectra with the quality of the samples, apart 
from those due to varying states of the spectrometers. 

Systematic and detailed studies of chemical effects on the X-ray absorption fine 
structure (predominantly in LH, m absorption in chemically well-characterized lan- 
thanide compounds) first began in earnest in the early fifties. These investigations 
were mainly concerned with: 

(i) The measurements of the L energy positions and of the chemical shifts between 
the LH, IH maxima and the onset of the absorption lines in the trivalent sesquioxides 
R20 3 (R = L a N d ,  Sm-Lu). These shifts (5 _+ 2 eV) indicate that the so-called white 
lines in all R20 3 exhibit a similar shape and width (Sakellaridis 1953, 1954, Callon 
1955, Allais 1942, Barrère 1947, Kushwaha et al. 1974, Vainshtein et al. 1962, 1963a, 
Ovsyannikova et al. 1967). 
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(a) 

(b) 

Fe~ Fe Kc~~ 
/ 
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"---~V 

Fe Kp~ 
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Fig. 1. (a)Reproduction of a historic spectrogram of the Sm LII I absorption line in Sm2(SO¢) 2 + aq. The 
dark Fe K«,~ fluorescence lines serve as calibration marks for the energy scale. The energy increases from 
the left to the right (adapted from Nishina 1925). (b) Photometric curve of the spectrogram in fig. la. 
The narrow spike at the LII I absorption threshold corresponds to the 'white line' in (a). Noise masks the 
absorption fine structure at the high-energy side (EXAFS) of the spectrum. Note that the photometric 
curve exhibits the transmitted intensity, not the absorption /u/ (adapted from Nishina 1925). 

(ii) The m e a s u r e m e n t  of chemica l  shifts be tween  the  meta l l ic- l ike  hexabor ides  

(RB6) and the t r iva len t  sesquioxides  (R203) .  The  L~i,m a b s o r p t i o n  spec t ra  of the  
divalent Eu- a nd  Y b - h e x a b o r i d e s  were f o u n d  to be shifted by  a b o u t  - 8 eV f rom the 
energy posi t ions  of the  t r iva l en t  references E u 2 0  3 a n d  Y b 2 0 3 ,  respect ively (cf. fig. 
2). The most  p r o m i n e n t  resul t  of  this  sys temat ic  e x p l o r a t i o n  of the  ox ida t ion  stares 
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Fig. 2. LII I absorption lines of Eu in divalent EuB 6 and 
trivalent Eu203 (photometric recordings, adapted from 
Vainshtein et ad. 1965a,b). The absorption maximum of 
Eu203 is shifted by ~ S e V  to higher energies with respect 
to the absorption maximum of EuB 6. This shift is a signa- 
ture of a configurational change from the divalent (4f76s 2) 
to the trivalent (4f 65d 16s:) Eu configurations. 

I I I I 

LII I Sm A 

, I i 3i 
0 20 LO 60 80 100 
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Fig. 3. LII I absorption spectra of Sm in trivalent 
Sm203 (lower spectrum) and in mixed valent SmB 6 
(upper spectrum). The absorption maxima in both 
compounds are observed at identical energies. SmB6, 
however, exhibits a significant shoulder at about 
- 8 eV displaced from the maximum of the trivalent 
absorption line (adapted from Vainshtein et al. 
(1965a)). The second absorption line indicates the 
presence of divalent Sm in SmB 6 (v = 2.65_+0.05). 
The valence number v is obtained from a weighted 
superposition of two single-shaped LII I absorp- 
tion spectra displaced by g 8  eV (Vainshtein et al. 
1965b). 

in RB 6 through L absorption was the discovery of the homogeneously mixed valent 
state in StoB 6 (cf. fig. 3; Vainshtein et al. 1965a,b). Troneva et al. (1958) and 
Vainshtein et al. (1962) recorded the L m absorption spectra of nominally tetravalent 
Ce in CeO 2 and of trivalent Ce in Ceß 6. Surprisingly CeO 2 was found to exhibit a 
double peaked white line (cf. section 14) which is shifted by about +3  eV from the 
maximum of the L m absorption in Ceß 6 and Ce20 3 (Vainshtein et al. 1965a). 

(iii) The measurement of LII I chemical shifts and fine structures (cf. fig. 4) in 
various R-chalcogenides (Eu-oxides, Eu-sulfides: Finkel'shtein et al. (1974); La- 
sulfides and selenides, La-, Pr-tellurides, Pr-selenides: Vainshtein et al. (1967a)). 
Further experiments were dedicated to the L absorption in RF3 and ROF 
(Vainshtein et al. 1963a, Ovsyannikova et al. 1967), in RC13 (Agarwal et al. 197la,b), 
in R-carbides and phosphides (Ovsyannikova et al. 1964, Vainshtein et al. 1967a, 
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Fig. 4. Normalized LII I absorption spectra of Eu in 
divalent EuO and trivalent Eu203 (adapted from Ravot 
et al. 1981). The data are recorded with a double crystal 
spectrometer and synchrotron radiation. The amplitude 
of the absorption line in Eu203 turns out to be about 
1.9 times larger than that of EuO and that of Eu203 in 
tig. 2. The discrepancy between the two Eu2 03 absorp- 
tion lines presumably is due to saturation effects in the 
spectograms of Vainshtein et al. (1965a,b) (cf. section 5). 

Vickery et al. 1959), in La- and Ce- hydrides (Vainshtein et al. 1963b), in in- 
termetallic R compounds containing Si, Ge, Mg, Be, A1 (Nemnonov and Klyushin 
1958, Vainshtein et al. 1967b) and in other compounds. 

The experimental work on X-ray absorption and emission spectra of the lan- 
thanides and its compounds,  performed until 1975, has been summarized e.g. in: 
'Handbuch der Anorganischen Chemie' (Gmelin 1976). In this chapter we focus on 
the experimental work, published after 1975. 

Most of the L spectra, measured during the early period of X-ray spectroscopy 
were recorded with energy dispersive spectrometers on photographic films. In many 
respects the gross spectral features recorded with this type of spectrometers match 
those recorded with today's  state-of-the-art spectrometers. Large chemical shifts can be 
traced from such data, e.g., the significant shifts of about 8 eV in the LIII, n spectra 
of lanthanide materials with different valence states. Accurate measurements of 
amplitudes and lineshapes, however, are best performed with modern double crys- 
tal monochromators  and with the use of synchrotron radiation (cf. section 5). 

When synchrotron radiation became available in the seventies, X-ray absorption 
spectroscopy took a jump in the volume of data taken and in their precision. These 
sources made absorption measurements in the soft X-ray region (M absorption in 
the lanthanides) and in the X-ray UV (N absorption in the lanthanides) much 
more easily accessible. At the same time, interest in information about solid state 
physics and chemistry of the lanthanides intensified with the discovery of valence 
fluctuations or homogeneously mixed valence. Accordingly the bulk part of this 
chapter is dedicated to a review of modern X-ray absorption spectroscopy of lan- 
thanides, in particular of mixed valent materials, using synchrotron radiation. 
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2. X-ray emission in lanthanide solid stare research 

The energies of X-ray emission lines and absorption edges in the past have been 
extensively used for the determination of the atomic energy levels (Siegbahn, M., 
1931, Bearden and Burr 1967). Since the ene gies of the X-ray emission lines provide 
accurate data for the determination of the atomic levels only on a relative scale, in 
most cases the energies of the well-defined L m edges were chosen as the fundamental 
reference. To establish the absolute scale of the lanthanide atomic energy levels, 
Bearden and Burr (1967) used the L photoemission data of Bergvall and Hagström 
(1959). These data (L» LId, LII I thresholds) have been taken on the trivalent 
sesquioxides R20 3 (R = La, Nd, Sm-Lu), tetravalent CeO2 and mixed valent 
Pr6Oaa. Accordingly atomic energy levels in lanthanide systems with nominally 
different valence states deviate up to about + 8 eV from the numbers tabulated by 
Bearden and Burr (1967). 

Compared to X-ray absorption only minor efforts went into the application of X- 
ray emission spectroscopy to solid state or chemical problems in the lanthanides. 
This might be due to the fact that usually X-ray emission lines are superimposed on 
a set of weakly resolved and often undefined satellite lines. Accordingly chemical 
shifts from X-ray emission can be unambiguously related to the chemical oxidation 
state in only a few cases. Most of the few X-ray emission experiments dedicated to 
the exploration of the electronic configurations and of the chemistry of the lan- 
thanides, analyze inner shell transitions, i.e., radiative transitions from levels inside 
the Xe core. Lee et al. (1974) used the shifts of the K«~«2(L~L m ~ K), KI31133 (MII,III--~ K) 
and K~2~4 (NH,m-, I~) emission tines upon 4f-configurational change for the explo- 
ration of the valence state in Yb and Pr compounds. Sumbaev (1978) reviews an 
extensive work on K emission shifts covering all lanthanides (except La and Pro). 
The shifts were measured with respect to the K«,~ energies of unambiguously triva- 
lent oxides or halides. The review of Sumbaev (1978) includes a theoretical analysis 
of the chemically induced K-emission shifts. Table 1 summarizes valences extracted 
from K-emission shifts. 

The -high energies of the K«,~ lines (33-35 keV) favor the K-emission spectroscopy 
for use in high-pressure experiments. Hard X-rays easily penetrate most of the high 
pressure window or anvil materials. The pressure dependence of the K«,~ emission 
line shifts was measured in Ce, SmS (Shaburov et al. 1974) and in CeNi 5, CeCo 2 
(Shaburov et al. 1981) up to 12kbar. 

Tsutsumi et al. (1982) tried to identify the mixed valent state of SmB 6 through 
L~I(Nw-* LII ) emission shifts. Di- and trivalent stable reference systems, however, 
exhibit nearly identical Lvl emission energies. Vo Chiong Ki et al. (1984) found 
chemical shifts of about 2eV between the LùI(Mv~LHI), L~~(MIv~Ln) and 
L~2(Nv-,LIH) emission lines of di- and trivalent Eu- and Yb- fluorides and 
chlorides. 

So-called resonant emission lines have been observed in the M«(NvI,vH~ Mv) and 
M~(Nw~ M~v ) X-ray emission from most of the elemental lanthanides and the 
lanthanide sesquioxides upon primary (incident electron beam) excitation 
(Stewardson and Wilson, 1956, Fisher and Baun 1967, Bonelle 1968, Bonelle and 
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TABLE 1 

Valences derived from K«,13-emission shifts. The data published until 1979 are adapted from the review of 
Sumbaev (1978) [ref. 1], Lee et al. (1974) [ref. 2]° and Shaburov et al. (1974) [ref. 6]. Data published after 
1979 are from Sovestnov et al. (1981a) I-ref. 3], Sovestnov et al. (1981b) [ref. 4], and Shaburov et al. (1981) 

[ret'. 5]. 

Cerium x v T[K]  p [kbar] Ref. 

3'-Ce 

o.-Ce 

CeCo 2 

CeaC07 

CeCo 5 

Ce2Co17 

Ce(Co 1 - x Cu:,) 5 

CeF 4 

CeNi 

CeNi 2 

CeNi a 

Ce3Ni7 

CeNi» 

Ce(Nil - ~ Cu~)s 

CeO 2 

Ce(SO,)~q. 

0-1 
0-1 
0-1 
0.6 
0.4 

0.2 
0 

0-1 
0-1 
0-1 
0-1 
0.4 
0.3 
0.2 
0 

3.05 300 0 1 
3.0 -3.06 + 0.02 300-950 0 3 
3.0 -3.34 ___ 0.03 300 0-12 6 

3.25-3.30 77 0 1 

3.32 _ 0.02 300-1000 0 3 
3.40 + 0.08 300 12 3 

3.40 +_ 0.02 300 0 3 

3.41 +_ 0.03-3.31 +_ 0.02 77-1000 0 3 

3.44 _ 0.04-3.42 + 0.02 77-1000 0 3 

3.40 _ 0.03-3.00 _ 0.03 77 0 5 
3.38 -I- 0.03-3.00 ___ 0.03 300 0 5 
3.30 _+ 0.03-3.00 _+ 0.03 1000 0 5 
3.15 -t- 0.03-3.08 _+ 0.03 77-1000 0 5 
3.28 +_ 0.03-3.15 +_ 0.03 77-1000 0 5 
3.38 _+ 0.03-3.22 ___ 0.03 77-1000 0 5 
3.40 _ 0.03-3.33 -I- 0.03 77-1000 0 5 

4 300 0 1 

3.15 +_ 0.02- 3.0 77-1000 0 3 

3.20 -t- 0.02-3.10 _+ 0.02 77-1000 0 3 

3.29 + 0.02 300 0 3 

3.35 _+ 0.02 300 0 3 

3.38 _+ 0.03-3.35 -t- 0.03 77-1000 0 3 
3.38 ___ 0.1 300 0 3 

3.40 +__ 0.03-3.00 +__ 0.03 77 0 5 
3.40 _ 0.03-3.00 _ 0.03 300 0 5 
3.40 _+ 0.03-3.00 _+ 0.03 1000 0 5 
3.42 -I- 0.08-3.00 + 0.08 300 12 5 
3.22 +__ 0.03-3.05 + 0.03 77-1000 0 5 
3.35 _+ 0.03-3.15 -t- 0.03 77-1000 0 5 
3.38 + 0.03 3.29 + 0.03 77-1000 0 5 

3.38 ___ 0.03 77-1000 0 5 

< 4 300 0 1 
3.83 + 0.03 77-1000 0 3 

< 4  300 0 1 

Praseodymium x v T [K] p [kbar] Ref. 

Pr 3 300 0 1 

PrC12 3 300 0 1 

Prl_~(Nd)~CI 2 '~w percent' 2.5 300 0 1 
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Praseodymium x v T[K]  p[kbar ]  Ref. 

PrO 2 44  300 0 1 
3.4 300 0 2 

Rb3PrF • 4 300 0 1 

PrFeO 3 3.1 300 0 2 

Pr 6011 3.25 300 0 2 

CsPrF s 3.4 300 0 2 

CePrF 6 3.4 300 0 2 

PrC 2 3 300 0 2 

Neodymium x v T [K] p [kbar]  Rel. 

Nd 3 300 0 1 

NdS 3 300 0 1 

NdC12 2 300 0 1 

Rb3NdF6. 5 (3.1) 300 0 1 

Cs3NdE6. 5 (3.1) 300 0 1 

Samarium x v T [K] p [kbar] Rel. 

Sm 3 300 0 1 

SmC12 2 300 0 1 

SmS 2 300 0 1 
2-2.62 -+ 0.03 300 0-12 6 

Sm I_~R«S 

Sm1 -xGdxS 

Sm 1 _~NdxS 

X > X¢r 

R = La 2.29 300 0 4 

R = Ce 2.44+0.03 300 0 4 

R = Pr 2.59 +0.03 300 0 4 
R = Nd 2.60 -I-0.03 300 0 4 

R = Sm 2.59 ___0.03 300 >Per 4 
R = Eu 2.18 -+0.03 300 0 4 

R = Gd 2.59 +0.03 300 0 4 

R = Tb 2.67-+0.03 300 0 4 

R = Dy 2.60 +0.03 300 0 4 

R-= Ho 2.67 -+0.03 300 0 4 

R = Er 2.56 +__0.03 300 0 4 
R = Tm 2.55 -+0.03 300 0 4 

R = Yb 2.16 +0.03 300 0 4 

R = Lu 2.40 +0.03 300 0 4 

idem but x '~Xcr 2.00+0.05 300 4 

0.2 2.65 300 0 1 

0.4 2.65 300 0 1 
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Gd 3 300 0 1 

• GdC1 z 3 300 0 1 

GdS 3 300 0 1 

Terbium x v T [K] p [kbar] Ref. 

Tb 3 300 0 1 

TbO 2 4 300 0 1 

Tbo.66 Dyo.33 C1 z 3 300 0 1 

Tbo.66 Smo.33 C12 3 300 0 1 

Tb2(C z 04) 3 4 300 0 1 

Dysprosium x v T[K] p [kbar] Ref. 

Dy 3 300 0 1 

DyC12 2 300 0 1 

Rb 3 DyF6. s (3.1) indefinite 300 0 1 

Holmium x v T [K] p [kbar] Ref. 

Ho 3 300 0 1 

HoC12 2 300 0 1 

Erbium x v T [Kl p [kbar] Ref. 

Er 3 300 0 1 

ErCI• 3 300 0 1 

Thulium x v T [K] p [kbar] Rel. 

Tm 3 300 0 1 

TmC1 z 2 300 0 1 

TmTe 2 300 0 1 

TmSe 'mixed state' 300 0 1 

Europium x v T [K] p[kbar]  Reß 

Eu 2 300 0 1 

EuF 2 2 300 0 1 

Gadolinium x v T [K] p [kbar] Reß 
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Ytterbium x v T [Kl p [kbar] Ref. 

Yb 2 300 0 1 

YbC12 2 300 0 1 

YbSO 4 2 300 0 2 

Lutetium x v T [K] p [kbar] Rel. 

Lu 3 300 0 1 

Karnatak 1971, Chamberlain et al. 1974, Motais et al. 1981, Mariot and Karnatak 
1974). The rather sharp resonant Me, M~ emission lines occur at the same energies 
as the principal M v and M~v absorption lines (cf. fig. 6c and secti0n 4.3). They may 
be considered to be the X-ray analogies to the well-known optical resonance 
lines. The electron excited X-ray emission spectra vary sensitively with the kinetic 
energy of the incident electrons. In addition self-absorption effects and the geometry 
of the experimental set-up may sensitively alter the intensities and lineshapes of 
the X-ray emission. Accordingly quantitative information, e.g., on the number of 
4f electrons in the lanthanide material under investigation, have not been obtained 
from such spectra. Aita et al. (1986) compared electron excited and X-ray excited 
Mù, M~ emission spectra of stable Sm metal and mixed valent SmB 6 with each 
other. For both types of excitations each spectrum of SmB 6 was found to exhibit 
similar characteristic features as the corresponding spectra of Sm metal. The X-ray 
excited spectra of both samples did not exhibit the resonant emission lines observed 
by electron excitation. 

M~(Ov ~ MHI) X-ray emission from electron excited elemental Eu and Gd was 
registered by Mariot et al. (1974). The M~emission intensity from Gd was found to 
be five times larger than that from Eu. This finding is in qualitative agreement with 
the result of band-structure calculations (Freeman 1971, McGuire 1972), which 
confirm that the density of occupied 5d states should be large in Gd and small in 
Eu .  

3. X-ray absorption versus photoemission 

The synchrotron light sources, high resolution spectrometers and modern de- 
tection and data acquisition techniques have brought back old absorption spectros- 
copies into the physics and chemistry of the lanthanides. High quality absorption 
data from all core levels are available today and are compared with the correspond- 
ing X-ray photoemission (XPS) data, which have been collected since the sixties. The 
final goal of both X-ray absorption and X-ray photoemission spectroscopists is to 
obtain information about the ground state of the solid. A large part of this volume is 
dedicated to experimental and theoretical aspects of photoemission from the 
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lanthanides. Below we shall address the particular advantages of X-ray absorption 
over X-ray photoemission in obtaining the desired ground-state information. 

The spectra from X-ray absorption turn out to be less complicated than those 
from XPS. This distinction between XPS and X-ray absorption can be explained by 
the dipole selection rules, which select only a small set of states from the spectral 
distribution of states excited upon creation of the core hole. XPS probes a much 
larger manifold of such final-state multiplets, which appear in relatively broad 
spectra. The relative intensities in the final-state multiplets of X-ray absorption 
spectra are moreover well defined through the dipole.selection rules. Therefore X- 
ray absorption spectra exhibit a more transparent signature of the atom in the 
ground state of the solid. 

Deep core level X-ray absorption in the lanthanides (cf. section 4) is understood in 
the so-called one electron picture (as rar as the transition is concerned). Satellite 
structures due to many-electron and final-state effects are found to be insignificant. 
On the other hand, XPS spectra may exhibit considerable shake intensities, whose 
interpretation usually needs a set of parameters not determined directly through the 
experiment at hand or by other experiments. For instance, the much simpler final- 
state configurations in X-ray absorption have been experimentally demonstrated with 
3d-XPS and Mw, v absorption in intermetallic Ce compounds (Fuggle et al. 1983). 
The Miv,v absorption spectra of Ce in s-type mixed valent CeNi2, CeNi 5, CePd 3 exhi- 
bit only two final-state multiplets, 3d 9 4f 2 and 3d 9 4f 1. Admittedly the absence of 
significant final-state and many-electron effects in the deep core X-ray absorption is 
still a marter of controversy (cf. e.g., chapter 62 of this volume). The 3d-XPS spectra 
on the other hand exhibit three final-state multiplets, 3d94f2,3d94f 1 and 3d94f °. The 
reason for the difference seems to lie in different screening processes in X-ray 
absorption and in XPS, respectively. In Mw,v absorption the core hole is com- 
pletely screened through the 3d photoelectron. In 3d-XPS the screening of the core 
hole is much more complicated. Detailed understanding of the dynamics of screen- 
ing in XPS is a prerequisite of the correct final-state assignment. 

X-ray absorption experiments (in transmission geometry) unambiguously probe 
the bulk properties of the sample. On the other hand, XPS is a method sensitive in 
both bulk and surface. It is often impossible and otherwise difficult to discriminate 
quantitatively between photoemission from the surface on the one hand and from 
the bulk on the other hand, where the local states are in general different. 

Very importantly absorption data of high quality can be routinely obtained from 
dilute lanthanides (0.1 atomic percent) in compounds or alloys, using electron or 
fluorescence yield detection techniques, while X-ray photoemission spectroscopies 
are restricted to the investigation of concentrated systems. 

High pressure has proven to be an extremely powerful variable for the study of 
electronic phenomena in the solid state. Modern solid state models can be tested by 
their ability to account for the phenomena seen as function of pressure. Since the 
pioneering high-pressure studies in the optical region, the term 'pressure tuning' 
(Drickamer 1982) describes the experimentally controlled volume dependence of 
electronic levels. Pressure in the lanthanides induces mixed valence or valence 
transitions, induces 'heavy fermion' supraconductivity; in other words high pressure 
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may create a new ground state of the system with fundamentally different magnetic, 
electrical and chemical properties. The pressurizing environment of course does not 
allow for photoemission. On the. other hand X-ray absorption experiments in the L 
region of the lanthanides (5.4--10keV)can be performed at high pressures at ambient 
and low temperatures (Röhler et al. 1983b). High pressure X-ray absorption spectros- 
copy therefore extends 'pressure tuning' to innershell levels, e.g. the 4f levels. We 
focus in sections 9-14 on the discussion of data from X-ray absorption high-pressure 
experiments. 

Altogether there are many good reasons why X-ray absorption should be 
considered as one of the most powerful experimental tools among the many high- 
energy solid state spectroscopies available today. Therefore it seems unavoidable 
that the theoretical literature concerned with such spectra will soon catch up in 
volume with the presently rauch more voluminous literature on the theory of 
photoemission. 

4. The choice of the most appropriate core level 

For  the observation of sharp and well-defined final-state configurations one is 
concerned with two problems: (i) the need of sharp core levels, and (ii) the need of 
final-state configurations, which can be related to the unexcited ground-state 
configuration in a straightforward manner. In this paragraph we treat these two 
issues, discussing the choice of the most appropriate core holes for X-ray absorption 
spectroscopy as a tool in lanthanide solid state research. 

Since the core level width causes a spectral broadening, which interferes with a 
clearly resolved level structure of the final-state configuration of interest, core levels 
with small inverse lifetimes F should be selected. Figures 5a and 5b (adapted from 
Keski-Rahkonen and Krause (1974) display calculated total and partial natural 
widths of a single hole in the elements 40 < Z < 80. The total widths are determined 
solely by decay rates of a single hole in a given level and contain no contribution 
from other possible sources such as broadening by the presence of multiplets in 
atoms with partially filled shells. Radiative, Auger, and Coster-Kronig processes 
compete in filling a hole in a given level. The total natural width is given by 
F = FR+ FA+ F o  where FR is the radiative width, FA is the Auger width and Fc is 
the Coster-Kronig width. 

In the lanthanides (57 ~< Z ~< 71) the total natural widths of the K, L, M and N 
levels increase more or less monotonously with the atomic number Z. The K levels 
exhibit the largest total widths in the range from about 14eV (La, Z = 57) to about 
33eV (Lu, Z = 71). These widths are predominantly due to strong radiative decay 
processes. All levels with principal quantum number n > 1 exhibit smaller total 
natural widths. Here essentially Auger and Coster-Kronig processes determine the 
total natural widths, which range from a few electron volts to about 12eV. Most 
interestingly, holes in the highest angular momentum subshells (2p»/2 , 3ds/2) exhibit 
relatively small total natural widths due to the strongly reduced transition rates of 
Coster-Kronig processes: 2-5eV (Ln» La-Lu) and 0.9-1.3 eV (Mv, La-Lu). 
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In figs. 6a-6c we reproduce core level absorpt ion spectra of cerium (K, L~, LII,uI, 

MIII, Mw,v, Niv,v). It is clearly visible that  excitations into the uncompletely filled 4f 
shell (M~v,v, N1v,v ) or 5d shell (MII, Ln,iu ) cause pronounced  spikes at the absorpt ion 
thresholds (indicated by the dashed mark). On  the other hand, excitations from 
ls (K) and 2s (Li) core levels into local p-type band states or  np (n > 6) con t inuum 
states result merely in broad  and rather structureless absorpt ion spectra. 
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Fig. 6a. Absorption spectra with s-p symmetry (K, L1) 
from elemental 7-cerium. The lines connecting the data 
points are guides for the eye. The inflection points of the 
spectra are calibrated with energies of the absorption 
thresholds (dashed mark) tabulated by Bearden and Burr 
(1967). The data of the K absorption are published by 
courtesy of Bedzyk et al. (1986). 
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Fig. 6b. Absorption spectra with p-d symmetry (Ln,ii1, 
MIII) in elemental 7-cerium. The lines connecting the data 
points are guides for the eye. The dashed marks indicate the 
absorption thresholds tabulated by Bearden and Burr 
(1967)• The LII spectrum is not shown. It is found to be 
identical withthe Liuspectrum. Lm: from Röhler (1984), Miii: 
adapted from Kaindl et al. (1984, 1985). The energy scale of 
the Lni spectrum is calibrated in respect to the first Cu-K 
maximum (8991.1eV). The dashed mark indicates the 
threshold of tetravalent Ce. The energy calibration of 
the M m spectrum is accurate within _+3eV; the tabulated 
position of the M m threshold is 1185 eV. 

T h e  t w o  i n c o m p l e t e l y  fil led a tomic - l i ke  shells of  the  l an than ides ,  n a m e l y  the 4f  

shell  (which  is a c o r e  e l ec t ron  orbi ta l )  and  the  5d shell  (which  is a va lence  e lec t ron  

orbi tal) ,  a re  of  p a r t i c u l a r  in te res t  in sol id state physics.  F o r  ins tance  m a n y  of the  

cha l l eng ing  a n o m a l i e s  of  the l an than ides ,  e.g. m i x e d  valence ,  a re  c o n n e c t e d  wi th  the  

h y b r i d i z a t i o n  of  4f and  5d states,  d- and  p - type  a b s o r p t i o n  spec t roscop ie s  are  
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Fig. 6c. Absorption spectra with d-f symmetry Mtv, v , N]v,v 
in elemental 7-cerium. The dashed marks indicate the ab- 
sorption edges tabulated by Bearden and Burr (1967). The 
Niv, v data are adapted from Wolff et al. (1976), the M]v,v 
data from Kaindl et al. (1985) (calculated oscillator strengths 
of the final state multiplets are omitted for reasons of 
clarity). The shallow core level N~v,v spectrum exhibits the 
characteristic 'giant resonance' above the threshold and 
4d94f 2 mutiplet at threshold. The N1v,v multiplet splitting 
is masked by the large 4d-4f exchange splitting. 

experimental methods examining the unoccupied 4f and 5d states according to the 
dipole Al = +_ 1 selection rule. 

The unoccupied states in the lanthanides can be reached by transitions from deep 
or shallow core levels. Following Wendin (1983), deep core levels are states in 
completely filled main shells, i.e. in the K, L and M levels. Levels in the incompletely 
filled main shells (N, O) are labelled as shallow core levels (except 5d, which is a 
valence electron level). The impact of this classification becomes clear by inspection 
of the strongly different types of absorption spectra, observed upon excitation of M 
and N core levels (fig. 6c). Niv,v and M~v,vSpectra turn out to be completely different, 
although the d electrons from the shallow N~v,v levels (4d ~ nf, n >~ 4) reach 4f states 
as the photoelectrons from deep core Miv,v levels (3d ~ nr, n >~ 4). Each of the Miv,v 

spectra exhibits a set of discrete narrow lines. The Niv,v spectra on the other hand 
are dominated by a broad 'giant resonance' above threshold (cf. the strong line in 
fig. 6c). It exhibits only a weak and extended discrete line spectrum at threshold. 

Comparing two deep core level spectra of identical symmetry (Lin and MIII) with 
each other, we do not observe striking differences. Apart from the different line- 
widths these spectra are quite similar. 

In deep co re  level absorption spectroscopies the overlap of the core leve'l 
wavefunction with the wavefunction of the excited state is of little or no importance. 
Deep core levels may be regarded as classical charge distributions, completely 
screened by the inner shells and the-photoelectron. Most of the deep core level 
spectra can therefore be described neglecting many-electron processes. The large 
spatial overlap of the shallow 4d wayefunction with the 4f wavefunctions, however, 
favors relaxation processes of the excited atom involving spectacular many-electron 
effects as the 'giant resonances'. The correlation of these exotic final-state structures 
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to the ground state is difficult and controversal. Their theoretical explanation is of 
actual interest in atomic physics, rather than in solid state physics. 

Accordingly spectra with minimized lifetime broadening and final states, largely 
unaffected by complicated many-electron effects, occur in Lm,u(2p--,4f5d) and 
Miv,v(3d ~4__f) absorption. 

4.1. s --* p transitions (K, LI) 

Most of the lanthanide (Z = 5%60, 62-70) K absorption thresholds were de- 
termined by de Broglie (1916), Wagner (1916), M. Siegbahn and Jönsson (1919), 
Carbrera  (1923) and others already in the pioneering period of X-ray absorption 
spectroscopy. K absorption as a tool in chemical analysis verified the existence of 
promethium (Z = 61) in the mineral monazite (Brunetti 1927). Manescu (1944) 
resolved weak fine structures up to about 30e¥  above the K absorption limit in 
more or less purely trivalent R20  » (R = Eu-Er,  Yb, Lu). The K absorption 
discontinuities in some of the elemental lanthanides (Tb-Er) were recorded by 
Fairchild (1975) using synchrotron radiation (fig. 7). The K absorption discontinuity 
in Ce was measured by Bedzyk et al. (1986), cf. fig. 6a. All K-absorption spectra of 
the lanthanides exhibit a similar smooth energy dependence, due to the large total 
natural widths of the ls core hole. The large spectral broadening wipes out nearly 
all the fine structure in the absorption discontinuity, which is expected from the 
excitations into p-type band states. Even chemical shifts are hard to extract. So K 
absorption is of rather limited value for  practical applications of the physics and 
chemistry of the lanthanides. 

On the other hand, K absorption spectra are useful for an accurate determination 
of the Z dependence of the 1 s total natural widths, because the inverse core hole life- 
time is much larger than the fine structure that has p symmetry above the 
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Fig. 7. K absorption spectra of elemental 
Tb, Dy, Ho and Er (adapted from Fairchild 
(1975)). The line connecting the holmium K 
absorption data represents an arctan fit 
with F = 31 eV. The inflection points of the 
spectra are calibrated at the E 0 values tabu- 
lated by Bearden and Burr (1967). 
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Fermi level. In a coarse approximation the p-level distribution can be assumed to 
correspond to that of a Fermi gas of free electrons, or even simpler, to that of a 
rectangular shaped distribution of equally spaced states (Richtmyer et al. 1934). 
Assuming equal transition probabilities and a Lorentzian lifetime broadening, the K 
absorption coefficient follows an arctan curve as a function of energy (cf. fig. 7, Ho): 

/~(E) = C {½ - (1/rQ arctan((Eo - E)/½F))}. (1) 

Here C denotes a constant, E the photon energy, E 0 the absorption limit and F the 
total natural core level width. 

Accordingly the lifetime broadening can be directly read from the width of the 
arctan-shaped absorption discontinuity. K core level widths have been determined 
from experimental spectra through an arctan fit by Fairchild (1975). These numbers 
fit well to the empirical law for the Z dependence (Z > 40) of K widths, obtained 
by Leisi et al. (1961): F(K) = 1.73 Z 3"93 10-6[eV]. 

Comparison of K and L~ absorption spectra (cf. fig. 6a), which both involve s-p 
transitions, demonstrates similar smooth variations of the absorption coefficient 
with energy. In the L~ spectrum, however, fine structures can be resolved much more 
clearly than in the K spectrum (F = 14eV), due to the considerably smaller total 
width of the L~ core hole (~  5eV). The spectral shape of the L~ spectra in all 
lanthanide metals exhibits a stair-case-like rise of the absorption at threshold. A 
weak minimum is located at about 20eV above the onset (figs. 6a). The fine 
structure of the L~ spectra reflects sensitively local s- and p-type band states and 
their modifications through different types of chemical bonding or crystal sym- 
metries (Lengeler and Zeller 1984). 

4.2. p ~ d transitions (LI» Ln» MIII) 

The LII I and LII absorption lines of La-Lu occur at about 5.5-10.3keV. The 
2pl/2(Lli)-2p3/2 (Lm) multiplet splittings reach from 400eV (La) to l l00eV (Lu). 
The strong absorption lines at the Ln.nt thresholds have been known since the 
beginnings of lanthanide research in insulating salts and aqueous solutions (figs. 1 
and 2). Just as in insulating systems, LII,III spectra of lanthanides in the gaseous 
phase, in metals, in intermetallic compounds semiconductors and dilute solutions 
exhibit such spikes at the absorption threshold. The exceptions reported by Agarwal 
et al. (1971a), Agarwal and Agarwal (1978) in the L m absorption of Ho, HoC13 and 
Ho20 3 turned out to be artificial (cf. e.g. Wong et al. (1984)). 

X-ray absorption of lanthanide 2p core levels probes the unoccupied atomic-like 
5d states. Hence the occurrence of such intense absorption lines at the Lii,m 
thresholds. By comparison, the spectral shapes of the L n and L m lines are found to 
be nearly identical. The LI1 amplitudes (normalized to the continuum absorption), 
however, systematically turn out to be up to 50% larger in R20 3 and RF 3 (Feldhaus 
1982, Wong et al. 1984, Okusawa et al. 1978) and to be about 5% smaller in the 
metals (Materlik et al. 1983a) than the corresponding L m amplitudes. The slightly 
different LH, LII I transition matrix elements cannot account for the observed strong 
discrepancies. Most likely the LH/LHI amplitude ratio reproduces different final-state 
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multiplets and the effect of the Aj selection rule. Since the ratio of the absorption 
cross sections a(2p»/2 ~ nd)/a(2pl/2 --* nd) is near the statistical number of two, Lin 
spectra exhibit a better signal/noise ratio. 

Thorough inspection of the 2p ~ 5d transitions in solids reveals, apart from shifts 
upon 4f configurational change, a large manifold of spectral shapes and intensities. 
The correlation between line intensities and chemical shifts is one of the issues in 
section 8.3.1. Most of the lanthanides have single LILnI lines, exhibiting weak fine 
structures. Clearly double-peaked spectra are observed in inhomogeneously and 
homogeneously mixed valent systems with Ce, Pf, Nd, Sm, Eu, Tb, Tm and Yb. 
Figure 6b (top) displays the Lni absorption line of elemental 7-Ce. The weak 
shoulder at high energies (arrow) was found to be typical for all 7-Ce systems, 
indicating weak (5~o) mixed valence (sections 12, 13). 

Figure 6b (bottom) reproduces the Mm (3p3/2 ~ 5d) spectrum of 7-Ce. As the Lm 
spectrum (top) the Min absorption exhibits the characteristic absorption line of 
lanthanide p ~ d transitions. In MII I absorption Coster-Kronig transitions strongly 
increase the total lifetime broadening of the final states. Therefore mixed valent 
states can be only qualitatively traced from M m spectra (Kaindl et al. 1984). 

4.3. d ~ f transitions (Miv, v, Nw, v) 

The absorption of the Miv, v and N~v.v transitions are located in the soff X-ray 
range ( -  800-1700 eV) and in the ultraviolet (-98-205 eV), respectively. In the early 
period of X-ray spectroscopy, such absorption measurements, in particular those in 
the ultraviolet, were hampered by the low intensities emitted from conventional X- 
ray sources, by the difficulty of preparing thin ( -  100 A) uncontaminated samples of 
defined thickness, and by the involved detection systems. Meanwhile most of these 
experimental problems have been overcome through the availability of intense and 
tunable synchrotron sources, the concomitant improvements of the detection sys- 
tems (e.g., total electron yield detectors) and through developments of appropriate 
ultra high vacuum preparation techniques. Nevertheless, because of possible intrin- 
sic surface effects, the question of whether one measures bulk properties remains a 
drawback here. / 

4.3.1. Miv, v absorption 
The Mrv, v absorption lines of R 2 0 3 ,  various trivalent R salts and some 'tetrava- 

lent' R oxides were determined by Lindberg (1931), Rule (1945), Zandy (1952), Lee 
et al. (1952), Stewardson and Wilson (1956), Fischer and Baun (1967), Bonelle et al. 
(1974) and Kaindl et al. (1984). Compared to the Liii , i1spectra,  the multiplet splitting 
of the 3d3/2 and 3d5/2 core levels is rauch smaller (only about 15-45eV), but much 
larger than the final state multiplets (-~10eV). The Miv, v spectra exhibit rather 
sharp 3d 9 4f n+l multiplet structures consisting of several resolvable lines. Each of this 
final state multiplet through the number, intensities and positions of lines may serve 
as a characteristic fingerprint of the 4f ground state. The atomic M~v,v absorption 
multiplets of some lanthanides were first calculated by Sugar (1972a,b), Demekhin 
and Shelkovich (1974), Piacentini et al. (1974). The very intense M~v.v absorption 
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«ror~ a more or less straight background and are not distorted by a strong 
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The M~v.v absorptmn m the lanthamde elements has been mvestlgatect systematl- 
ca/ly only recently by Thole et al. (1985). Earlier measurements are from Bonelle and 
Karnatak (1971), Bonelle et al. (1972) who recorded the M~v,v absorption spectra of 
Eu, Gd, Dy. Ottewell et al. (1973) traced those of 7-Ce and mixed a/[3-Ce, and 
Comb/ey et al. (1968) those of Yb. Total electron yield recordings of 7-Ce, c-type Ce 
compounds, mixed valent Eu, Sm and Tm compounds were performed by Kaindl et 
al. (1984). Thole et al. (1985) present caleulations of the total 3d94f "* final-state 
multiplets together with the Aj dipole rule filtered multiplets of all lanthanides. 
Adjusting the 3d spin-orbit splitting and taking into account the 3d lifetime 
broadening, except for Sm, Thole et al. (1985) find good agreement with their own 
recordings from the elements and with those of Kaindl et al. (1984) from R oxides. 
Anomalies in the Sm 3d absorption also were observed by Aita et al. (1986). From 
the latter measurements the Miv,v absorption spectrum in mixed valent SmB 6 
surprisingly turned out to be identical with that in Sm metal and Sm20 ». 

4.3.2. N1v, v absorption 
The N~v,v absorption spectrum (100-150eV) of metallic Ce is displayed in fig. 6c 

on the same relative energy scale as the M~v,v absorption. The Niv,v absorption of 
Ce was recorded in the solid and in the vapor and found to be nearly identical 
(Wolff et al. (1976), the spectrum from the vapor is omitted). The Niv-Nv spin-  
orbit splitting reaches from 3.5 to 9.2eV (Ce-Lu), much smaller than the 
4d 9 4f "+1 exchange splitting. Hence the 4d absorption exhibits only one spectral 
feature. The other lanthanide N~v,v spectra, except Lu, have similar spectral 
features as that of Ce: a weak discrete line spectrum at the N~v,v absorption thres- 
hold and a rather broad and prominent maximum ('giant resonance') at about 
20eV above Eo (Zimkina et al. 1967, Fomichev et al. 1967, Radtke 1976). The dis- 
crete fine structure at threshold is understood in terms of 4d l o 4f---, 4d 9 4f "+1 transi- 
tions. In contrast to the deep core 3d absorption, the exchange interaction between 
the photoelectron and the shallow 4d core hole is so strong that the multiplet 
extends into the far continuum and shifts some levels about 20eV beyond the thres- 
hold (Dehmer et al. 1972, Dehmer and Starace 1972, Sugar 1972b) interfering 
with the direct continuum excitation. The 'giant resonan~ "' is due to complicated 
many-electron processes on shallow core level excitation. ! r a c y  (1977), Connerade 
and Tracy (1977), Mansfield and Connerade (1976) recc»~~ :' aed analyzed 'giant 
resonances' the shallow 5p core level absorption (OH,HU iù ianthanide vapors. 
The absorption cross sections of the 'giant resonances' vary systematically with 
Z (Zimkina and Gribovskii 1971). The largest cross sections are observed at the 
beginning and in the middle of the series. For  D y - L u  the 'giant resonanee' de- 
creases and vanishes together with the discrete fine structure at the completely 
filled 4f shell (Yb 2 +, Lu). 

The discrete part of the N~v.v final-state multiplet has been recorded in 7-Ce, ~t- 
type Ce intermetallics, in tri- and 'tetravalent' Ce insulators (Haensel et al. 1970, 



X-RAY ABSORPTION AND EMISSION SPECTRA 473 

Hanyu et al. 1985, Kalkowski et al 1985b). At this time, however, it is not possible to 
extract quantitatively valence numbers from such spectra. Due to the complicated 
many-electron effects the shallow core level spectroscopies are the least reliable 
techniques for valence measurements. 

5. Experimental aspects of X-ray absorption spectroscopy 

Modern synchrotron light sources deliver intense and collimated photons from 
the visible to the hard X-ray region of up to 100keV. Appropiate crystal or grating 
monochromators, completely covering the region of ls to 5p absorption (50000eV- 
20eV) are accessible to the experimentalist in many synchrotron radiation labora- 
tories. The spectrometer resolution AE/E is in the order of 10 -4, i.e., the spectro- 
meter caüsed broadening of the absorption spectra is small or, in the worst cases, 
comparable to the core hole lifetime caused broadening of the spectral lines. When 
optimized experimental conditions exist, the absorption spectra of the lanthanides 
can be recorded without significant broadening or distortion due to the resolving 
power of the monochromators. Gudat and Kunz (1979) reviewed typical experimen- 
tal arrangements for the spectroscopies in the X-ray ultraviolet and the soft X-ray 
region developed for instrumentation of the synchrotron radiation laboratories. 
Modern instrumentation for X-ray spectrometers for synchrotron radiation is, e.g., 
described in the 'Handbook on Synchrotron Radiation' (Koch 1983) and in 'Syn- 
chrotron Radiation Research' (Winick and Doniach 1980), Sandström (1957) and 
Blochin (1964) addressed the experimental technique of spectrometers equipped 
with X-ray tubes and the problems associated with data processing from photo- 
graphic recording. 

The measurement of the absorption coefficient #(E) is usually performed through 
comparison of the incident intensity I 0 with I, the intensity transmitted by an 
absorber of thickness d 

#(E) = (I/d) ln(Io/I). (2) 

In most cases the exact absorber thickness d is unknown and then merely the 
'absorption'/u/= ln(I0/I) [-arbitrary units] is determined. 

Today soff X-ray absorption spectra (M,N) are routinely recorded by the 
detection of the total electron yield which is proportional to the absorption 
coefficient (Bothe 1926). The detection of the total electron yield is advantegeous 
over the detection of the transmitted intensities through thin (100-3000/~) foils or 
evaporized layers. Since the spectra are recorded directly from the bulk material, 
investigations of compounds and dilute alloys are feasible. Experimental problems 
arise from the surface sensitivity of the method and saturation effects, which are not 
well understood up to now. 

X-ray absorption spectroscopy in lanthanide solid state physics is used pre- 
dominantly for the identification of atomic configurations which appear as atomic 
final-state multiplets (in M~v,v, Niv,v absorption) or atomic-like line spectra (in MIII, 
Lm, n absorption). The configurations are identified from a distribution of intensities 
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at characteristic energies. It is weil known that the precise spectroscopic measure- 
ment of absolute intensities, eren of relative intensities, is a delicate experimental 
task. In the following we briefly address the most important error sources which 
alter the experimental intensities of the absorption lines. 

In transmission geometry falsifications of the 'true' intensities or intensity ratios 
are due to the 'thickness effect' (Parrat et al. 1957, Heald 1983, Heald and Stern 
1977, Stern and Kim 1981, Goulon et al. 1982), pin-holes in the absorption foils, 
'harmonics' in the monochromized X-ray beam, nonlinearities in the detection 
systems and finally to spectrometer broadening. All these types of experimental 
errors result in dampened, distorted lines with wrong intensities. These errors may 
be avoided with the use of state-of-the-art equipment. However, they can be only 
partially overcome in experiments carried out with conventional laboratory set-ups. 
Not surprisingly then the quality of the spectra is different from laboratory to 
laboratory due to the above listed experimental problems. The strongly different 
amplitudes of the Lin absorption of Eu in Eu 20  3 displayed in figs. 2 and 4 may 
serve as an example. 

X-ray tubes emit characteristic lines superimposed on the bremsstrahlung con- 
tinuum. These lines are routinely used for the calibration of the energy axis (_+ 0.5 eV 
in the L- region) according to the tabulated numbers of emission lines (Bearden and 
Burr 1967). Spectrometers in synchrotron labs are usually calibrated from the 
tabulated position of an adjacent absorption edge. Since the calibration point in 
absorption edges is not unambiguously defined (inflection point maxima) the ab- 
solute energy scale in such spectrometers is usually certain within _+ 2 eV. Chemical 
shifts, i.e. shifts in respect with a reference, however, may be recorded with high 
precision (+0.1eV) tracing simultaneously the sample together with the reference 
absorber and a third detection system in line. Hence the energy scale E - E  o of most 
of the (high pressure) spectra, displayed in this chapter refers to a reference sample. 

6. Coneepts of Ln, m absorption in the lanthanides 

The absorption of X-rays by excitation of lanthanide 2p electrons is a simple and 
sensitive probe of the unoccupied lanthanide 5d states. In the following we treat the 
L absorption as a single-particle process. Possible many-electron effects are 
addressed in section 8.2, and in discussing the L absorption in EuPdP2 (section 
10.3), Ce (section 12) and CeO2 (section 14). The experimental evidence for many 
electron effects in L absorption will turn out that they are insignificant. 

According to the dipole selection rules, photoexcitation of a core electron with 
angular momentum l probes the 1 + 1 components of the final state. In the Ln. m 
absorption processes l - 1 transitions (2p ~ 6s) can be neglected. Their probability is 
less than 3% of the l +  1 (2p--. 5d) transition probability (cf., e.g., Barinski and 
Nefedow 1969). The contribution of quadrupolar transitions to the absorption 
coefficient can also be neglected. Qüadrupolar transitions turn out to be important 
only in the higher Z elements (in LII,III absorption for Z > 70). Calculated ratios of 
quadrupolar to dipole transitions for K and L absorption are given in table 2 
(Müller and Wilkins 1984). 
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TABLE 2 
Average ratio of the electric-quadrupole to electric-dipole tran- 
sition probabilities over states up to 40eV above E v for 
different core levels (adapted from Müller and Wilkins 1984). 

Element K (is) L I (2s) LII,III (2p) 

13A1 0.012 0.004 0.001 
29Cu 0.058 0.026 0.010 
47Ag 0.152 0.073 0.029 
70Yb 0.314 0.194 0.063 
79Au 0.397 0.270 0.084 
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LIII,II absorption probes the 4f" + 1 (5d 6s)" - 1 and 4f"(5d 6s)" configurations through 
the detection of 2p 5 (5d 6s) m and 2p 5 (5d 6s) "+ 1 final-state configurations. The conduc- 
tion electron configurations are no more purely atomic as the 4f configurations, due 
to the significant overlap of the 5d and the 6s orbitals with the neighboring atoms. 
However, they certainly may not be thought as devoid of all configurational 
correlations. In both configurations they show the effects of different effective 
charges and are sensitive to the existence of two different atomic volumes and to the 
symmetry of the environment. Most of the LIII,II spectra exhibit more or less broad 
lines superimposed with weak fine structures. Exchange splittings of the L final 
states are small and masked by the relatively large lifetime broadening of the core 
level. Well-split states are caused by the much stronger crystalline or ligand field 
interaction induced from the overlap of the 5d states with the neighboring atoms. 
The distribution of experimentally observed final states, filtered out through the 
selection rules from the total final state multiplet in a crystal, mostly appears as a 
single and asymmetric line with a width of typical '5d bandwidths' of about 5-8 eV 
(corrected for lifetime effects). However these widths are not identical with the 
ordinary single-particle band density of states. Because calculations of such 2p 5 (V)* 
final state configurations (V denote the lanthanide valence electron configuration in 
a crysta! or ligand field) have not been performed up to now (although these type of 
calculations seems to be feasible at least for ionic and covalent compounds), we 
introduce a phenomenological concept of atomic-like spectral densities (or local 
density of outer valence states). 

6.1. The atomic approach 

We write the oscillator strength f of a discrete atomic nl-n'l' transition as 

2me(Eù,r- Ent) 1' 
f (nl-n' l ' )  = 3h 2 2 ( /+  1) [R(nl, n'l')] 2. (3) 

Here n, l denote the quantum numbers of the core state and n', l' of the final state 
where l' = l + 1 only. E~,~,- Eù~ is the excitation energy from the core state to the 
final state, m, is the electron mass, and R(nl, n'l') is the radial matrix element. 

f measures the strength of individual lines in a Rydberg series. The linear 
absorption coefficient #(E) can be expressed (in c.g.s, units) through the differential 
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oscillator strength (spectral density) df/de as 

y (E) -  292e2 N d f  
mec ~ = A Zi dfi/ds,, (4) 

N = number  of absorbing  a toms per unit  cell. A is a constant ,  E = pho ton  energy, 
de~ = energy increment  at i, i = number  of accessible states with dipole symmetry .  

It is useful to treat  the a tomic  absorp t ion  below the ionizat ion (discrete line 
spectrum) and the con t inuum absorp t ion  above  the ionizat ion threshold separately. 
The arctan expression in eq. (1), experimental ly  conf i rmed th rough  the K spectra, is 
a good approx ima t ion  for the con t inuum absorpt ion.  The  a tomic  absorp t ion  lines 
may be interpreted th rough  optical  mult iplets  using the ' Z  + 1' approx imat ion .  The 
validity of this app rox ima t ion  has been successfully demons t ra t ed  in numerous  cases 
of K and L spectra,  first by Par ra t  (1939) in the K absorp t ion  of gaseous At. Here 
the optically determined np Rydberg  series (n >~ 4) of K (Z = 19; ' Z  + 1') nicely fits 
the atomic absorp t ion  lines of 2s ~ 4p (K) X-ray  excitation of Ar ( 'Z') .  The  Z + 1 
potential accounts for the creat ion of the deep core hole. The  inflection point of the 
arctan shaped con t inuum absorp t ion  is located at the series limit, i.e. the first 
ionization potential.  

The L absorpt ion spectra  in lanthanide vapo r s  m a y  be interpreted th rough  this 
type of approximat ion .  Figure 8 models  an a tomic  Lin absorp t ion  spect rum th rough  
a superposition of a lifetime broadened  distr ibution of a tomic  oscillator strengths 
and an arctan shaped cont inous  absorpt ion.  Due to the relatively large core hole 
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Fig. 8. Lanthanide LII I absorption 
constructed from a superposition 
of 2p3/2-nd(n = 5 ~ ~)  atomic 
absorption lines and an arctan 
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series limit (n = oo) of the underly- 
ing optical spectrum. F indicates 
the total LII I core level width 
(3 eV). The resulting spectral shape 
matches that of the LII I absorption 
in lanthanide vapors (fig. 10a). 
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broadening (F = 3 eV) lines other than the n = 5 line of the (schematical) Rydberg 
series cannot be resolved. Obviously the spectral density of the first state describes 
the main part of the spectrum. The n ~ oe stares only broaden the absorption line 
asymmetrically at high energies. The onset of the transitions into the continuum 
stares is located about 6eV (Z + 1 ionization potential) above the position of the 
first state. 

The effective charge seen in the excitation of atoms in molecules is different from 
the Z + 1 approximation. This is observed due to the charge transfer from or to the 
neighboring atoms caused by the chemical binding power. Barinski and Nefedow 
(1969) extend the 'Z + 1 approximation' to a concept of'effective charges' describing 
rather successfully K and L absorption spectra in molecules, ionic and covalent 
crystals. The concept of 'effective charge' replaces the optical series through an 
atomic-like distribution of spectral densities. Assuming a hydrogen-like potential, the 
spectral dertsities are parameterized by r/, an 'effective charge' acting on the 
photoelectron in the open 5d orbital, and n*, the 'effective quantum numbers' of the 
2p-nd final state. Vainshtein et al, (1962) applied this semiquantitative formalism to 
the analysis of the oxidation stare in some RB 6 from the intensities of the atomic-like 
absorption. Due to the rather structureless LH, m absorption lines r/and n* are hard 
to extract from the experimental data. However, the formalism of Barinskii and 
Nefedow (1969) is useful to understand the existing correlations between the total 
line intensities and charge transfers from or onto the lanthanide outer valence 
electron orbitals (cf. section 8.3.1). 

6.2. The X-ray exciton 

The X-ray excitation process frequently is analyzed in terms of an excitonic 
electron hole pair (e.g. Cauchois and Mott 1949). The excitonic approach to X-ray 
absorption spectra accounts for the fact that the excited state is a hydrogen-like 
bound state. The X-ray exciton is different from the well-known optical excitons. In 
the latter cases the ejected electron polarizes a macroscopic fraction of the crystal- 
line volume because the lifetime of optical excitations is in the order of 10-12 s. The 
lifetime of the excited deep core level state, however, is in the order of 10 -15- 
10-16s, much too short to probe more than the direct vicinity of excited atom. 
Following Haken and Schottky (1958) the distance r between the ejected electron 
and core hole of an excited atom for ~ = 1 turns out to be r az [h/(2m*co)] 1/2. Here 
m* denotes the effective mass of the ejected electron, co is the phonon frequency and 

is the dielectric constant. A numerical estimate yields r ~ 10 ,~. Thus the infor- 
mation obtainable in an L m spectrum of the solid is very local; the measurement 
probes essentially the 5d state of the absorbing atom as modified from the atomic 
5d states by its immediate neighbors only. It is not suited to give information about 
extended Bloch states. On the other hand it is well suited to extract information 
about local correlations within the 5d conduction electrons, whose proper treat- 
ment is at the heart of the difficulty of the theory of narrow band materials and 
about chemical binding effects. 
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6.3. The band structure approach 

Müller and Wilkins (1984) developed a band structure approach calculating the 
core level absorption spectra of the 4d and 3d (Müller et al. 1982) elements. The 
same technique has been applied to the calculation of the Liu and L I absorption in 
Gd up to photon energies of 80eV above Ev (cf. fig. 9). The theoretical absorption 
coefficients (solid line) fit to the experimental data (dots) of the absorption 'edges ' ,  
the near edge regions and the extended absorption fine structures (Materlik et al. 
1983a). Hefe we are predominantly interested in the theoretical concept for the 
calculation of the absorption 'edges' (0 < E-<< 20eV). Müller and Wilkins (1984) 
treat the L absorption in Gd as a single-particle process. Many-body effects turn out 
to be negligible except for high kinetic energies of the photoelectron (cf. the dashed 
lines in fig. 9). The absorption spectra are factorized into an 'atomic-like' and a 'solid 
stare' contribution. The solid state contribution is proportional  to the distribution of 
spectral densities obtained from the angular momentum projected band states. The 
band states have been calculated using a periodic muffin-tin (ground-state) potential. 
The local nature of the X-ray excitation (cf. the X-ray exciton) is treated as the so- 
called single sphere (impurity) problem. A single muffin-tin (ground-state) potential 
confined in a sphere of the Wigner-Seitz radius is embedded in a constant potential. 
Thus the atomic-like spectral densities are obtained from core excitations into 
muffin-tin orbitals in a free electron metal. Broadening the spectral density with a 
Lorentzian (sum of the inverse lifetimes of the core level and the excited electron) 
and further convoluting it with a Gaussian, the theoretical absorption coefficient fits 
to the experimental Lni and L I data of Gd. 
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Fig. 9. Experimental (dotted lines) LII I and L I 
absorption of Gd (Materlik et al. 1983a) to- 
gether with spectra calculated from the band 
structure approach of Müller and Wilkins 
(1984) (solid lines). The dashed lines represent 
the calculated spectra obtained by rescaling 
the energy axis by 1.05 (Lm) and 1.07 (LI). 
The two spectra are lined up at the inflection 
points of the absorption 'edges', labelled E F. 
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In the L~ spectrum the maximum at about 12 eV and the shoulder at the threshold 
are found to reflect the p-projected density of states in the band structure of the 
conduction electrons. The L~ spectra give experimental evidence for the well-known 
fact, that in metals the outer p-symmetrical orbitals are strongly hybridized with the 
outer s- and d-symmetrical orbitals. The coincidence of the maximum in the L m 
spectra and the valley ('hybridization valley') in the absorption structure of 
the L1 spectra (fig. 9) is interpreted by Müller and Wilkins (1984) through a phase 
shift of ~ between the 2p-5d (Lm) and 2s-6p (L0 transition matrix elements, cal- 
culated from wavefunctions normalized within the muffin-tin radius of the Wigner- 
Seitz cell. This finding might be helpful for the identification of mixed valent states 
in LI spectra in connection with the analysis of double-peaked Lin spectra. Since 
mixed valent LHI spectra exhibit two high densities of empty 5d states, one expects 
that mixed valent LI spectra exhibit a double staircase feature split by about 8eV. 
Therefore -a systematic comparison of Lm, ii and L I spectra might be useful discerning 
the atomic-like L m j  I absorption from adjacent near edge resonances. 

The band structure approach has of course its limitations in principle and these 
limitations can be to some extent detected in practice. For instance it did not yield 
agreement between theory and experiment with regard to the high energy 
(E - 10eV) peak in the double peaked LIII,II absorption spectra of mixed valent 
cerium (Lengeler et al. 1983a,b; cf. sections 12, 13, 14). Domashevskaya et al. (1984) 
attempted to calculate the double peaked L m spectrum of TmSe through a band 
structure approach, however, they only obtained a single-peaked spectrum in 
between the two integral valent reference spectra. These negative results constitute a 
significant breakdown of the band structure approach for mixed valent materials. 

7. L absorption in the elemental lanthanides 

It is instructive to compare X-ray absorption of the elements in the gaseous state 
with the absorption in the condensed metallic state. L m and L~ spectra of Ce, Sm, 
Gd and Er were recorded by Materlik et al. (1983b) (cf. figs. 10a and 10b) in both 
states. The LIII spectra turn out to be similar in that they exhibit sharp absorption 
lines at thresholds in both aggregates. On condensation Sm and Er undergo a 
valence transition from the divalent gas to the trivalent crystal while Ce and Gd are 
trivalent in both states. The gas to solid valence transitions of Sm and Er can be 
clearly read from the large shifts ( -~ 8 eV) of the 2p core level binding energies. These 
shifts are found to be nearly identical in L m and L~ absorption (cf. section 7.3 and 
chapters 68 and 69 in this volume). The spectral shapes of the LI spectra from the 
absorption in the gas and in the solid, however, turn out to be significantly different. 
We first discuss the LIH spectra in the gas. 

7.1. L absorption in lanthanide vapors 

Consider the LtI t spectrum of Gd. We first restrict ourselves to the analysis of its 
spectral shape. The significant large atomic to solid state binding energy shifts, 
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Fig. 10a. LIt I absorption spec- 
tra of Ce, Sm, Gd and Er in 
the vapor state a t  T v a  p (dotted 
lines) and in the solid state at 
ambient temperature (solid 
lines). The Lorentzian profiles 
(dashed lines) represent fits to 
the 2p-Sd absorptioi~ line (va- 
por state). The deviation of the 
experimental curve from the 
Lorentzian indicates transitions 
into nd (n = oo) states (adapted 
from Materlik et al. 1983b). 

observed in Sm and Er, also expected in Pr, Nd, Dy, Ho, Tm, will be treated further 
below. The spectrum in the gaseous state (dots in fig. 10a) exhibits a pronounced 
peak followed by a rather structureless continuous absorption. The absorption line 
can be fitted with a single Lorentzian of about 4.5 eV (FWHM) as indicated through 

the  dashed line in fig. 10a. It corresponds to the one-electron transition 
2p6/24fT(5d 16s 2) ~ 2p~/z 4fV(5d e 6s z). The deconvolution of the atomic Lni absorp- 
tion spectra is qualitatively demonstrated in fig. 8. There the slightly asymmetric 
shape at high energies is attributed to transitions into the series of bound nd 
states. 

The experimental linewidth and shape of the atomic absorption line in the gas 
clearly demonstrates the absence of many-body effects. The observed width 
(FWHM ~ 4.5 eV) is in good agreement with the calculated number for the total 
natural linewidth from Keski-Rahkonen (1974) (~3eV, cf. fig. 5a) taking into 
account the Æ-7/2 (Fano and Cooper 1968) dependence of the atomic spectral 
density. This observation clearly demonstrates that many-electron effects, which 
could also cause an asymmetric lineshape, do not contribute to the decay of the core 
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Fig. 10b. L 1 absorption spectra of 
Ce, Sm; Gd and Er in the vapor 
state (dotted lines) at Tva p and in 
the solid state (solid lines) at 
ambient temperature. The small 
absorption line observed in the va- 
por state is attributed to 2s-6p 
transitions (adapted from Materlik 
et al. 1983b). 

hole in the gas. This finding is in contrast  to  the interpretat ion of lanthanide LH, m 
spectra in terms of 'giant resonances'  (Bianconi et al. 1982). 'Giant  resonances',  
resulting f rom many-electron processes, are known from the shallow 4d, 5p core 
level spectra (cf. the Nw,v spectrum in fig. 6c and the corresponding discussion in 
section 4). 

The LI spectra f rom the gas can be unders tood in the same manner.  Here the 
atomic resonances corresponding to the one-electron transition 2s 2 4f ~ 5d 16p ° 6s 2 
2sX4f v 5d 1 6p 1 6s 2 are very weak due to the smaller oscillator strengths of the 
s -p  transitions. Nevertheless they are discernible f rom the absorpt ion edge. 
U p o n  condensat ion into the metallic stare, the L1 spectra lose their atomic 
character  completely (solid line in fig. 10b). The L 1 absorpt ion in the solid stare is 
e.g. described th rough  the band structure approach  (cf. section 6.3). 

7.2. LtI I absorption in lanthanide metals 

Upon  condensat ion from the atomic vapors into the metallic crystals, the L m lines 
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do not vanish as one might most naively expect from the formation of a 5d band 
with free conduction electrons. Instead the atomic absorption line remains largely 
intact; it is merely broadened, and acquires a somewhat distorted, asymmetrical 
shape. This observation indicates that the 5d states conserve strongly their atomic 
character upon condensation. However, the overlap of the 5d wavefunctions with 
neighboring atoms (the chemical binding) causes a characteristic variation of the 
atomic spectral shape. 

Interpretations of the lanthanide Lni absorption lines in the framework of many- 
body theories (Mahan 1974, Nozières and De Dominicis 1969) seem to be less 
appropriate by the inspection of the experimental data from both aggregates, the 
vapor and the solid stare. 

LIH absorption spectra of elemental Ce, Pr, Eu, Gd, Tb and Yb recorded by the 
author at ambient pressure and temperature are displayed in fig. 11. Measurements 
of the LIH absorption in the heavy elemental lanthanides (Sm and Gd-Lu) were 
performed by Materlik et al. (1983a). Feldhaus (1982) recorded the L m absorption in 
Eu metal. ~'-Ce and a-Ce (77 K, 0 kbar) and La were measured by Lengeler et al. 
(1983a, 1983b), Lengeler and Zeller (1984). All these recordings were taken with 
modern equipment allowing a precise determination of the lineshapes and ampli- 
tudes. The ratio of the absorption maximum to the absorption jump, measured 
relative to the background before the threshold, was found to be 2.3 _+ 5~o in Sm 
(2.04 by Kushwaha et al. (1974) from a photographic recording) and in the trivalent 
heavy (hcp) lanthanides, while it is considerably smaller (---1.9) for the divalent 
element Yb, crystallizing in the fcc structure. Divalent Eu, on the other hand, 
exhibits a normalized amplitude of 2.08_0.01 (Röhler 1986b). The significantly 
smaller amplitudes determined in Ce and Tm by Bianconi et al. (1981), in Eu by 
Finkel'shtein et al. (1974) indicate strong experimentally caused nonlinearities 
presumably due to the sample preparation techniques. The LIH binding energy 
measurements in Tb and Tm-Lu by Padalia et al. (1974) exhibit similar strongly 
dampened amplitudes and therefore result in line positions deviating nonsystemati- 
cally from those tabulated by Bearden and Burr (1967). Padalia et al. (1974) 
attribute small bumps at the onset of the absorption line to be quadrupolar 
transitions into unoccupied 4f states. The quadrupolar transition probabilities, 
however, are very weak (cf. table 2) and the observation of these transitions could 
not be reproduced in recordings with a properly defined background. 

7.3. The distribution of atomic-like spectral densities and the atomic volume 

Figure 11 (left-hand side) displays the normalized L~~ 1 absorption spectra of 
elemental Ce, Pr, Gd, Tb and Yb together with the spectrum of Eu (dashed line) 
plotted as reference. The positions are aligned at E 0 defined by the intersection 
points of the extrapolated high-energy absorption with the leading edge of the 
absorption lines. Apparently the divalent elements Eu and Yb exhibit distinctly 
narrower absorption lines than the trivalent elements. Consider the absorption lines 
of the trivalent elements Pf, Gd and Tb. Notwithstanding the different crystalline 
structures dhcp (Pr) and hcp (Gd, Tb), the width (measured at the average of the 
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Fig. 11. (Left-hand side) LII I absorption 
spectra of Ce, Pr, Gd, Tb and Yb (solid 
lines) ligned up with the LII I absorption 
spectrum of Eu (dashed lines) at E 0. E o 
defines intersection of the atomic-like ab- 
sorption lines with the average absorption 
at high energies. (Right-hand side) The 
same spectra as on the left side, however, 
the energy axis is scaled with (R/REu) 2, R 
denotes the metallic radii in Ä, REu is the 
metallic radius of europium from Matthias 
et al. (1967). 

with the lanthanide contraction. high-energy absorption, # d =  1) increases 
Seemingly this width of the L m absorption lines varies with the atomic volume (or 
the Wigner-Seitz radius) of the lanthanide atoms. The spectrum of mixed valent •- 
Ce exhibits a shoulder at high energies and therefore deviates from the systematics. 

Figure 11 (right-hand side) plots the same spectra of Ce, Pf, Gd, Tb and Yb on 
the energy scale E - E  o factorized by (R/REu) 2. Again the Eu reference spectra are 
indicated by dashed lines. R denotes the metallic radii (equivalent to the Wigner- 
Seitz radii), REu = 2.052 A is the metallic radius of Eu. Using the metallic radii from 
Matthias et al. (1967) this rescaling aligns the spectra of the trivalent elements and of 
divalent Yb with the linewidth (#d = 1) of Eu. Clearly the amplitudes remain 
unchanged. The observed scaling behavior of the widths (at /M = 1) may be 
understood from the kinetic energy of free electron stares in a given volume. 
Assumed that the empty 5d states are projected free electron stares inside a sphere 
with the metallic radius R. Then a change of the relative volume rescales the energy 
dependence of the density of states with (V/Vo) 2/3 ~ (R/REu) 2 (cf. section 6.3 and 
Müller and Wilkins (1984), Albers et al. (1985)). Surprisingly the scaling procedure 
works already using the ground-state volumes. Since we ignored the volume effect on 
the energy dependence of the 2p-5d transition matrix element, we do not expect 
coinciding amplitudes. However, the relative widths (at/~d = 1) mäy be taken as a 
relative measure of different Wigner-Seitz volumes in different valence states, at least 
in good metals. In homogeneously mixed valent systems these widths are in general 
different in the two valence states, also. This means that the Thomas-Fermi kinetic 
energy of the 5d electrons depends on the individual valence stares and is trans- 
lationally invariant in compounds only on time scales larger than the longest 
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lifetimes Tù o r  T h +  1 . At shorter time scales, the homogeneously mixed valent 
material is better viewed as an alloy; in fact the Lm experiment can only probe this 
alloy aspect (cf. section 8). In most mixed valent spectra the individual widths can be 
disentangled from the other spectroscopic parameters (cf. eq. (7)). Correlations of 
these numbers with, e.g., the fractional valence will be addressed in section 12. 

8. Mixed valence in lanthanide solid state physics 

Since 1970 or so lanthanide mixed valence has moved into the centre of interest of 
fundamental solid state research. The increasing amount of the experimental and the 
theoretical work in this field is, e.g., documented in the 'Proceedings of the 
International Conferences on Valence Fluctuations' (Parks 1977, Falicov et al. 1981, 
Wachter and Boppart 1982, Müller-Hartmann et al. 1985). 

X-ray absorption spectroscopies, i.e. M~v,v and LII,III absorption are routinely used 
in the physics of mixed valence for the identification of the atomic conf~gurations 
and the measurement of their relative fractions. In particular LHr absorption has 
acquired an increasingly important role in this field. At the same time the com- 
plexity of the mixed valence problem stimulated also much basic theoretical and 
experimental work on the X-ray processes in the lanthanides. In the following we 
shall first outline our basic concept of mixed valence in lanthanide solids. For more 
details of this concept we refer to Wohlleben and Coles (1973) and Wohlleben 
(1984a, 1984b). We then give a general description of the information obtainable on 
mixed valence by LIH absorption. 

8.1. Homogeneous mixed valence 

In mixed valence materials macroscopic and microscopic measurements indicate 
the coexistence of two adjacent valence stares of the lanthanide atom. There are two 
types of such solids. In one the two valence states occur on crystallographically 
distinguishable sites (inhomogeneously mixed valence). The main interest is in the 
other type, where the lanthanide atoms occupy only sites with identical point 
symmetry (homogeneously mixed valence). Such solids are certain intermetallic 
compounds and related sufficiently dilute lanthanide alloys and certain elements. 

The focus of interest in homogeneously mixed valence is the 4f electron de- 
localization. In normal lanthanide solids (which have by definition integral lan- 
thanide valence), the number of inner 4f electrons is integral. Moreover the 4f 
electrons then remain completely localized on a given lanthanide atom as all other 
inner core electrons; there is no 4f band formation. The outer 5d6s valence electrons 
are delocalized conduction electrons (Wannier states of the solid). 

In a homogeneous mixed valent material an electron must temporarily leave the 4f 
shell. After the valence transition from 4 "+1 to 4f" it occupies one of the Wannier 
stares of the outer 5d6s shell on the atom in question. It may get there in more than 
one intermediate step, but it must end up in the valence electron shell of the same 
atom because of local charge neutrality, at least in a metal. In the reverse transition 
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this or another electron will come back to the 4f shell. Thus in homogeneously mixed 
valent materials the 4f electron is effectively delocalized. 

A rather successful description of the dynamics of 4f electron delocalization is in 
terms of valence fluctuations. The coexistence of two valence stares on a single site 
implies average fractional valence of each lanthanide atom. Unless stated otherwise, 
by an integral valence state we mean the state of an electrically neutral configuration 
of a lanthanide atom. This state compromises several subconfigurations: that of the 
inner Xe core [Xe], that of the inner 4f shell (4f") and that of the outer 5d6s shell 
(5d6s)". n is the number of f electrons and m counts the electrons in the (5d6s) sheli 
(valence electrons). The dynamics of a valence fluctuating atom is described through 
three timescales: the transition time T t between the two states of different valence (an 
effective tunneling time) and the lifetimes Tù and Tù+ 1 in the two valence states with 
n and n + 1 4f electrons. The transition time has a lower limit of about 10 -1» s, 
given by the inverse conduction electron bandwidth. In ordinary valence fluctuators 
the lifetimes are of the order 10-13 s, but they can reach 10-1 ~ s at low temperatures 
in the so-called heavy fermion systems. The atomic correlations within the two 
valence states become the more important  the longer the lifetimes Tù + 1 and Tù are 
compared to the transition time T t. Long lifetimes Tù+ 1 and Tù compared to the 
transition time are therefore a necessary prerequisite for the validity of the concept 
of valence fluctuations. 

Because of the long lifetimes Tù+~ and Tù the 4f delocalization is characterized by 
slower timescales than that of all other partially filled atomic (s, p and d) shells. The 
effective f bandwidth, which may be identified with the lifetime widths h/Tù and 
h/Tù+ 1, is e.g. at least one order of magnitude smaller than the bandwidths of delo- 
calizing d shells; in the extreme case of so-called heavy fermion systems, the 
effective 4f bandwidth is of order 1 meV. 

Accordingly we define fractional valence by the time-averaged ratio of the 
occupation probabilities of the two integral valence states. If the population of the 
higher valence state is v, the fractional valence is defined by 

v = vl + v, (5) 

v~ is the valence of the lower integral valence state. This definition of fractional 
valence rests on the assumption that there are two and only two atomic valence 
configurations with finite amplitude in the ground and excited states of the solid, 
such as [Xe]4f "+~ 5d 1 6s 2 and [Xe]4f" 5d 2 6s 2, with a one-to-one correspondence in 
the number of inner 4f and outer 5d6s electrons. In principle it is possible to have a 
more complicated situation, for instance, three configurations like [Xe]4f" + 1 5d o 6S 2, 
[Xe]4f" 5d ° 6p 1 6s 1 and [Xe]4f" 5d 1 6s 2. Optical spectroscopies and thermodynamic 
data (Brewer 1971) suggest that in Eu and Yb these three configurations are close in 
energy (within 2eV) in neutral atoms. Note  that while all three atomic configu- 
rations differ with respect to the valence electron configurations, two have the same 
4f shell configurations. In such a oase the definition of fractional valence via 
configurational ratios becomes more complicated. So far there is no clear experim- 
ental evidence for such a situation, hut the possibility should be kept in mind. 

A thorough understanding of homogeneously mixed valent lanthanide solids 
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promises control over the general problem of narrow band solids which is also 
encountered in actinide and transition metals. This problem is theoretically very 
difficult; single electron band theory, e.g., seems to be inadequate. Hence the intense 
experimental and theoretical activity in lanthanide mixed valent solids. 

8.2. X-ray absorption in mixed valent systems 

As pointed out in section 4, X-ray absorption spectroscopies with d-f  symmetry 
(M~v,v, N~v,v ) prove directly the inner 4f configurations; while those with p-d sym- 
metry (LII,tI1 , MII1) probe the outer valence electron configurations. Miv,v absorption 
exhibits rather sharp final-state multiplets which may serve as fingerprints of the 4f 
configurations. The atomic final state multiplets of the M~v,v spectra reproduce 
unambiguously the localized nature of the 4f configurations, i.e., the solid state 
exhibits well-defined atomic configurations. If delocalization effects in the solid state 
occur, the Miv, v absorption spectroscopies observe them through a second (atomic) 
4f final-state multiplet. In other words: Miv,v absorption spectra prove directly, that 
4f delocalization in the lanthanides is synonymous with the coexistence of two 4f 
configurations. Even strong 4f delocalization is unable to break up the individual 
Hund-rule correlations within the two 4f configurations. Accordingly the mixing 
ratio of the two 4f configurations and their adjacent valence electron configurations 
is considered to be a key parameter for understanding 4f delocalization phenomena. 
Hence the strong activity in the field of spectroscopic valence measurements through 
X-ray absorption. Table 3 summarizes most of the numbers obtained up to now 
from LII I absorption. 

The application of M~v,v absorption to valence measurements is still at its infancy 
at this time, although first studies were started already in 1973 by Ottewell et al. 
(1973) and recently continued by Kaindl et al. (1983b, 1984) and by van der Laan et 
al. (1986). Analytic procedures for the extraction of the 4f occupation numbers from 
two complicated and superimposed Mxv,v final-state multiplets require the existence 
of reliable theoretical calculations of their intensities and positions in each valence 
state, which are available only recently (Thole et al. 1985). In addition the special 

experimental problems of M~v,v absorption, e.g., saturation effects and surface shifts 
diminish drastically the potential of Miv,v absorption as a tool for high-preeision 
valence determinations. 

In LH, m absorption there is no more detailed information on the stare of the 4f 
shell as in the 3d94f "+1, 3d94f" final-state multiplets as in Miv,v absorption. 
Identification of the different 4f configurations involved in the mixed valent state can 
only be done indirectly by identifying the corresponding two outer valence electron 
configurations at characteristic binding energies. The individual L~~~,I~ line intensities 
may be obtained from a straightforward integration procedure (section 8.3.). By the 
relative strength of the two peaks, L m absorption measures the ratio of the two 
lifetimes Tù and Tù + a or the degree of fractional valence. This valence measurement 
was the original motivation for L m absorption measurements on mixed valent 
materials, and is still the most important one. The LIH method turned out to be in 
general superior to all other measurements of the fractional valence. The main 
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TABLE 3 
Lau valence summary  for lanthanide systems with instable lanthanide atoms. In those cases where va- 
lence numbers  were not  given, we list estimates in parentheses (see section 8.3). M/R under column x 

means 'matrix to lanthanide ratio'. 

Lan thanum x v T [ K ]  p[kbar ]  Ref. 

LaAI 2 3 300 0 1 
2.9 300 0 75 

LaCu2Si 2 3 300 0 1 

LaF 3 (3) 300 0 2a 
3 300 0 1 

LaGe2 (3) 300 0 35a 

LaNi5 (3) 300 0 45 

LaNi•Ge 2 3 300 0 1 

LaNi2Si 2 3 300 0 1 

La203 (3) 300 0 2a 

LaPd 3 3 300 0 1 
(2.88) 300 0 3a 
(3) 300 0 45 

LaPO 4 (3) 300 0 2a 

LaRu z (3) 300 0 45 

LaSb (3) 300 0 2a 

LaSi 2 (3) 300 0 35 

Cerium x v T [K] p [kbar] Ref. 

Ce 3.03-3.32 300 (~120 42 

7-Ce (3.03) 300 0 4 la  
3 300 0 33a 

ct-Ce (3.2) 77 0 4 la  

(Ceo.o5 Zr)B12 3.0 300 0 70a 

PdCe 2~o (3.37) 300 0 4 la  

Sc_Ce 4.5~o (3.20) 300 0 41a 

YCe 3.7~ (3.06) 300 0 41a 

YbCe 4.6~ (3) 300 0 41 

Ceo.17 Lao.83 3.01 300 0 31 

Ceo.12 Sco.88 3.08 300 0 31 

Ceo.17 Tho.s7 3.16 300 0 60 

Ceo.ls Yo.85 3.01 300 0 31 

Ce in IN HzSO z 3+/4 + 300 0 82 
solution 

Ce in 6N HC10 4 3+/4 + 300 0 82 
solution 

Ce in H 2 0  acidified 3 300 0 82 
with H N O  3 
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TABLE 3 (cont.) 

Cerium x v T [ K ]  p[kbar]  Ref. 

CeA12 3.0 300 0 1, 26 
3.038 _+ 0.002-3.042 _+0.002 300-9 0 4 

3.02-3.26 300 0-120 75, 20 
> 3.00 300 0 35 

amorphous 3.0 300 0 61 

Cel_xScxA12 3 300 0 26 
3.07 300 0 26 

CeAI 3 3.091 +_0.002-3.094+__0.002 300-9 0 4 

CeAu2Si 2 3 300 0 31 

Ceße13 3.10_+0.05 300 0 5a 
3.04 300 0 8 

3.04--3.39 300 0-160 77 

CeCd 3 3.0 300 0 31 

Cez4Coll 3.08 300 0 31 

CeCo 2 3.27 _+0.05 300 0 1 
3.32 300 0 31 
4 300 0 53a, 72 

CeCo 5 3.20 ± 0.05 300 0 5a 
3.29 ±0.01 300 0 26 

3.29 300 0 31 

C%Co17 3.29 300 0 31 

CeCo2Ge 2 3.09 300 0 31 

CeCo2Si 2 3.19 300 0 31 
3A5_+0.02 300 0 55 
3.18 ___0.02 300 0 62 

CeCu 2 3 300 0 31 

CeCu 5 3 300 0 31 

CeCu 6 3.118-t-0.002-3.115±0.002 300-9 0 4 

CeCu2Ge2 3.01 300 0 31 

CeCu2Si 2 3 300 0 1 
3.03 300 0 8 
3 300 0 33 
3.07 300 0 31 

3,066_+0.002-3.068+_0.002 300-15 0 4a 
3.105 _ 0,002-3.115 ±_0.002 300-9 0 4b 

-«3.02 3OO 0 55 
3.054+_0.02-3.394-+0.03 300 0-200 78a 

(Ce 1 _xThx)Cu2Si 2 0 3.08 300 0 60 
0.6 3.03 300 0 60 

CeF 4 3.85 _+0.06 300 0 la  

3.87+_0.03 300 0 sect. 14 

CeFe 2 3.30 ±0.05 300 0 1 
3.27 300 0 31 

Ce2Fel ~ 3.28 300 0 31 
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Cerium x v T [K] p [kbar] Ref. 

Ce(Fel _ x Mnx) 0.25 
0.5 

CeFe2Ge 2 

CeFe2Si2 

CeGe 2 

Celn3. 

CelnAu 

CelnAuz . 

Celr 2 

Ce(Irx Ph  - ~)2 

CeMn2Ge 2 

CeMn2Si z 

CeN 

CeTNi3 

CeNi 

CeNi z 

CeNi3 

Ce3Ni7 

CeNi 5 

Ceo.1 Ro.9 Nis 

CeNi 2 Ge 2 

CeNi z Si 2 

1 

0.8 
0.7 

R = La 
Ce 
Pr 
Gd 
Er 
Lu 

0.5 
0 

3.24 300 0 31 
3.18 300 0 31 

3.05 300 0 31 

3.18 300 0 31 
3.21 +0.02 300 0 55 
3.18+0.02 300 0 62 

3 300 0 35 

3.02 300 0 1 

3 300 0 1 
3.03 300 0 8a 

3 300 0 1 
3.05 300 0 8b 

3.23 _+0.05 300 0 1 
3.2 300 0 35 

3.24 _+0.01 300 0 74 
3.215 +0.01 300 0 74 

3.22 _+0.01 300 0 74 
3.18 _+0.01 300 0 74 

3.095 +_0.01 300 0 74 

3.01 300 0 31 

3.13 300 0 31 

(-) 300 0 41b 

3.03 300 0 31 

3.06 300 0 31 

3.26 _+ 0.05 300 0 1 
3.25 + 0.05 300 0 5a 

3.20 300 0 31 

3.27 300 0 31 

3.28 300 0 31 

3.32 + 0.05 300 0 1 
3.20 + 0.05 300 0 5a 

3.29 300 0 31 
3.15 300 0 59 

3.13 300 0 59 
3.15 300 0 59 
3.14 300 0 59 
3.15 300 0 59 
3.15 300 0 59 
3.16 300 0 59 

3.07 +0.02 300 0 8 
3.06 300 0 31 

3.20 +0.02 300 0 1 
3.15 300 0 31 

3.17+0.02 300 0 55 
3.15 + 0.02 300 0 62 
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TABLE 3 (cont.) 

Cerium x v T [K] p [kbar] Ref. 

(Ce 1 _ xThx)Cu a Si 2 0 3.19 300 0 60 
0.58 < 3.19 300 0 60 

CeNO 3 3 300 0 2 

CeO z 3.65 +0.06 300 0 la  
3.32 +0.05 300 0 1 

4 300 0 5a 
3.50 300 0 27 

3.85 _+0.05 300 (~260 81, 
sect. 14.2 

CeOs 2 3.24 300 0 75 

CeOs2Si 2 3.08 300 0 31 

CePb 3 3.21 300 0 1 b 

CePd2Si 2 3.01 300 0 31 
3.0 300 0 35a 

Ce(Pd I x Agx)3 1.0 3.00_+0.02 300 0 31 
0.2 3.08 + 0.02 300 0 32 
0.13 3.00 300 0 52 
0.09 3.01 300 0 52 

0.05 3.06 300 0 52 

CePd 3 3.16 _+0.02 300 0 32 
3.15 +0.05 300 0 5 

3.10 300 0 52 
3.17 300 0 26 

3.23 _+ 0.05 300 0 1 
3.29 _+0.05 23 0 1 

amorphous 3.29 300 0 61 
3.17 300 0 61 

Cel - x Lax Pd3 0.0 3.17 300 0 26 
0.4 3.23 300 0 26 
0.75 3.09 300 0 26 

Cel - x Yx Pd3 0.0 3.17 300 0 26 
0.1 3.22 _+ 0.02 300 0 32 
0.2 3.23 _+ 0.02 300 0 32 
0.25 3.22 _+ 0.02 300 0 32 
0.4 3.28 4-0.02 300 0 32 

3.29 300 0 26 
0.78 3.32 _+ 0.02 300 0 32 

Cel_xThxPd3 0.0 3.17 300 0 26 
0.4 3.10 300 0 26 

CePQ (3) 300 0 2a 

CePt2Si 2 3.0 300 0 31 

CeRh 2 3.24 _+ 0.02 300 0 8 

CeRh2Si 2 3.02 300 0 31 
3.0 300 0 35a 

(3.05) 25-300 0 54 
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Cerium x v T [K] p [kbar] Refi 

Ce(Pdl _xRhx)3 0.05 3.13 300 0 52 
0.1 3.20±0.02 300 0 32 
0.116 3.17 300 0 52 
0.16 - 3.19 300 0 52 
0.20 3.20 300 0 52 
0.25 3.21 300 0 52 
0.30 3.21 300 0 52 
0.35 3.28 ±0.02 300 0 32 
0.40 3.21 300 0 52 
0.6 3.27 ±0.02 300 0 32 

3.29 ±0.05 300 0 1 
3.21 300 0 52 

3.15 ±0.05 300 0 5a 
3.27 ±0.02 300 0 32 

3.30 300 0 8 

3.03 300 0 31 
3.0 300 0 35a 

3.20±0.05 300 0 5 

3 300 0 7 

3 300 0 7 

3 300 0 7 

3.05 300 0 35 

3 300 0 1 
3.02 300 0 8 

(3.9) 300 0 2a 
3.85 300 0 d. sect. 14 

CeTe 3 300 0 7 

Ce3Te4 3 300 0 7 

CeZn2 3.01 300 0 31 

CeRh 3 

CeRu 2 

CeRu 2 Si z 

CeRu4 B 4 

CeSb 

CeSbo.o» Teo»s 

CeSe 

CeSi 2 

CeSn3 

C e ( S Q h  

Praseodymium x v T [K] p [kbar] Ref. 

Ar/Pr M/R=580: l  
Kr/Pr 580:1 

(PrxZr)B~/ 0.01 
0.045 
0.15 

PdPr 3% 

PdPr 1.4~o 

PrAI2Ga 2 

PrCo 2 

PrCo 5 

PrCu2Ge 2 

2.42 5 0 10 
2.40 5 0 10 

3.0 300 0 70 
3.0 300 0 70 
3.0 300 0 70 

3.10 300 0 23 

3.10 300 0 23 

3 300 0 48a 

3 300 0 1 

(3) 3O0 0 45 

3.00 300 0 40 
3 300 0 48 
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TABLE 3 (cont.) 

Praseodymium x v T [ K ]  p[kbar]  Ref. 

PrCu2Si 2 3 300 0 48 

PrGe/ 3 300 0 35 

Prlr 2 3 300 0 35 

PrNi 2 (3) 300 0 45 

PrNi 5 (3) 300 0 45 

Pr203 3 300 0 1 

Pr6011 3.17 +0.05 300 0 1 

PrO 2 3.40 300 0 27 

PrPd 3 (3) 300 0 45 

PrRu z (3) 300 0 45 

PrSi 2 3.00 300 0 35 

Neodymium x v T [ K ]  p[kbar]  Ref. 

Ar/Nd M/R = 940:1-180:1 2.33-3.0 5 0 10 

Samarium x v T [Kl p [kbar] Ref. 

SmA12 3.0 300 0 9 
3.0 300 0 36 

Ar/Sm M/R =440:1-6:1 2.0-2.8 5 0 10 
Kr/Sm M/R = 135:1-3.5:1 2.0-2.8 5 0 10 

StoB 6 2.6-2.53 300-4.2 0 24 
2.6-2.81 r 300 0-100 80 

Sm 1 xBaxB6 0M3.9 2.57-3.0 300 0 57 

Sm1 _ xCaxB6 0-1.0 2.53-2.72 300 0 57 

Smo.1Dyo.9 B6 2.42 300 0 57 

Sml_xEuxB 6 0M3.9 2.53-3.0 300 0 57 

Sm1 - x Gd~ B 6 0~ .9  2.53-2.34 300 0 57 

Sml_xLa~ß 6 04).75 2.6-2.30 300 0 28 
0.25 2.44-2.35 300-4.2 0 24 

0-0.70 2.53-2.36 300 0 57 

Sm 1 _xSr~ß 6 (YO.72 2.6-2.8 300 0 28 

Sma -~YbxB6 0-0.88 2.6-2.95 300 0 28 
0.9 2.85 300 0 57 

Sm 1 _xYxB 6 04).82 2.6-2.30 300 0 28 

Sm 1 xThxB 6 0M3.88 2.6-2.25 300 0 28 

Sm4Bi 3 (2.2) 300 0 49a 

SmCu/Ge 2 3.0 300 0 37 
3.0 300 0 40 

SmO 2.0 10 0 11,6 
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Samarium x v T [ K ]  p[kbar ]  Rel. 

8m0o.o78o.93 

Sm203 

SmS 

Sm1 -:,AsxS 

Sm 1 :,Sc~S 

Sm1 xPxS 

Sml_~Pr~Sl_~Sex 

Sm,_=Gd~S 

Smo.75Yo.25S 

Smo.8 Yo.2 S 

Sm2S 3 

Sm3S 4 

SmSb 

SmSe 

SmTe 

0.04 
0.25 

0.09 
0.14 
0.19 
0.24 
0.29 

0.1 
0.3 

0.14 
0.18 
0.18 
0.18 

2.55 10 0 11 

3.0 300 0 85, 7 

2 300 0 7 
2.10_+0.02-2.90_+0.02 300 0-72 12, sect. 9.1 
2.12_+0.05-2.42_+0.05 300 0-7.5 13 

2 300 0 37 
300 0 51 

2.1 300 0 76 

2.25 300 0 76 
2.60 300 0 76 

2.30 300 0 81 
2.63 300 0 81 
2.82 300 0 81 
2.61 300 0 81 
2.49 300 0 81 

2.6 300 0 76 
2.75 300 0 76 

2.04-2.10 300 0 14 

2.32 25-300 0 44 
2.20-2.50 44-300 0 7a 
2.30-2.60 44-300 0 7b 
2.32-2.58 25-300 0 44 

2.40 ± 0.04 77 0 15 
2.53 _+0.04 300 0 15 

2.22-+0.05-2.53-+0.05 77-300 0 15 

3 300 0 51 

2.62 300 0 51 

3 300 0 6 

2.18 _+0.03-2.58 _+0.03 300 0-55 sect. 9 

>2.0 300 0 7 

Europium x v T [K] p [kbar] Ref. 

Eu 

EuA12 

EuA12Ga z 

EuAg 2_ ~ Co~ Si 2 

EuC 

0.0 
0.6 
1.0 
1.4 
1.6 
1.8 
2.0 

2.03 _+ 0.03-2.64 _+ 0.02 300 0-340 16 
2 300 0 79, 83, 50a 

> 2.0 300 0 9 
2.0 300 0 36 

2 300 0 48a 

2.0 300 0 22 
2.05 _+ 0.02 300 0 22 
2.06 + 0.02 300 0 22 
2.13 +0.02 300 0 22 
2.42 _+0.02 300 0 22 
2.82 _+0.02 300 0 22 
3.00 _+ 0.02 300 0 22 

2 300 0 79 t 
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Europium x v T [ K ]  p[kbar]  Ref. 

EuC 2 

EuC 6 

EuCI 3 

EuCo2Asz 

EuCo/P 2 

EuCu2Ge / 

EuCu2Si 2 

Euo.07 Y0.93 Cu2 Si2 

EuCuSi 3 

EuCuj .» Si2. 5 

EuCu2.2» Si~.v5 

EuF 2 

EuF 3 

EuFe2Si2 

EuNi2Si 2 

EuNi2P 2 

EuO 

Eu203 

Eu304 

Euo.gs Smo.o50 

EUo.92 Smo.o8 0 

Eu202S 

EuPd 3 

EuPd3B 

EuPd 3 Beo.5 

EuPd3 Sio.25 

EuPd2Ge2 

0.25 
0.5 
0.5 
0.75 
1.0 

2 300 0 79 

2 300 0 79, 82 

3 300 0 79 

2.055 4-0.05 300 0 46a 

2 300 0 29 

2 300 0 37, 40, 49 
2.17_+0.01 300 0 46a 
2.11 _ 0.04 300 0 1 

2.6-2.76 300-20 0 17, sect. 10.1 
2.4 300 0 22 

2.6-2.8 300-77 0 49 

2.65-2.80 6-300 0 18, sect. 10.1 

2.0 300 0 43 

2.2 300 0 43 

2.55 300 0 43 

2 300 0 79 

3 300 0 37 

2.94 _+0.02 300 0 22 

2.9 300 0 21 

2.6 77 300 0 29 
2.58 _+ 0.05-2.43 _+ 0.05 1 5-300 0 58 

2.09-2.40 300 0-300 19 
2 300 0 7 

(2.08) 300 0 51 

3 300 0 7, 51, 79a 

2.65 _+0.05 300 0 51 

2.0 300 0 7 

2.0 300 0 7 

(2.9) 300 0 51 

3 300 0 56 
2.95 300 0 76 
3 300 0 79 

2.95 300 0 76 
2.6_+0.1 95-300 0 56 

2.6 300 0 76 
2.6 300 0 76 

2.4 +0.1 95-300 0 56 
2.5 300 0 76 

2.95 300 0 76 

2.95 300 0 76 

2 300 0 30 
2.10_+0.01 300 0 46a 

2.05 4- 0.01-2.07 _+ 0.01 300 0 46c 
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Europium x v T [ K ]  p[kbar]  Rel. 

EuPd 2 Si 2 2.19-2.60 300 (~29 12 
2.36-2.70 300-20 0 17 
2.30-2.70 300-120 0 30 

2.29_+0.03-2.72+0.03 " 300-15 0 58a 
2.33-2.76 300-77 0 63 

EuPd2P 2 2.15 _+0.05 300 0 25 
2.15_+0.01 300 0 46a 
2.11 _+0.01 300 0 46b 

2.17_+0.03-2.46_+0.03 300 0-170 sect. 10.3 

Euo.o» Yo.95 Pd2 P2 2.20 _+ 0.01 300 0 46a 

EuRu 2 Si 2 3.0 300 0 30 

EuS 2 300 0 51 

o~-Etl2 S 3 2.66 _+0.02 300 0 51 

Eu2 $3.81 2.77_+0.02 300 0 51 

Eu 3 S 4 2.63 _+0.02 300 0 51 

EuTe 2.0 300 0 7 

Euo.sYbo.sTe >2.0 18 and 300 0 7 

Terbium x v T [ K ]  p[kbar]  Ref. 

(Tbo.o» Zr)B12 3.0 300 0 70 

TbA12 3.0 300 0 36 

TbCu2Ge 2 3.0 300 0 36 
3.0 300 0 36, 40 

TbCu/Si/  3.0 300 0 36, 40 

TbMn 2 3.0 300 0 36, 37 

TbO 2 3.7 300 0 27 

Thulium x v T [K] p [kbar] Ref. 

TmAle 3 300 0 38, 36 

TmCuzSi2 3 300 0 38 

TmCu2Ge2 3 300 0 36,40 

TmGa2 3 300 0 38 

TmMn/  3 300 0 38 

TmNi 3 300 0 38 

TmNi/  3 300 0 38 

TmNi3 3 300 0 38 

TmNi5 3 300 0 38 
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Thulium x v T [ K ]  p[kbar]  Ref. 

Tm2Nilv 

;rms 
Tml-~La~S 

TmSe 

Tm~La 1 xSe 

Tm:,Yb~ _~Se 

Tm~Y 1 :,Se 

TrnMn 2 

TmTe 

3 300 38 

< 3.00 300 34 

0 3.00 _+ 0.02 300 64 
0.15 3.00 _+ 0.03 300 64 
0.30 2.95 _+ 0.03 300 64 
0.75 2.90 _+ 0.03 300 64 
0.90 2.88 +0.03 300 64 

2.58 _+ 0.07 300-10 34 
2.6 300 65 

2.665_+0.005-2.675 300-30 67 
2.65 _+ 0.02 300 1 
2.6f~2.77 300 12a, sect. 9.2 

0.03 2.735 +0.005--2.63 300-30 67 
0.05 2.72 _+ 0.02 300 1 
0.1 2.760 ___0.005-2.727 300-30 67 

0.43 2.45 _ 0.05 300 66 

0.05 2.62 -+ 0.005-2.54 300-30 67 
0.1 2.635 _+0.005 -2 .57 300-30 67 
0.2 2.64 _+ 0.005 300 67 
0.25 2.654 +- 0.005-2.57 300-30 67 

3 300 36, 37 

> 2.00 300 34 

Ytterbium x v T [ K ]  p[kbar]  Rel. 

Yb 2.0 +0.03-2.92 _+ 0.08 300 0-330 13, 21 

300 0-58 sect. 11.2 

YbAI 2 2.3-2.6 300 0-30 12 

YbAI 2 2.4 + 0.05 300 0 1 

YbA12Ga2 2 300 0 48a 

YbCuA1 2.95 _ 0.05 300 0 1 

YbCuzGe / 2 300 0 40,49 

YbCu2Si / 2.90 _+0.05 300 0 1 
(2.8) 300 0 49 

YbInAu 2.18 __+0.05 300 0 1 

YbInAu 2 2.68 +_0.05 300 0 1 

YbInPd 2.50 +_0.05 300 0 1 

YbNi2Ge 2 2.80 _+ 0.05 300 0 1 

Yb/O 3 3.0 300 0 1 

YbPb 3 2.15 300 0 1 

YbPd 2.807_+0.002 2.822+0.002 10-300 0 71 



X-RAY ABSORPTION AND EMISSION SPECTRA 

TABLE 3 (cont.) 

497 

Ytterbium x v T [ K ]  p [kbar] Ref. 

YbPd2Si2 

YbPt 2 

Yb2S3 

Yb3S4 

YbS 

Yb4Sb 3 

YbSe 

YbZn 2 _ ~ Cu~ P2 

YbZn 2 x CUxAS 2 

0 
0.25 
0.50 
0.75 
1 

0 
0.25 
0.50 

2.89 +0.08-2.82 ___0.08 300-16 0 73 

(2.0) 300 0 49 

3 300 0 5l 

2.66 _+0.02 300 0 5l 

(2.15) 300 0 51 
2.08 _+ 0.03-2.52 _ 0.03 300 0-300 69 

2.66 300 0 68 

2 300 0 l 

2.35 300 0 l 
2.58 300 0 1 
2.74 300 0 1 
2.89 300 0 l 
3.00 300 0 1 

2.14 300 0 1 
2.35 300 0 l 
2.53 300 0 l 

References and comments for table 3 

1. Bauchspiess et al. (1981), Bauchspiess (1982) 
(a) Valence analysis from a superposition of two split lines with proper consideration of the chem- 
ical shift with respect to metallic Ce systems. 
(b) Sample presumably oxidized (CeOz). Valence is estimated to be close to three. 

2. Bianconi et al. (1985) 
(a) The La compounds  are labelled to be f0 systems. 

3. Marcelli et al. (1985), Bianconi et al. (1984a) 
(a) The significant intensity at the low-energy side of the spectrum is assigned to be a 12~o con- 
tribution of a La (4f l) Pd(4d 8) final-state configuration. 

4. Klug et al. (1985), Klug (1986) 
(a) Nonsuperconduct ing sample. 
(b) Süperconducting sample. 

5. Krill et al. (1981a) 
(a) Valences are derived from the L n spectra. 
(b) The main peak of the double bumped spectrum is believed to originate from a 4f ~ shake- 

down satellite (60~).  
6. Krill et al. (1981b) 
7. Ravot et al. (1981) 

(a) Valence was determined from a superposition of two SmTe spectra shifted by 7.5eV. 
(b) Valence was determined from a superposition of two Gaussians shifted by 7.5eV. 

8. Wohlleben and Röhler (1984) 
(a) Revisited da ta  from ref. 1. 
(b) Data  from J.P. Kappler and J. Röhler. 

9. Jhans  and Croft (1985) 
10. Niemann et al. (1985), Lübcke et al. (1986), Niemann (1985), Lübcke (1985) 
11. Krill et al. (1982) 
12. Röhler et al. (1982) 

(a) Revisited data, cf. section 9.2. 
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13. Frank et al. (1982), Syässen et al. (1981) (1982) 
14. Smimov et al. (1982) 
15. Boyce et al. (1981), Martin et al. (1980) 
16. Röhler (1986b) 
17. Röhler (1985a) 

18~o and 11~ minority phases in EuCu2Si 2 and EuPd2Si » respectively. 
18. Bittins et al. (1985) 
19. Röhler et at. (1984b) 
20. Röhler et al. (1983a) 
21. Wortmann et al. (1982) 
22. Samsonova et al. (1982) 
23. Slebarski et al. (1985) 
24. Tarascon et al. (1980b) 
25. Sampathkumaran et al. (1985a) 
26. Croft et al. (1984) 
27. Dexpert et al. (1987) 
28. Tarascon et al. (1980a) 
29. Nagarajan et al. (1981a) 
30. Nagarajan et al. (1981b) 
31. Neifeld et al. (1985) 

Valence are partially read from figures. 
32. Beaurepaire et al. (1984) 
33. Bianconi et al. (1982) 

(a) Strongly dampened amplitude (Am~ x = 1.45), presumably due to an inappropriate absorber 
thickness. 

34. Launois et al. (1980) 
35. Lawrence et al. (1984) 

(a) Valence analysis was not performed in detail. Indicated numbers are estimates from us. 
36. Prabhawalkar and Padalia (1982b) 
37. Hatwar (1981) Ph. D. Thesis, Indian Institute of Technology, Bombay (unpublished), after ref. 36. 
38. Prabhawalkar et al. (1983) 
39. Prabhawalkar and Padalia (1982a) 
40. Padalia et al. (1983) 
41. Lengeler et al. (1983a,b) 

(a) The changes in the white line at the 7 - «  transition are befieved to have nothing to do with 
cbanges in 4f count. 
(b) Double-peaked spectra. No valence estimate from us, because chemical shift with respect to 
Ce metal is not indicated. 

42. Röhler et al. (1984a), Röhler (1984) and ref. 8. 
43. Levin et al. (1984) 
44. Godart et al. (1983b) 
45. Raaen et al. (1983a) 
46. Wortmann et al. (1986) 

Valence numbers given in the table are not corrected for weak EuzO 3 contaminations which have 
been determined from the corresponding Mössbauer data. A correction procedure would decrease 
the valences only by a few percent. 
(a) Spectra recorded in transmission geometry. 
(b) Absorption determined from the fluorescent yield from bulk material. 
(c) Absorption determined from the fluoresence yield at different orientations of the crystal. 

47. Parks et al. (1983) 
48. Ghatikar et al. (1981) 

(a) Valences are determined from the analysis of edge positions with respect to edge positions of 
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stable reference compounds. 
49. Hatwar et al. (1980) 

(a) Spectral shapes are strongly distorted, presumably due to nonlinear detection technique. No 
quantitative analysis of the data was performed. 

50. Finkershtein et al. (1974) 
(a) Strongly dampened amplitude, presumably due to wrong absorber thickness. 

51. Efmerova et al. (1976) 
52. Parks et al. (1983) 
53. Rao et al. (1981) 

(a) The spectral features of these works have been not observed by other authors. 
54. Godart  et al. (1983a) 
55. Levin et al. (1981) 
56. Darshan et al. (1984) 
57. Finkel'shtein et al. (1981) 
58. Wortmann et al. (1985) 

(a) The sample exhibits 209/0 relative satellite intensity (nearly divalent) at 20 K, 40~o at 160 K 
(from Mössbauer isomer shift). 

59. Raaen and Parks (1983b) 
60. Neifeld and Croft (1985) 
61. Croft et al. (1985) 
62. Sampathkumaran et al. (1985b) 
63. Kemly et al. (1985) 
64. Smirnov et al. (1985) 
65. Bianconi et al. (1982) 
66. Suryanarayanan et al. (1985) 
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reasons are: (i) The Litt valence measurements can be performed equally on all 
lanthanide atoms which show mixed valence (La, Ce, Pr, Sm, Eu, Tb, Tm and Yb). 
(il) It can be performed at all concentrations of mixed valent atoms, in compounds, 
in concentrated alloys and in dilute alloys down to concentrations of order 1~o. (iii) 
It can be applied at all temperatures. (iv) It can be applied at high pressures (so far 
up to 350 kbar). (v) It is a bulk measurement, surface valence shifts can be neglected. 

In addition to the valence other important information from L~~ I absorption is 
beginning to emerge, e.g., on the average radial extension of the excited 5d 
wavefunction, linked to the atomic volume or the metallic (Wigner-Seitz) radius. 
Hence it seems to be possible to link LHI.n data with independent macroscopic 
measurements such as unit cell volume, bulk modulus, shear modulus (cf. Röhler 
1984). The pressure-dependent LIII spectra are especially informative. Not  only is it 
possible to tune the system through a continuous variation of the binding energies 
of order eV; one can also study the binding energy shifts in structural phase 
transitions. Important  correlations can be established between the binding energies 
and the unit cell volumes measured, e.g., by X-ray diffraction under pressure or by 
the extended absorption fine structure in the X-ray absorption measurement itself 
(Keulerz et al. 1986). 

Finally, a few words are necessary with respect to the distinguishability of 
homogeneously and inhomogeneously mixed valent materials. In the Lixi absorption 
experiment, the lifetime of the final-state configuration is in the order of 10 - 1 6  S. 

Since this lifetime is much shorter than that of the valence stares, Lnt absorption 
cannot give any direct information about the effective f bandwidth. This is true for 
all high-energy photoabsorption and emission techniques discussed in this volume. 
In particular, one cannot distinguish between a static and a dynamic mixture 
(inhomogeneously and homogeneously mixed valence) from one double-peaked 
spectrum alone. However, the energetics of homogeneously mixed valent materials 
change considerably when the effective f bandwidth crosses the energy of the optical 
phonons. Thus, if the 4f bandwidth can be tuned through this energy range, for 
instance by changing pressure (volume), one observes a characteristic change of the 
chemical bonding energies of the two valence states as function of volume. In this 
way, L~~~ absorption can provide important information about the dynamics of the 
mixed valent state indirectly. Otherwise homogeneous and inhomogeneous mix- 
tures can only be distinguished by neutron, Raman and hyperfine spectroscopies. 

8.3. The measurement of valence from L m absorption 

In a neutral integral valent atom in the gas phase the Lii  I transition energy (also 
called the 2p core hole binding energy) measures the difference between the energies 
of two sets of very complicated many-body states. These energy differences are well- 
known experimental numbers (cf. e.g. Bearden and Burr (1967)). In an atom in the 
same valence state in the solid, the LHI absorption event apparently proceeds 
between the same two well-known initial and final correlated states as in the gas. In 
first approximation the solid formation merely shifts the energies of these final 
correlated states as in the gas. This results in the so-called chemical shifts of the 
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absorption spectra, which amount to a few eV (cfl e.g. Faessler 1955, Nagel and Baun 
1974). 

A valence change by one shifts the 2p binding energy by 7 to 10eV. This shift is 
considerably larger than the chemical shifts at fixed valence. It is also larger than the 
inverse core hole lifetime (3 eV) and the inverse lifetime of the 5d Wannier stares of 
the solid (4-8 eV). Mixed valent systems exhibit two superimposed LIH spectra. The 
two individual atomic-like absorption lines are located near the energies of the two 
individual integral valent states. This finding may be interpreted as a direct 
experimental confirmation of the principle of linear superposition of configurational 
stares, which is a very successful tool of theoretical chemistry of which the concept of 
valence is a special version. This principle goes an important step beyond the linear 
superposition of single-electron quantum states used, e.g., in band structure theory. 

8.3.1. Chemical shifts 
The LII I spectra provide measurements of one set of chemical effects for each 

valence state separately. This aspect is probably at least as important as the 
measurement of the fractional valence; its utilization is however in its infancy at this 
time. The first such effect is that the chemical binding energy to the solid must be 
larger in the higher valence state, in which the number of valence electrons is larger 
by one. Secondly, since the L m transition is from the chemically inert 2p state to the 
chemically binding 5d state mainly, it can provide information about the distri- 
bution of the 5d amplitude over the ligands of the lanthanide atom with its chemical 
binding partners. The ligand electronegativity and coordination number effects 
predominantly vary the intensity of the absorption lines (normalized to the con- 
tinuum absorption). The shifts of the positions (e.g. the inflection point with respect 
to the inflection point of the metal) are comparatively small. Wong et al. (1984) 
investigated systematically the amplitudes of the Lm,~~ absorption lines in R20  3 and 
RF 3. In the fluorides both absorption lines are higher than the corresponding ones 
in the oxide. In the fluorides each R ion is coordinated by 9 F ions, in the oxides 
each R ion by 7 0  = ions; the electronegativities differ by 0.6. Prabhawalkar and 
Padalia .(1982a, b) studied the chemical shifts in the lanthanide-gallium inter- 
metallics RGa2. The chemical shifts of thelanthanide Lm absorption lines and the 
gallium K spectra exhibit a linear relationship with the effective charges calculated 
from the partial ionic character of the chemical bonds according to K. Siegbahn's 
(1970) method. 

Figure 12 illustrates the effect of different types of chemical bonds, coordination 
and of valence changes in the LHI spectra of some Pr compounds. Pr metal and the 
semi-metals PrBi, PrSb, PrCu are trivalent. Pr6Oal is an insulating mixed valent 
compound with about 207o tetravalent Pr ions. The main discrepancy among the 
trivalent spectra are the shapes and the amplitudes of the absorption lines. Note that 
the shifts determined from the intersection points with respect to the intersection 
point of Pr metal turn out to be small. The trivalent absorption in insulating 
Pr6Ol l  rises already at the onset of the absorption in the element. The dominant 
trivalent line, however, is shifted by about + 3eV from that of the element which 
may be assigned to the transition from a metal to an insulator. Both the tri- and 
tetravalent ions exhibit split absorption lines shifted by Akt -~ 9eV. Actual splittings 
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Fig. 12. Demonstration of typical cbemical shifts in lanthanide LII I absorption. The energy calibration of 
the spectra recorded from the Pr absorption in the compounds is accurate within +0.2 eV with respect to 
E 0 fixed at the intersection point of the high-energy absorption with the absorption line in (dhcp) Pr 
metal (dashed-dotted line). The intersection point shifts to higher energies with decreasing metallic 
character of the compounds. The maxima of the prominent  main lines, however, remain unshifted, just as 
the onsets of the lines. PrCu crystallizes in orthorhombic FeB structure (a = 7.343 •, b = 4.584 A, 
c = 5.604 •). The semi-metals PrSb, PrBi have fee (NaC1) structure (a = 6.366 and 6.463/~, respectively). 
Pr6011 is a nonstoichiometric modification of nominally tetravalent PrO2 (fluorite type, CaF 2). The bar 
diagram indicates ligand-field-split absorption lines for both, the tri- and tetravalent valence states in 
Pr6Oll (cf. section 14). 

of the 5d amplitude can be observed in other covalent or ionic solids, e.g. the 
'tetravalent' Ce-, and Tb-oxides (cf. section 14) and in some metals, also. 

Bianconi et al. (1984b) recorded the L absorption of both, R and Pd in 
RPd3 (R = La, Nd). These experiments are in particular instructive, since they 
promise to yield detailed information on the role of chemical bonding. A clearly split 
PdLHr absorption line is present in LaPd3 on one hand, however it is absent in 
NdPd3, on the other hand. The split Lm line of Pd in LaPd3 is Correlated to the 
split line in the La Liu absorption. Bianconi et al. (1984b) assign them to a ligand 
field caused splitting (La)4f°-(Pd)4d 9 and (La)4fL(Pd)4d s. 

The information about local binding energies, line intensities, 5d crystal field 
splittings and 5d bandwidths will become essential in the future, once one wishes to 
obtain quantitative control over why certain materials are mixed valent and why the 
value of the fractional valence is what one measures. At this time, however, the 
methods of quantitative extraction of chemical binding energies and the theory of 
the mixed valent state are insufficiently developed to make use of this information 
contained in the Ln~ spectra. Accordingly, in the following we shall address this 
aspect only occasionally. 
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It is however obvious from the above, that extraction of numbers for the 
fractional valence has to be done with careful consideration of the various chemical 
effects contained in the spectra. For instance, a double-peaked spectral shape alone 
cannot be taken as an unambiguous signature of the mixed valent state, since 
splittings can also be produced by crystal field effects or by the formation of metal-  
ion ligands. Therefore we state as a rule that the proper spectroscopic analysis of L m 
absorption in potentially mixed valent mater ia lsshould be based on both, the 
measurement of the transition energy with respect to those in well-characterized 
isomorphous integra! valent materials and the detailed analysis of the double-peaked 
spectra, i.e. their intensities, splittings and linewidths. 

8.3.2. Experimental problems of the valence measurement 
Various analytical procedures are applied to extract valence numbers from LIù 

spectra. They are based on a deconvolution of two superimposed and shifted single- 
peaked sub-spectra taken either from experimental or from numerical reference 
spectra. Within Av = _+0.1 the different techniques yield the same results on 
identical spectra. An estimate Of the absolute and relative uncertainties may be 
obtained from table 3. It lists the valence numbers from most of the EIII,II spectra 
published from 1975 until 1986. These numbers have been worked out by more than 
ten different laboratories. Obviously the numbers extracted from identical systems 
agree fairly well in spite of the fact that they have been obtained with the use of 
quite different deconvolution techniques. Large systematic deviations (>0.1) from 
the average numbers (where available) should be attributed to different experimental 
results rather than to the specific valence determination procedure. 

Some error sources, which give rise to falsified intensities or strongly distorted 
lineshapes were addressed in section 5. In the following we shall discuss those error 
sources which are of particular importance for the valence measurements. 

The mixed valent system may be considered to be an alloy of 4f "+1 and 4f" 
atoms. At nearly integral valences one of the two 4f atoms is very dilute; in midst of 
the mixed valent regime both, the 4f" and the 4f "+1 atoms, are 'concentrated'. Small 
concentrations of 4f "+ 1 in a majority of the 4f n atoms only modify the absorption onset 
(foot) of the prominent line and hence are difficult to resolve (the 'Yb case'). Small 
4f" concentrations in a majority of 4f "+1 atoms (the 'Ce case'), however, form a 
clearly resolved line sitting on the high-energy background. Accordingly the LHI 
detection limit for minority 4f "*~ atoms is higher (>~ 10~o) than that for minority 
4f"atoms (>i 1~o). 

Inappropriate absorber thicknesses (cf. section 5) have an effect on the line 
intensities and hence on the valences also. They may be responsible for an 'offset' in 
the valence scale and for nonlinearities on drastic (>  0.2) valence shifts. Efmerova et 
al. (1976) studied the effect of different individual thicknesses in a series of exactly 
defined mixtures of trivalent Eu20  3 with divalent EuS (EuS replaces EuO which 
exhibits a weak trivalent contribution). Figure 13 plots the L m numbers (solid lines 
connecting the open circles) obtained at different Eu z + concentrations (right-hand 
side) versus the absorber thickness mop t. mop t = 1 denotes the thickness (m = 6-8 mg/ 
cm z) optimized for the maximum contrast of the line absorption at the continuum 
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Fig. 13. Determination of the con- 
centration of divalent EuS in a 
defined mixture of EuS and EuzO 3 
through LHI absorption versus the 
absorber thicknesses mop t. The 
solid lines connecting the Lin data 
points (open circles) represent the 
thickness dependence of the LII I 
numbers at given concentrations 
(90, 80, 70, 60, 50 and 33%). The 
thick solid line connecting the 
solid circles at 20, 33, 50 and 60% 
at the intersection points of the 
nominal with the LII I concentra- 
tions indicates the proper absorber 
thickness for 20-60% Eu 2 + (adapt- 
ed from Efmerova et al. 1976). 

threshold (Blockin 1957). The LII I numbers behave nonlinearly with the absorber 
thickness at all concentrations. Due to the asymmetrical background of the Lm lines 
no simple saturation behavior is observed, instead it is a complicated nonlinearity. 
Apparently this nonlinearity for small divalent (4f n+l) concentrations is more 
drastic than for small trivalent (4f") concentrations. Such plot is useful for selecting 
the appropriate absorber thickness in a distinct concentration range (thick solid line 
connecting the solid dots) because there is no universal thickness for the whole 
concentration range. The use of thin absorbers (mopt < 0.5) diminishes the non- 
linearity at a fixed absorber thickness but does not remove them. Figure 13 
demonstrates that the proper absorber thickness is crucial for the absolute and 
relative precision of the valence measurements. It must be added, however, that 
fig. 13 was obtained from the investigation of a model substance exhibiting an 
extraordinarily large ratio of di- and trivalent LII I amplitudes A: A 3 / A  2 = 1.9 (cf. 
fig. 4). In most other cases (e.g. isostructural intermetallics) the amplitude ratio is 
much smaller, reducing but not eliminating this type of thickness effect. Precise LII I 

valence measurements therefore sh0uld be founded on a systematic study of the 
particular thickness effects of the system under investigation. If necessary, such a 
study should be used for the linearization of the extracted valences. 

Another source for different experimental results may be the enormous sensitivity 
of the L~H absorption to the local chemistry of the absorbing lanthanide atom. 
Crystalline defects or small amounts of other phases below the detection limit of the 
usual structural analysis or other measurements might explain different valence 
numbers from nominally identical materials. Most of the L m measurements were 
performed on finely ground polycrystalline material. Even the few materials avail- 
able as single crystals were powdered in order to prepare the required thin absorp- 
tion foils (about 10 lam thick). Clearly this procedure may induce defects and imper- 
fections which may alter the elastic and electronic properties. In particular powdered 
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crystals (mostly single crystals) of R-pnictides and R-chalcogenides, are found to 
exhibit slightly different L absorption spectra, depending on the preparation tech- 
niques. Wortmann et al. (1986) compared spectra from fine powders recorded 
througb the usual transmission geometry with spectra from bulk material recorded 
through the detection of the fluorescence yield. The discrepancy between the 
valences obtained from these recordings was found to be only 0.04 (cf. section 10.3). 

8.3.3. Superposition of two experimental reference spectra 
The simplest method to obtain a valenee number from a LIH,I ] absorption 

spectrum is to read it from a superposition of two speetra taken from isomorphous 
integral valent reference systems shifted by about 8eV. A linear background, 
extrapolated from the absorption before the edge, is subtracted from the spectra. 
The effeet of different sample thicknesses is eliminated by normalizing the absorp- 
tion at high energies to ~d = 1. The valence is then 

v = m - 1  +1ù/(1ù+1ù+1). (6) 

Here Iù and Iù+ 1 are the relative fractions of the normalized absorption jumps in the 
4f" and 4f "+1 reference spectra and m is the number of outer valence electrons. This 
procedure was applied e.g. by Launois et al. (1980), Martin et al. (1980), Ravot et al. 
(1981) to extract the valence from the L m spectra of mixed valent lanthanide 
chalcogenides. Figure 14 reproduces the spectra of mixed valent TmSe together with 
its (isostructural) references TmS (nominally 3 +) and TmTe (nominally 2+). 
Divalent Tm in TreTe exhibits a smaller and narrower line than trivalent Tm in 
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Fig. 14. LII I absorption of Tm in nominally 
divalent TinTe, mixed valent TmSe and nom- 
inally trivalent TmS (adapted from Launois 
et al. (1980)). 
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TmS. As in the elements (cf. section 7.3.) also in these compounds the relative 
linewidths turn out to be signatures of the 4f "+1 (5d6s) m-1 and 4f" (5d6s)" 
configurations, apart from their characteristic binding energies. Therefore super- 
positions of identical reference spectra do not reproduce properly a mixed valent 
spectra. Appropriate reference systems for both, 4f"+l(5d6s) "-1 and 4f" (5d6s)" 
configurations, however, are not always available. For instance, there are no purely 
tetravalent Ce, Pr or Tb intermetallic solids. In addition the spectra of nominally 
integral valent reference compounds frequently reveal a coexisting fraction of the 
other valence state, e.g. about 10~o Tm 3 + in TreTe (fig. 14). This problem will be 
addressed in much more detail in section 9 (R-chalcogenides), section 10.3. 
(EuPdzP2) and section 14 (CeOz). 

To extract valence numbers from Lin spectra without the use of reference spectra, 
various numerical procedures have been developed. 

8.3.4. Numerical deconvolution of a mixed valent L m spectrum 
The simplest numerical descriptions model the asymmetric line spectra from two 

symmetric Lorentzian, Gaussian profiles (or convolutions of both) and rectangular 
step functions located at the center of the adjacent line profiles. Frequently the 
Gaussian contribution to a broadened Lorentzian (Vogt-profile) is attributed to the 
spectrometer resolution. Typical spectrometer resolutions, however, are about 2-3 
times smaller than the total core level widths and therefore cannot account for 
Gaussians of about 5 eV. Realistically the Gaussian contribution models the distri- 
bution of spectral densities. Therefore it is more sound to decompose the experimen- 
tal spectra numerically into the distinct atomic-like (line) and the solid state 
(continuous) absorption according to the atomic approach discussed in sections 
6.1 and 7. In the following we address the procedure described by Röhler (1985a). 

Figure 15 displays the Lni absorption of Eu in mixed valent EuPd2Si 2 at 175 K. 
Using a least squares fitting procedure the following expression is fitted to the 
normalized experimental spectrum: 

df, 
F( E) = B o + BIE + (}I32 Ak K" 

@ [E - (E k + ie«)] 2 + (F/2) z 

df~ + (l r) 2 A, 
[E - (E, + ie,)] z + (r /z)  ~ 

A«~«+AmF, df j /Fdf ,  2+~-arc tan  E F/2 6) 
J J 

+ 1 - - A « e « + A , e , - , d f S , ~ d f ~  ½+--arct'ann F/2 . (7) 
j i 

Equation (7) decomposes into three parts: (i) the background absorption, (ii) two 
atomic-like absorptions, (iii)two continuous absorptions and the prescription for the 
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normalization of the atomic-like absorptions with respect to the continuous ab- 
sorption. E denotes the photon energy. B0 and B1 are the coefficients of a linear 
background. 

The two atomic-like absorption lines are described through Lorentzian profiles 
broadening the differential oscillator strengths df/(2p-[4f"]5d) and df~ (2p- 
[4f"+l]5d) by the inverse 2p3/2 core-hole lifetime F- - -FWHM.  df~ and dfj are 
equally spaced distributed by ~t and ek, respectively, and split by Et - Ek.  Here E t 
and E k denote the corresponding lowest lying states. A k and A ta re  factors of the 
amplitudes. The effective 2p binding energy shift upon 4f configurational change, Akt ,  

is best defined through the distance between the centers of gravities from the 
atomic-like absorption'. 

The lifetime broadened step functions (arctan) describe the dipole allowed tran- 
sitions into the continuum. The onset of the continuum stares with respect to the 
onset of atomic-like states is shifted by ~. 6 may fange from 0 to a number in the 
order of the first ionization potential (~  7 eV) (cf. section 6.1.). In metals 3 is chosen 
to be close to the first atomic-like states. 

The Lin spectrum of Eu in EuPd2Si 2 exhibits two clearly resolved lines whose 
individual intensities vary drastically with temperature or pressure induced valence 
changes. This spectrum may serve as an example for a rather reliable determination 
of the individual lineshapes and linewidths. Here the atomic-like absorption lines for 
reasons of simplicity are assumed to exhibit the same shape. The spectral densities 
d f i / d e  k and dfj/det, however, are clearly different: e I > e k. I n  other words, the 
trivalent (4f 6 5d*) absorption line turns out to be broader by e l /ek  ---- 1.22 than the 
divalent (4f v 5d*) line (the asterisk denotes the excited state). The corresponding 
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factor found from the analysis of the Lin  absorption in the stable elements Eu 2 + and 
Gd 3+ is 1.29 (cf. section 7.3). 

The two valence states in a homogeneously mixed valent solid occur in the same 
local environments, i.e., they have the same local coordination numbers, local 
symmetry and type of chemical bonding. It is therefore a good approximation to 
normalize the intensities of the two atomic-like absorption lines in eq. (7) equally to 
their adjacent continuum absorption, provided the transition matrix elements and 
their energy dependences are not too much different. Accordingly eq. (6) determines 
the valence. 

Practically we operate with 5 independent parameters: Ak, At, æk, et, El. Ek - E l  is 
brought into coincidence with the theoretically calculated numbers (Vlasov and 
Farberovich 1982, cf. also chapters 68 and 69 in this volume). The dfi and df~ and fi 
are determined once (say at p = 0) and then remain fixed. F enters from the 
tabulated values. 

According to experience fine structures refer to crystalline or ligand field split- 
rings. Such splittings increase up to about 6 eV in the ionic 'tetravalent' Ce, Pr and 
Tb compounds and are clearly resolved in such cases. Splittings of the excited 5d 
states occur also in the ligand field of metallic bonds, however, here they are smaller 
(3-4 eV) than in the ionic compounds. Due to the relatively large core-level widths 
of 3-4eV, these splittings are hard to resolve, but they may be still traced from the 
1st or 2nd absorption derivative (provided the data are of an excellent quality). A 
clearly split distribution of the tetravalent 2p-5d spectral density in a metal is 
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observed in a-Ce at low temperatures (cf. section 12.1, fig. 29b). Carrying out a 
cardul lineshape and linewidth analysis, it turns out that most of the absorption 
lines in Ce intermetallics are split. The valence then is best determined from a 
modification of eq. (7), including two sets of split spectral densities. Figure 16 
exhibits the deconvolution of the Lm absorption in CeCu2Si2. Here A3 and A« 
denote the ligand field splittings in each valence states, A1, Az and A3, A4 are the 
adjacent amplitudes. W3 and W 4 denote the total widths of the tri- and tetravalent 
absorption lines (Klug 1986). The bar diagrams indicate the relative intensities 
within each valence electron configuration (cf. section 13). 

9. LII I absorption in the R-monochalcogenides 

The R-monochalcogenides (see e.g. Methfessel and Mattis (1968) containing the 
potentially mixed valent elements La, Ce, Pf, Sm, Eu, Tm and Yb are the most 
intensively investigated semiconducting (semimetallic) compounds among the val- 
ence fluctuating materials. In particular the discovery of the pressure induced first- 
order semiconductor-(semi-) metal transition in SmS, which is an incomplete 
valence transition (4f 5 5d 1 6s2-4f 6 5d ° 6s2), opened a new chapter in the research of 
mixed valent lanthanide materials. We shall address the Ln~ absorption studies on the 
Sm chalcogenides in section 9.1. TmSe attracted special theoretical and experimental 
interest because it is one of the unstable lanthanide compounds exhibiting magnetic 
ordering and strongly mixed valence; the Lni absorption in TmSe will be discussed in 
section 9.2. Apart from the Sm-chalcogenides and TmSe, EuO and YbS are the only 
monochalcogenides which have been studied through L m absorption in detail. As 
expected from the volume anomalies, LHI absoption in the Eu- and Yb-chalcogenides 
at ambient pressure and temperature indicates Eu and Yb to be in nearly divalent. The 
observed deviations from the integral divalent state (up to 10%) depend on the 
stoichiometry of the samples, as most of the macroscopic properties also do. So far 
the problem of these deviations has not been studied systematically. Optical 
reflectivity measurements at high pressures (Syassen 1984) gave evidence that EuO 
(Zimmer et al. 1984) and YbS (Syassen et al. 1985) undergo second-order 
semiconductor-metal transitions at about 130 and 100kbar, respectively. As in the 
Sm-chalcogenides these transitions are accompanied by softening of the lattice and 
are expected to be valence transitions, also. The Lni absorption in EuO under high 
pressure up to 310kbar (Röhler et al. 1985) indicates a relative valence change by 
Av = 0.37 from 2.09 + 0.02 to 2.46 at the highest applied pressure. An S-shaped 
dependence of the valence on pressure with an inflection point at about 80 kbar 
seems to be the signature of the semiconductor-metal transition in the valence- 
pressure relationship. However the transition occurs at a lower transition pressure 
than expected from the optical reflectivity. In YbS Lin absorption under high 
pressure (Syassen 1986) yields a valence shift of Av = 0.45 between 0 and 300kbar. 
The inflection point of the S-shaped valence increase is found to coincide approx- 
imately with the softening of the lattice and the onset of metallic reflectivity at 
about 100kbar. As in EuO the L m absorption in YbS indicates a nonintegral 
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valence at ambient pressure (v = 2.08 + 0.03); in both compounds transitions into 
the stable trivalent lanthanide configurations are not observed. 

9.1. Sm-monochalcogenides 

SmS is the best studied monochalcogenide. L m absorption spectra of Sm in SmS 
have been recorded from its black (semiconducting) and its golden (semi-metallic) 
phase, the latter being induced by pressure, chemical alloying and temperature (cf. 
table 3). Figure 17 shows the pressure dependence of valence in stoichiometric SmS 
together with typical high pressure LIH absorption spectra (Röhler et al. 1982). The 
volume collapse at 6.5 kbar is associated with a drastic valence shift. At ambient 
pressure the valence of the sample is found to be nonintegral: Vokbar = 2.10 _+ 0.02. 
The same observation has been made in the high-pressure experiment (0-7.5 kbar) of 
Frank et al. (1982): VOkba r = 2.12 _+ 0.05 and by Ravot et al. (1981). Just after the 
phase transition the valence is found to be 2.57 _ 0.02 in good agreement with the 
numbers from K«,~emission (v = 2.62 _+ 0.03, cf. table 1) and Mössbauer isomer shift 
(v = 2.62 + 0.08, Coey et al. (1976)). However, the valence number Vv, obtained from 
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the linear interpolation of the lattice parameters (Vegard's rule, v v = 2.77 _+ 0.06, 
Maple and Wohlleben (1971)) is 15% too  large with respect to the numbers  
extracted from the various spectroscopic measurements.  A nonlinear interpolation 
(cf. e.g. Wohlleben (1984a)) brings the valence from the lattice parameter  into 
coincidence with the average of the spectroscopically determined valence numbers. 
At pressures above the  first-order transition (p > 6.5 kbar) the valence changes 
nonlinearly to v -~ 2.9 at 72 kbar  with an inflection point  near 22 kbar. The valence 
at the inflection point  is v -~ 2.7 (fig. 17). In this pressure range Keller et al. (1979) 
observe an abnormal ly  large pressure derivative of the bulk modulus.  F r o m  high- 
pressure resistivity measurements  Lapierre et al. (1981) find a transition from semi- 
metallic to metallic behavior at 20 kbar. The pressure dependence of valence in SmS 
above the first-order transition seems to behave similarly to the pressure dependence 
of valence of Sm in SmB 6 (Röhler et al. 1985). The valence of SmB 6 (vp= 0 = 2.6) 
increases nonlinearly to v = 2.81 at 100kbar  with an inflection point  at about  
55kbar .  Near  this pressure Beille et al. (1983) observe a transition from semi- 
metallic behavior  to metallic behavior as observed by Lapierre et al. (1981) in SmS 
at = 2 0 k b a r .  Both compounds ,  SmS and SmB6, exhibit unambiguous  metallic 
resistivity behavior only at v >~ 2.7. 

Figure 18 (adapted from Boyce et al. (1981)) displays the temperature induced 
valence shift of Sm in Sm0. 8 Y0.2 S (chemically stabilized 'golden'  phase at ambient  
temperature) between 300 and 77K.  Cool ing down the sample expands and 
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Fig. 18. The valence of Sm in Smo.8 Yo.2S between 77 and 300 K at ambient pressure. 20 at % Y stabilizes 
the strongly intermediate valent state of Sm (v ~ 2.6) at high temperatures. At T< 150 K the system 
transforms into the semiconducting (black phase). The semiconducting phase turns out to be mixed 
valent also (adapted from Boyce et al. 1981). 
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transforms it into the 'black' phase with v - 2.2 "at 77 K. Heating transforms it back 
into the golden phase. The large hysteresis confirms the well-known first-order 
transition. Low temperature Lni absorption studies on alloyed SmS have been 
performed by Godart  et al. (1983b) also (cf. table 3). Within the uncertainties 
discussed in section 8.3.2 their results are in good agreement with those of Boyce et 
al. (1981) and with the numbers from the K«,I3 shifts (cf. table 1). The same number 
has been observed from the Lin absorption in dilute Sm in rare gas matrices 
(Niemann et al. 1985) on change of the metal concentration. 

Independent of the conditions inducing the valence transition (pressure, tempera- 
ture or chemical alloying) the valence numbers observed just after the first-order 
transition, converge to v = 2.6 _+ 0.05. The theoretical answer to why just the ratio 
3/2 of the two valence state populations stabilizes SmS at low volumes might 
be obtained in the framework of the thermodynamics of valence fluctuations (see 
e.g. Wohlleben (1984a,b)). 

A continuous valence transition of Sm in SmSe is expected from the equation of 
state and from the resistivity vs pressure data (Jayaraman et al. 1970, Jayaraman 
1979). High-pressure Lm absorption data of Sm in SmSe were reported by Ingalls et 
al. (1980) and Tranquada et al. (1984). However, no valence numbers were extracted 
from the spectra. Figure 19a displays high-pressure L m absorption data of Sm in 
SmSe up to 55kbar, recorded from the author. The pressure dependence of the 
valence extracted from the deconvolution of the spectra in fig. 19a is plotted in fig. 
19b. The zero-pressure spectrum has a prominent divalent absorption line but 
exhibits already a remarkably strong trivalent contribution. As in the spectra of SmS 
we notice a weak bump at about 6eV split oft the trivalent absorption line. The 
position of this bump turns out to be nearly independent on pressure. We attribute 
it to a 'chemical splitting' of the trivalent absorption line due to the formation of 
samarium (5d)-selenide (4p) ligands. Such splittings are expected from the R (5d)- 
Se(4p) gap in the energy level diagrams based on optical investigations. Crystal 
field splittings of the 5d states (t2g-eg) from optical studies are found to be much 
smaller (1-2eV) and are below the Lm detection limit due to the larger 2p3/2 core 
level width. In the valence determination procedure the R(5d)-Se(4p) ligand field 
splitting of the spectral densities should be taken into account in both final-state con- 
figurations. The splitting of the divalent line cannot be resolved from the spectra, 
because thetrivalent line superimposes the divalent lines. We therefore extract the 
valence numbers from the integration of identically split lines (6 eV) with a constant 
intensity ratio (10:1) of bonding and antibonding spectral densities. The valence 
v = 2.18 ___ 0.02 is independent of pressure up to about 25kbar. The expected 
continous valence shift begins with a rather steep onset at about 28kbar. The 
valence then incrëases monotonously up to v = 2.58 at 55kbar. We expect the 
valence vs pressure to flatten at higher pressures as has been observed in SmS. 

9.2. Tm-chalcogenides 

The valence of Tm in Tm~Se has been deduced from the lattice constants, the 
effective magnetic moment /t«f, photoemission spectra, M v and Lin absorption. 
The valence shifts linearly with x (x > 0.87) according to the volume-valence 
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relationship from a Vegard-type interpolation of stable di- and trivalent reference 
volumina 

V v ( v )  = (1 - v)vù+l + vVù (8)  

(here Vù+I and Vù are the 4f "+1 and 4f" reference volumes, respectively; v is the 
population of the higher valence state). Crystals with x = 0.83-0.87 are found to be 
trivalent. When increasing x towards the stoichiometric composition Tm~.00Se, Tm 
becomes mixed valent in TmSe; for x = 1 an average valence number Vv = 2.75 is 
obtained from the lattice parameters (see e.g. Batlogg et al. (1976)). Figure 14 
(section 8.3.3) shows the Lm absorption spectrum of nearly stoichiometric TmSe 
(a = 5.711 _+ 0.003 A) together with nominally divalent TreTe (bottom) and no- 
minally trivalent TmS (top) (adapted from Launois et al. 1980). The shift between 
the di- and trivalent absorption maxima of the reference compounds is 8 eV. Launois 
et al. (1980) extract from the superposition of either the spectra of TmS and TmTe 
or two shifted ErSe spectra the valence of TmSe to be v = 2.58 _+ 0.07. ,Between 300 
and 10K the valence remains constant within 1~o. Haen et al. (1985) extract from 
the LIù absorption in a stoichiometric sample (a = 5.713 _ 0.001 Ä) v = 2.665; v is 
found to be nearly temperature independent down to 40 K, also. The valence 
determination through a numerical deconvolution technique by Haen et al. (1985) 
may explain the higher precision of their data and the small discrepancy to the 
valence number of Launois et al. (1980). The valence numbers from LIII absorption 
agree well with the valence numbers obtained from the magnetic susceptibility at 
high temperatures and the valence numbers extracted from a XPS study (Wertheim 
et al. 1980); however, both are by 0.1-0.15 lower than the nümber Vv from the 
Vegard method. These numbers can be brought into coincidence using the following 
simple version of a more general nonlinear volume-valence relationship (Wohlleben, 
1984a): 

V(v) = qù+ l + v 
(1 - v)qù+l/Vù+l + qù/Vù' (9) 

qù+~, qù are the integral valences with the adjacent unit cells Vù,Vù+~. This 
expression applies in environments of the lanthanide atom which suppress the 
breathing motion of the lanthanide atom from Vù + ~ to Vù and back. For  instance if 
Tù-J~ and T~-1 > ~OD, where ~0D is the Debye frequency, the valence fluctuation is fast 
compared to the relevant phonon frequencies. This condition is not fulfilled in 
TmSe. However, since ( 1 -  v)/v in TmSe is near 2/3, the lattice symmetry may 
prevent breathing motion, although it is permitted by T~-+I~ and Tù- ~ > ~OD. 

Valence numbers of TmxSe extracted from Mv absorption data (Kalkowski et al. 
1985a, Kaindl et al. 1985) are found to coincide with Vv according to eq. (8). The 
origin of the discrepancy between the valence determination from Lin absorption, 
magnetic susceptibitity and XPS on one hand and Mv absorption on the other hand, 
is not clear at this time. Probably it is due to the special experimental problems of 
M absorption (cf. sections 4.3.1 and 5). 

The application of pressure shifts (Röhler et al. 1982) the valence of a nearly 
stoichiometric TmSe (a = 5.691 Ä) towards the trivalent state (figs. 20, 21). The 
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stable trivalent state, however is not reached at 30kbar in contrast to valence 
determinations from high pressure lattice parameter data through the linear Vegard 
interpolation (cf. e.g. Vettier et al. (1980)). 

The temperature dependence (10-300K) of the valence in Y l -xTmxSe  and 
Lal-xTm~Se down to concentrations of 5 and 3 at ~o was measured by Haen et al. 
(1985) through LHI absorption. In both alloys and at all concentrations the valence 
decreases on coofing. Clearly the thermal contraction (i.e. volume arguments) 
cannot explain this observation. 

10. Lin absorption in lanthanide intermetallics with ThCr2Si 2 structure 

The lanthanide intermetallic compounds RB2X 2 (B = transition metal, X = Si, 
Ge, P . . . .  ) crystallizing in the ThCr2Si 2 structure are of special importance in the 
physics of valence fluctuations. Apparently the ThCr2Si 2 structure favors the 
occurrence of mixed valence. For  instance, three of the potentially mixed valent 
lanthanides series actually were found to be mixed valent in the RCu2Si z from the 
volume anomalies, specific heat, electrical resistivity, magnetic susceptibility and 
various spectroscopic techniques: EuCu2Si2, YbCuzSi 2 and CeCu2Si 2 (see e.g. 
Bauminger et al. (1973), Sales and Wohlleben (1975), Sales and Viswanathan (1976)). 
L~~I absorption measurements of EuCu2Si 2 and of dilute Eu in YCuzSi 2 will be 
addressed in section 10.1; the possible relationship between the mixed valent state in 
CeCuzSi z and the 'heavy fermion' properties is one of the issues of section 13. 
Among the RPd2Si 2 compounds EuPd2Si 2 is of special importance. It exhibits the 
largest temperature induced valence shift between 4.2 K and 300 K ever observed in 
an Eu compound (2v -~ 0.4) (cf. table 3). 

The body-centered tetragonal ThCr2Si 2 structure is a ternary derivative of the 
BaAI~ structure. Most of the known ternary lanthanide transition metal silicides, 
germanides, pnictides (RB/X2) crystallize in the ThCr2Si 2 structure (cf. Parthé and 
Chabot 1984), others in the CaBe2Ge 2 structure which is another variation of the 
ThCr2Si 2 structure. It is difficult to obtain single-phased crystals of mixed valent 
RB2X 2 compounds. Polymorphism of different BaA14 type derivative structures has 
been frequently observed. The interplay between the polymorphism and the mixed 
valent states is a fascinating problem. In most cases the lanthanide atoms in the 
various polymorphous structures exhibit different valences. For instance, the 
Mössbauer spectra of EuCu2Si / and EuPd2Si 2 reveal the existence of a second 
mixed valent phase (close to divalence) through a more or less intense line occurring 
in addition to the main absorption line. The intensity and position of this so-called 
satellite line depend sensitively on the exact stoichiometry, the thermal treatment, 
and changing the valence of the main phase. Moreover the fractions of these mixed 
valent satellite phases are temperature and pressure dependent. In contrast to 
valence determination by Mössbauer spectroscopy (which unfortunately is restricted 
to Eu systems), LH~ absorption is unable to resolve the valence of the individual 
phases. It measures only an average valence number. Comparative studies of the 
Mössbauer isomer shift and Lni valences are the issues of section 10.2. 
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Studies on the interplay between structures, chemical bonding and lanthanide 
mixed valence are in their infancy. The obvious stability of RBzX 2 mixed valent 
compounds with B -  Cu, Pd may be explained from arguments of quantum 
chemistry (Hoffmann and Zheng 1985). The ThCr2Si 2 structure consists of BzX 2 
layers interspersed with lanthanide layers. The bonding between lanthanide and 
B2X z layers appears largely ionic. Therefore the charge partitioning may be written 
as A 2 ÷ and B2 X2- . In the B2X ~- layers there is indication not only of covalent B-X 
bonding but also of some metal-metal B-B bonding. The X-X contact within a 
layer is large. The X-X contact between the two layers is of particular importance for 
the stabilization of the lanthanide mixed valent states. This contact is found to be 
tunable, i.e. the interatomic distance between the X atoms sitting on the c-axis 
(dx_x) is the primary geometric variable in this structure. The tuning is provided 
by the choice of the transition metal. Depending on whether the transition metal 
B is on the left-hand side or on the right-hand side of the periodic table diatomic 
X-X bonds are broken or made. Lanthanide mixed valence states mostly occur in 
RB2X2 compounds with Ni, Cu or Pd as transition metals, i.e., at strong X-X 
bonds (cf. table 3). 

10.1. Lm absorption of concentrated and dilute Eu 

Mixed valence is usually investigated in intermetallic compounds where the 
lanthanide atoms are arranged in high concentration in a translationally invariant 
lattice. Mixed valence however occurs also in dilute lanthanide impurities in an 
otherwise normal matrix. L m measurements were applied on dilute Ce, Pr, Nd, Sm, 
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Tm and Eu in various matrices (cf. table 3). As an example we discuss a comparative 
study of the physical properties of dilute and concentrated Eu in YCu2Si 2. Bittins et 
al. (1985) performed an extended investigation on the resistivity, thermopower, 
thermal conductivity, magnetic susceptibility (0-12kbar) and magnetization at 
various Eu concentrations (x = 3, 7, 10, 100 at.%). The temperature dependence of 
the Lm absorption (6-300 K) was recorded from the x = 7% sample (fig. 22). Figure 
23 displays the temperature dependence of the LIù valences for dilute (7%) Eu in 
YCu2Si 2 and EuCu2Si 2 (x = 1) together with the Mössbauer isomer shift (main line) 
of several concentrated and dilute samples. The macroscopic measurements show 
that the physical properties of dilute alloys and the compounds are similar. The 
temperature dependences of the valence extracted from the Lm absorption for 
x--0.07 and 1 (thick solid lines in fig. 23) are also similar, like the temperature 
dependences of the Mössbauer isomer shift. The relative valence shifts (300-20 K) are 
Av = 0.16 for the concentrated sample and Av = 0.15 for the dilute sample (x = 0.07). 
The valence number of the dilute sample at 300 K is by + 0.05 larger than that of the 
concentrated sample, in agreement with the tendency observed from the Mössbauer 
isomer shift. The minority phases cannot account for this discrepancy since they 
occur at nearly the same positions and have equal intensities in both samples. It 
seems that the slightly different nonlinearities, observed in the temperature de- 
pendences of the L m valences, correspond to the minor deviations between com- 
pound and dilute alloy found in the temperature dependences of the thermopower 
and resistivity. 
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10.2. LII I valence versus valence from Mössbauer isomer shift 

Both methods, deep core level X-ray absorption spectroscopy and the recoil free 
nuclear y resonance are selective probes of the atomic valence states in the solid. The 
Mössbauer nucleus detects the s-electron density of the electronic ground state with 
a hyperfine interaction strength of the order of 10-8eV. Deep core level X-ray 
absorption probes the electronic state of the atom through creation of an (excited) 
electronic final-state configuration. The Coulomb interaction strength of the 
electron-hole pair (in the single-electron picture) is in the order of several eV. 
Comparison of valence numbers obtained from both methods therefore is in- 
structive. For  instance, complementary use of both methods for valence measure- 
ments promises to reveal the possible systematic errors to each of the two methods. 
The comparative studies performed so far were concentrated on Eu systems due to 
the high resolving power and the large f-factor of the l»lEu Mössbauer resonance. 
Generally valences from Mössbauer isomer shift and from Lm absorption were 
found to be in rather good agreement (cf. e.g. fig. 23), confirming the absence of 
significant Lni final-state effects. A quantitative agreement is also obtained from Lin 
absorption and Mössbauer isomer shift in SmS under high pressure and as function 
of stoichiometry (cf. section 9.1). 

Both methods, Mössbauer effect and LII I absorption probe the fractional valence 
indirectly through the different screening of the 4f ~÷* and 4f" electrons on the 5s6s 
and 5d electrons, respectively. The high energy X-ray excitation is a fast measure- 
ment and resolves the individual configurations; the Mössbauer effect is a slow 
measurement and measures the average of the two configurations. Therefore the 
Mössbauer valence measurement needs a calibration of the valence scale from 
appropriate 4f" + 1 and 4f" reference values Sù+ 1 and Sù, respectively (as the valence 
measurement from lattice parameters). As discussed previously, the Vegard-type 
valence measurement from the lattice parameters and the corresponding 'ansatz' for 
the isomer shift analysis vMz = ( S -  Sù+O/(S" -Sù+1) are rather coarse approx- 
imations. For more accurate valence determinations from the Mössbauer isomer 
shift one should take into account the distinctly different f-factors of the Mössbauer 
resonance of the two valence states. Kemly et al. (1985) and Wortmann et al. (1985) 
observe more or less linear relationships between the isomer shift S and the valence 
from Lin absorption in EuPd/Si /  between 4 and 300 K. Röhler (1985a) observed in 
the same compound a significantly nonlinear relationship similarly to the 'sagging 
curve' behavior, observed in the volume-valence relationship (cf. eq. (9)). Such a 
nonlinear isomer shift-valence relationship is also obtained from fig. 23 (EuCu2Siz). 
The reason of the discrepancy between the plots of Kemly et al. (1985), Wortmann 
et al. (1985) on one hand and Röhler (1985a) on the other hand is not clear at the 
time. Since falsifications of the relative LII I intensities due to temperature induced 
final-state effects can be definitely excluded, the discrepancy between the experimen- 
tal results might originate from different choices of the spectroscopic parameters 
deconvoluting the Lin spectra. As discussed previously in sections 7.2 and 8.3.4 the 
trivalent line should be fitted with a larger linewidth 'than the divalent line. 
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10:3. EuPd2P 2 

The RPd 2P2 series is different from the RPd2Si  2 and RCu2Si2 series with respect 
to their stability throughout the lanthanide series. TmPd2P 2 cannot be obtained 
under the preperation conditions of RPd2P 2 (R = La-Er). LuPd2P 2 does not exist. 
EuPd2P 2 and YbPd2P 2 exhibit positive volume anomalies (Jeitschko and Hoffmann 
1983). It seems that the RPd2P 2 crystals rend to stabilize the divalent lanthanide 
configurations, at least at the end of the series. Obviously ErPd2P 2 is the last 
compound which can be prepared with a stable trivalent lanthanide atom. Jeitschko 
and Hoffmann (1983) claim that the relatively small volume anomaly (AV= 2.5 A 3 
per formula unit) of EuPd2P 2 indicates a mixed valent state between Eu 2+ and 
Eu 3+. However, it is problematic to extract valence numbers exclusively from 
volume data. For  instance the difference between stable di- and trivalent ThCr2Si 2 
primitive cells, V23 = V 2 - V 3, is not a universal number. The volume anomaly of, 
e.g., nearly divalent EuO (v = 2.03) is only 50~o of the volume anomaly of EuS 
(v =2). With the upper limit V23 = 9 A 3 one obtains Vv = 2.72 for EuPd2P2 using a 
Vegard-type interpolation. From the more realistic nonlinear interpolation (sagging 
curve, cf. eq. (9)) we would then expect the 'true' valence to be smaller by about 0.1- 
0.2; i.e. the conservative valence estimate from the volume data would be v ~ 2.6. 
The lower limit may be obtained assuming ionic bonds between the Eu 2 + atom and 
the Pd2 P2- layer: V23 = 2.3,43 (from the ionic radii). This number is close to the 
observed volume anomaly and hence EuPd2P 2 would be divalent. 

The magnetic susceptibility between 300 and 4.2 K exhibits an effective magnetic 
moment #eff = (8  AV 0.2)/~ B, corresponding to the pure Eu 2+ (887/2) ground state 
with a negative Curie-Weiss temperature of Op = - 3 0  K. Both, magnetic suscepti- 
bility and the magnetic hyperfine splitting in the Mössbauer spectrum indicate 
magnetic ordering of the Eu ions (T N ~ 20 K). The ESR signal from the Eu ions has 
a linewidth of 800Oe at 77K. The Mössbauer isomer shift is found to be 
temperature-independent at S = -9 .73  + 0.05 mm/s (Sampathkumaran et al. 1984). 
The full magnetic moment and the Mössbauer data indicate a divalent or nearly 
divalent state of Eu in EuPd2P 2 confirming the volume anomaly V23 to be close to 
the lower limit. We would like to mention that magnetic ordering in Eu systems 
may coexist with a mixed valent stare and therefore should not be considered as the 
signature of a stable divalent stare. The coexistence of magnetic ordering and mixed 
valence has been unambiguously demonstrated in the high pressure phases of Eu 
metal (cf. section 11.1)and in Eu(Au~Pdl_x)2Si 2 (Segre et al. 1982). 

The spectroscopic determination of the valence through LHI absorption indicates 
a nominal valence of 2.15 +_ 0.075 (Sampathkumaran et al. 1985a), slightly larger than 
the number expected from the magnetic susceptibility, and confirming the lower 
estimate of the volume anomaly. Wortmann et al. (1986) discusses possible trivalent 
sample contaminations from the powdering procedure to explain the L m result. The 
valence of bulk polycrystalline material extracted from the total fluorescence yield 
turns out to be smaller by 0.04 (depending on the geometry) than the valence of 
powdered samples. Correcting the data for trivalent contaminations from Eu20 3 (as 
determined from Mössbauer spectroscopy), Wortmann et al. (1986) find v = 2.1. 
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Sampathkumaran et al. (1985a) attribute the intensity of the high-energy peak in 
the Lm spectrum of EuPd2P z to a final-state configuration interaction effect (shake 
up) and therefore claim that the high-energy peak does not measure the average 
occupation of the trivalent 4f6(5d6s) 3 configuration in the ground state. This 
objection is based: (i) on the magnetic data, (ii) the 'divalent' Mössbauer isomer shift 
S and its normal pressure derivative at 4.2 K and (iii) on 3d, 4d and valence band 
photoemission spectra. 

(i) The valence number v = 2.1 reconciles with the effective magnetic moment 
within the scatter of the susceptibility data (300-4.2 K) of Sampathkumaran et al. 
(1984). For an improved accuracy of the magnetic valence measurement orte needs 
high temperature data at T ~ 300 K. 

(ii) It is weil known that the systematics of the Mössbauer isomer shifts yields no 
absolute scale for valence determinations. The Mössbauer isomer shifts for divalent 
Eu scatter between - 7.9 mm/s and about - 18 mm/s. The pressure derivative of the 
Mössbauer isomer shift at 4.2 K is not a signature of mixed valent behavior. Even in 
strongly mixed valent materials as EuCu2Si2 and EuPd2Si2 ôS/~p at 4.2K is close 
to the 'normal' numbers (cf. Röhler 1979, Schmiester et al. 1982). 

(iii) The 3d photoemission data (Wertheim et al. 1985) exhibit 15~o E u  3+ 

components in the spectrum. No Eu 3+ components were extracted from the 4d 
photoemission and the valence band spectrum. Probably they are below the 
detection limits of these spectroscopies. The final-state shake up intensity in the Eu 
3d spectrum poses a problem. Following the current theories of many-electron 
effects on photoexcitation of core levels (see e.g. Kotani and Toyozawa (1979)), the 
creation of a core hole in metallic materials with hybridized 4f states induces 'shake 
down' processes, i.e. components of the 3d94f 8 multiplet in Eu spectra. However, the 
divalent Gd 2 + (4f s) configuration does not exist in solids. Thus the 'shake down' 
probability in Eu is close to zero. The same argument applies to the discussion of 
probable 'shake' effects in absorption. Instead 3d photoemission exhibits 'shake up' 
intensities (3d94f6). We conclude that the photoemission data from EuPd2P 2 add 
another puzzle to the problems of photoemission in mixed valent lanthanide 
systems. 

Unlike Sampathkumaran et al. (1985) we feel that the high-energy intensity in the 
L m spectrum of EuPd2P z is not attributable to final-state effects. Apparently Eu in 
EuPd2P 2 is strongly bound (covalent or ionic) to the PdzP 2 layers. Even if the 4f 
electrons participate in the ehemical bonding, the high-energy intensity cannot be 
explained in the framework of the current many-electron theories. Assuming the 
final-state effect to be true, its intensity is expected to increase with the degree of 
covalency. Wortmann et al. (1986) compared accurately the Mössbauer isomer shift 
(which is a measure of the degree of covalency) and the trivalent Lni intensities in 
series of nominally divalent Eu compounds. With the increasing degree of covalency 
(i.e. more negative l»lEu isomer shift numbers), the trivalent LIII intensities were 
found to decrease, just the opposite trend as expected from covalency dependent 
'shake up' processes. 

It is conceivable, that a strong ligand field splits the spectral density of the 2p-  
4f~5d excitation (as discussed e.g. in sections 9 and 14). However, even in the clearly 
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Fig. 26a. LII I absorption spectra of Eu in 
elemental Eu at various pressures in the 
crystallographic bcc phase (Röhler 1986b). 

Fig. 26b. Lii I absorption spectra of Eu in 
elemental Eu at various pressures in the 
crystallographic hcp phases (Röhler 1986b). 

are used to monitor the phase transitions. At pressures p > 200kbar the valence 
turns out to be independent of pressure and 'saturates' at v = 2.64. In contrast to the 
known theoretical calculations Eu does not reach the trivalent state at the highest 
applied pressure ( p -  340kbar). The energetics of the valence saturation was 
analyzed by Röhler (1985b) through a thermodynamical  approach: in terms of 
volume and valence dependent free energies, including a valence dependent elastic 
(segregational) energy and an energy due to configurational mixing. It turns out that 
low volumes (V/V o < 0.5) drastically favor the latter term, minimizing the total 
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energy at v = 2.6. The fit of this thermodynamical model to the observed high- 
pressure valence indicates that the nonmagnetic 7 F  0 Hund-rule 4f 6 ground state 
does not contribute to the configurational mixing, however its excited magnetic 
states 7F 1 and in particular 7F 2 do. This finding may qualitatively explain the 
coexistence of mixed valence and of magnetic ordering in Eu at high pressures. 
Magnetie ordering in Eu at high pressures was observed by Bundy and Dunn (1981) 
from resistivity data, and by Farrell and Taylor (1987) from the 151Eu Mössbauer 
magnetic hyperfine splitting. According to the thermodynamical analysis of Röhler 
(1985b) the effective 4f bandwidth in the valenee saturation phase is estimated to be 
about 0.1 eV at 125 kbar. 

11.2. Yb under high pressure 

Fcc ytterbium at atmospheric pressure and room temperature is a metal. With the 
application of pressure Yb becomes a semi-metal and then a semiconductor. The 
semiconducting fcc phase transforms into a metallic bcc phase at about 40kbar 
(Jayaraman 1978), while Divakar et al. (1984) give 33kbar. The relative volume 
change is about 3~. Another structural phase transformation (bcc-hcp) occurs at 
260-309kbar (cf. Takemura  and Syassen 1985). Similar to europium the p-V 
isotherm of the adjacent trivalent reference element lutetium is found to intersect 
that of Yb at about 200kbar (at 300K). Syassen et al. (1981, 1982) measured the LIù 
absorption in Yb under high pressure up to 340 kbar with a conventional laboratory 
spectrometer. Divalent Yb clearly transforms into a mixed valent state at 40kbar 
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ionic Ce compounds  this splitting is distinctly smaller than the Akt = 7.7 eV found in 
EuPd2P 2. Such a large spli t t ing accounts  for a 2p binding energy shift on 4f 
configurational change. Summariz ing we find that the 'archetypal '  case study of 
EuPd2P2 is far f rom giving conclusive evidence on significant final state effects in the 
Lnl absorption of heavy lanthanides. 

Figure 24 displays the Lin absorpt ion of Eu in EuPd2P  2 (300K) at ambient  
pressure and 170kbar.  The valence vs pressure is nonlinear  for 0 - 1 7 0 k b a r  (fig. 25) 
and has an inflection point  at about  100kbar.  Compared  to the pressure depen- 
dence of valence, e.g., in the ternary intermetallic c o m p o u n d  EuPd2 Si2 (cf. table 3) 
we observe a much weaker pressure dependence of valence, which compares  with 
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that of EuO undergoing a semiconductor-metal transition at 130kbar (cf. sec- 
tion 9). 

11. Lm absorption in the divalent lanthanides under high pressure 

Eu and Yb are the only lanthanide elements which keep their divalent atomic 
configurations of the gas phase, 4f 7 5d ° 6s z and 4f 14 5d ° 6s 2, upon condensation into 
the crystalline state. 

High pressure is expected to destabilize the divalent metallic configurations of 
elemental Eu and Yb and to transform them into a stable trivalent state. Johansson 
and Rosengren (1976) predicted the mixed valent transition pressure regime of Eu to 
start at about 180kbar and to fange up to 350kbar. From a similar type of 
calculation (Johansson and Rosengren 1975, 1976) Yb was expected to become 
trivalent at about 130 kbar. For a discussion of the pressure induced valence changes 
in these elements see, e.g., Jayaraman (1978). 

The magnetic and thermal anomalies of Eu and Yb, observed already at ambient 
pressure, stimulated experimental and theoretical efforts to verify the presence of 
both configurations 4f" + 1 and 4f" (n = 6 for Eu and 13 for Yb). The Lii,m absorption 
lines of both divalent elements exhibit the characteristic shift of about - 8  eV with 
respect to the trivalent sesquioxides. Normalizing the energy scales (E-Eo) with 
respect to identical atomic volumes, the lineshapes at high energies turn out to 
deviate insignificantly from the elemental trivalent references (cf. section 7). 
Therefore from L m absorption possible mixed valent states of Eu and Yb at ambient 
pressures are expected to be close to 2, if they exist at all. The Mw,v absorption of Eu 
indicates a similarly insignificantly small deviation from the theoretical divalent final 
state multiplet (Thole et al. 1985). High pressure L m absorption experiments proved 
that both divalent elements, Eu and Yb, transformed into mixed valence but at low 
pressures, rar below the calculated transition pressures in the 100kbar range. 

11.1. Eu under high pressure 

Eu at ambient pressure crystallizes in the bcc structure; the bulk modulus is 
B 0 = 117kbar. At 125 kbar the bcc structure collapses into the hcp structure 
(AV/V = 4~o) and transforms between 180 and 240 kbar into a related hcp structure 
(hcp'). Surprisingly the high-pressure volume of Eu intersects the corresponding 
high-pressure volume of stable trivalent Gd at p >t 200 kbar (cf. e.g. Takemura and 
Syassen (1985) and references therein). Figure 26 displays typical L m absorption 
spectra of elemental Eu in its various crystallographic phases at high pressure: (a) 
bcc phase, (b) hcp and hcp' phases (Röhler 1986b). The solid fine connecting the data 
points represents a fit according eq. (6). The valence numbers obtained from these 
fits are reproduced in fig. 27 as a function of pressure. Already at low pressures 
(p ~< 30 kbar) elemental Eu exhibits mixed valence. Lowering the volume the valence 
increases and reaches v = 2.55 at the bcc-hcp phase boundary. The LIH lineshapes in 
the various crystallographic phases obviously differ from each other and therefore 
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(v = 2.2 +0.05) reaching v - 2.5 above 100 kbar. A single data point in the hcp phase 
at 340 kbar is interpreted to indicate a trivalent or nearly trivalent state in elemental 
Yb. However, due to the scatter of the data points at high pressures, this experiment 
does not yield reliable valence numbers at p > 200kbar. Therefore it is still an 
experimentally unanswered question whether the valence of Yb saturates at high 
pressures as the valences of Ce and Eu do. Figure 28 displays the high pressure LIù 
absorption of Yb (recorded by the author) in the vicinity of the fcc-bcc phase 
transformation (0-58kbar). The transi t ion (at 35 kbar) may be clearly monitored 
from the shift of the change of the near edge structure at E - Eo > 25 eV. Low 
pressures (p >7 7 kbar) only broaden the absorption line at the high-energy side of 
the maximum ('volume broadening', cf. section 7.3). The 'trivalent line' however, can 
be already discerned from the prominent line at p >~ 20 kbar, below the nominal fcc- 
bcc transition pressure. The 'divalent line' in the bcc phase exhibits a shoulder at the 
absorption onset (arrows). A similar fine structure has been detected in the high- 
pressure bcc phase of Eu (cf. fig. 26a, 52kbar). 

12. The cerium problem viewed from L m absorption 

Cerium exhibits the most complicated T-p phase diagram of the lanthanides (cf. 
e.g. Koskenmaki and Gschneidner (1978)). The intriguing and different behavior of 
elemental cerium in its various phases and of cerium in a large manifold of 
compounds, concentrated and dilute alloys exhibiting fascinating deviations from 
the 'normal' solid state, stimulated intensive spectroscopic investigations through X- 
ray spectr, oscopies. Cerium is frequently considered to be an exceptional case among 
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the lanthanides due to the apparently stronger hybridization between the 4f and the 
conduction electrons at the beginning of the lanthanide seiles. The fascinating 
anomalies of cerium usually are attributed to a transition from a localized to a 
delocalized 4f state. Zachailassen and Pauling suggested the isostructural y-a 
transition of Ce metal to originate from the promotion of the 4f I electron into the 
tetravalent conduction electron configuration, hence changing the valence from 
three to four. A partial valence transition from 3.06 to only about 3.69 in the y-a 
transition was suggested by Gschneidner Jr and Smoluchowski (1963) on the basis 
of volume and magnetic data. In a thermodynamical approach Johansson (1974) 
attributed this transition to be a Mott transition resulting in a 1 eV wide 4f band. 

L m absorption spectra of Ce intermetallic compounds were published by 
Bauchspiess et al. (1981). y-type compounds exhibit strong trivalent absorption lines 
and a more or less pronounced shoulder at high energies, indicating already the 
presence of tetravalent cerium, a-type compounds can be clearly distinguished 
spectroscopically from the y-type compounds through a characteristic double- 
peaked shape (for the discussion of CeO 2 cf. section 14). According to these spectra 
cerium in metals occurs never in completely trivalent or tetravalent states; it 
apparently always occurs in two types of mixed valent states. The valence of y-type 
Ce is 3 < v ~< 3.14 and the valence of a-type is Ce 3.14 ~< v < 3.3-3.4 (cf. Wohlleben 
1982, Wohlleben and Röhler 1984). 

12.1. LII I absorption in elemental Ce under high pressure 

Lin absorption spectra of elemental cerium under high pressure and at room 
temperature were recorded by Röhler et al. (1984a), Röhler (1984), under high 
pressures and low temperatures by Keulerz et al. (1986). Along the room tempera- 
ture isotherm (fig. 29a) Ce transforms at 8 kbar into the a-phase, at 51 kbar into the 
superconducting «'-phase and at l l2kbar  into the tetragonal phase. Along the 
6kbar isobar (fig. 29b) Ce transforms at about 150K into the c-phase. Figure 
29a displays the L m spectra of y-Ce (0kbar), a-Ce (9, 24, 42kbar), c(-Ce (61kbar) 
and tetragonal Ce (120 kbar) at 300 K, fig. 29b shows the Ln~ absorption in the edge 
and near edge region of elemental Ce at 6 kbar between 300 K and 5 K. The spectra 
have a double-peaked shape in the a- and c(-phases. The two absorption lines are 
assigned to the final-state configurations 2p54f15d * and 2p54f°5d *, according to a 
3+/4 + mixed valent state. The valence a!ong the room temperature isotherm 
changes from 3.03 to 3.32 with jumps by + 10~o each in the y-a  and a'-tetragonal 
transitions and with a clear reversal by about - 3 ~  near the «-«' transition. Across 
the entire a'-phase the valence remains pressure independent (fig. 30). 

The splitting of the two distinct lines in y-type spectra is slightly larger (8-9 eV) 
than in mixed valent (2 +/3 +) Sm, Eu, Tm and Yb intermetallics. The LH~ absorption 
lines in a-type Ce systems are relatively broad and have weak total intensities. 

Parks et al. (1983) find from their analysis of the LH~ absorption in intermetallic 
compounds that the linewidth W 3 of the low-energy line (4f15d) is larger than the 
width W4 of the high-energy line (4f°5d). Beaurepaire et al. (1984) fit to the a-type 
absorption spectra in Ce(PdxTl_x)3 (T = Ag, Rh) and CexYl_~Pd 3 two lines 
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exhibiting linewidth ratio W3/W 4 = 1.8-2.4. From the discussion of the relationship 
between the metallic radii and the radial extension of the 5d wavefunction (section 
7.3), we expect Wg > W3. We stated in section 7.3 that relatively large linewidths 
correspond to the configurations of the higher valence stare and vice versa. It is 
clearly visible from fig. 29b (spectrum at 5 K) that the tetravalent line is larger than 
the trivalent line and in addition 'chemieally' Split as discussed in seetion 8 (cf. fig. 
16). Taking properly into account this splitting, one obtains a reasonable linewidth 
ratio W3/W4 = p.7 according to the volume arguments. 

It is still a matter of controversy whether the XPS theories complementarily might 
apply to the analysis of L absorption (cf. section 3). If they apply, do shake effects 
falsify the LIII valence numbers as in XPS? Raaen and Parks (1985) and Raaen et al. 
(1983) address the linewidth problem discussing the experimental evidence of 
possible many-electron effects in Ce Lui absorption spectra. For this purpose they 
discern fine structures at the leading edge of trivalent absorption line in RPd3 
(R= L a ,  Pr, Nd) and RNis (R=La ,  Pr, Nd, Sm) from the prominent line intensities 
subtracting the spectra from its corresponding Gd isomorphs. Aligning the speetra 
at the absorption maxima, the intensities of such fine structure are found to be 
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> 12~o and to decrease with increasing Z. They vanish in the Sm spectra. These 
weak lines are interpreted to be 4f "+2 shake down satellites as the lines observed 
closest to E v in 3d photoemission (cf. chapter 62). According to the approach of 
Gunnarsson and Schönhammer (1983)for mixed valent X-ray photoemmission spec- 
tra (cf. chapter 64), the probability for shake processes on photoexcitation of 
instable 4f systems is proport ional  to the 4f conduction electron hybridization A. A 
is expected to decrease with the lanthanide .contraction and hence also the shake 
intensities. Raaen and Parks  (1985) calculate the error occurring in a valence 
determination procedure assuming such final-state effects to be Av = 0.006. A 
similar analysis was performed by Bianconi et al. (1984) and Marcelli et al. (1985) 
analyzing a fine structure in RPd3 (R = La, Ce, Pr, Nd) and CeCu~Si2 from the 
absorption derivatives. 

In addition to the information on the valence state the Lm absorption of Ce as 
function of volume yields distinct information on the final-state problem. If the 4f 
conduction electron hybridization strength would be votume-dependent, the 'shake 
up' intensity at the leading edge of the trivalent absorption line should increase with 
pressure. The 2p binding energy shift of the hypothetical divalent 'shake up' from 
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the trivalent final state would be about - 4 e V .  An increasing 'shake up' intensity 
with decreasing volume therefore should shift the onset of the absorption (threshold 
in fig. 29a) to lower energies. Figure 31 displays the pressure dependence of the 
position of the threshold and of the tri- and tetravalent maxima. It turns out that 
the threshold energy depends only weakly on pressure and is slightly shifted towards 
high energies. From the 'shake up' hypothesis orte expects just the opposite 
tendency. 

12.2. Valence saturation in intermetallic Ce compounds and dilute alloys 

Ce intermetallics, concentrated and dilute alloys exhibit similar electronic proper- 
ties as elemental Ce in its various phases. Analogous to the external pressure in the 
element, 'chemical pressure' induces transitions from magnetic ?-type to non- 
magnetic Gt-type Ce systems. The LIH absorption spectra of Ce in these systems may 
serve as a fingerprint of the specific electronic state, i.e., double-peaked spectra with 
v >/3.14 indicate nonmagnetic «-Ce. As in Ce metal under high pressure the valence 
in dilute and concentrated alloys and in compounds saturates at low atomic Ce 
volumes, i.e., the valence does not exceed 3.4 (cf. table 3). In analogy to the 2+-3 + 
valence transitions, the tetravalent absorption spectrum would be expected to 
exhibit a shift of the center of gravity of the atomic part by about + 7 eV above the 
y-type spectra. No such tetravalent spectrum of Ce in metals was ever observed. 
(The L~~~ spectra of Ce in the nominally tetravalent insulators will be discussed in 
section 14). Lengeler et al. (1983a) measured the Lm absorption of dilute Ce in 
Pd, Y, Sc and Yb, while they did not extract valence numbers from these spectra. It 
is obvious by inspection that dilute Ce impurities behave just like Ce in compounds. 
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They exhibit valences between 3 and 3.4. Beaurepaire et al. (1984) and Parks et al. 
(1983) studied the Lm absorption in Ce(Pdt-xTx)3 (T = Ag, Rh, Y). The volume 
dependence of the Ce valence in these alloys is found to be similar to the valence- 
volume relationship measured in Ce metal under high pressure (Röhler 1985a). At 
small volumes the valence is pinned at about 3.3. 

An analysis of the valence saturation of Ce metals at low volumes in the 
framework of the thermodynamics of valence fluctuations is given by Röhler et al. 
(1984a), Wohlleben and Röhler (1984) and Wohlleben (1984b). 

13. LII I absorption of Ce in 'heavy fermion' Ce systems 

The Ce intermetaUics CeCuzSiz ,  CeCu6 ,  CeA13 exhibit an anomalously large 
specific heat coefficient of order ~, = 1 J/mole/KZ; i.e., 7 is up to two orders of 
magnitudes larger than in normal metals. These materials are usually considered to 
be trivalent. Investigations of the EnT absorption of Ce at low temperatures in these 
'heavy fermion' materials were performed by Klug et al. (1985). The L~I~ absorption 
in C e C u  zSi 2 (nonsuperconducting at ambient pressure) under high pressure up to 
200kbar was recorded by Röhler et al. (1987). 

13.1. LII I absorption of Ce in CeAI3, CeCu6, CeCuzSi 2 

Figure 32 (right-hand side) displays the Ce Liu absorption spectra of CeCuzS i  2 
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nonsuperconducting samples), CeCu6 and CeA13 together with the LII I absorption spectra at 300K 
(adapted from Klug 1986). 

(superconducting and nonsuperconducting sample), C e C u  6 and CeA13 at ambient 
pressure. The presence of tetravalent Ce is clearly Visible from the spectra. Ce heavy 
fermion materials are not purely trivalent but mixed valent. F rom the deconvolution 
of the spectra one obtains valence numbers between 3.065 and 3.12. The valence 
numbers of superconducting C e C u 2 S i  2 and C e C u  6 a r e  close to v = 3.14, i.e., close to 
the crossover from 7- to a-Ce. Figur~ 32 (left-hand side) shows the temperature 
dependences of the valences between 300K and helium temperature. Note the 
zoomed valence scales. Within Av = 0.01 the valences remain temperature inde- 
pendent. Due to the excellent statistics of the spectra and the precision of the fits (cf. 
section 15), retatively small valence changes could be resolved. The temperature 
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dependences of the valences exhibit characteristic nonlinearities. They reflect the 
different crystal field schemes of the 4f ~ Hund-rule ground states. The observed 
temperature dependence of the valence may be related, e.g., to the resistivity 
anomalies (Klug 1986, Klug et al. 1985). 

13.2. L m absorption of Ce in CeCu2Si 2 under high pressure 

LIII absorption spectra of Ce in CeCu2Si 2 (nonsuperconducting at ambient 
pressure) at pressures up to 200 kbar are displayed in fig. 33. The spectra are similar 
to the high-pressure spectra of elemental cerium, displayed in figs. 29a,b. 
Apparently the transition to «- or «'-type cerium is shifted to higher pressures than 
in elemental cerium. The valence vs pressure is shown in fig. 34. It increases with 
increasing p and seems to saturate at about v = 3.4 for p > 150kbar. At 38kbar 

e l .  
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N 

E 

i 

CeCu2Si 2 
, , , /,c-------r------r---~ T 

. . . . , . . , o _  

B 140 kbar 
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8 ~ ~, , !;-- .... ~ , ~ , 
f t  0 20 0 20 E-Eo [eV] 40 

Fig .  33. Lll  I absorption of Ce in CeCu2Si  2 
(nonsuperconducting at p = 0  kbar) at 
high pressures. Lines connecting the data 
points are fits according to fig. 16 (Röhler 
et al. 1987). 
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(vertical line) one observes a first-order valence transition. The cross in fig. 34 
indicates the valence of the superconducting sample shown in fig. 33. Hence the 
nonstoichiometry of the superconducting sample (excess copper) seems to cause an 
internal pressure of about 38kbar shifting the valence into a two-phase region 
around the pressure of the first-order valence transition. Most interestingly the 
pressure dependence of the superconducting transition temperature Tc (Jaccard et 
al. 1985) exhibits a steep increase from about 0.8 K to 2.2 K between 20 and 35 kbar. 
This increase of Tc with pressure is comparable to the superconducting transition 
temperature vs pressure in Ce metal at the ct-«' phase border line (Probst and 
Wittig 1978). The interplay between the mixed valent stares, biphased structural 
features and the occurrence (of suppression) of superconductivity is a fascinating 
phenomenon. Braun et al. (1983) observed polymorphism for Lalr2Sia between a 
high-temperature phase of a CaBe2Ge2 structure and a low-temperature phase of 
the ThCr2Si2 structure. The high-temperature modification exhibits super- 
conductivity, while the low-temperature modification is nonsuperconducting. One 
may speculate whether the valence transition in CeCu2 Si2 at 38 kbar is associated 
with a structural change into another derivate of the BaA14 structure (cf. section 10). 

Figure 35 shows the individual linewidths W a, W 4 of the LII I absorption in 
CeCu2Si 2 as obtained from the spectra, exhibited in fig. 33 (cf. alfio fig. 16). The 
linewidths are pressure (volume) dependent as expected from the relationship of 
atomic volume and spectral density (section 7.3.). W 4 exhibits a larger pressure 
derivative than W3. Plotting Wa, W4 vs the occupation number v of the tetravalent 
state, we find a correlation of the linewidth differences W4 - W3 and the fractional 
valence. The derivative ö (W4-  Wa)/öv = 8.6 + 1 eV. This number seems to be a uni- 
versal number in Ce systems. It has been found in elemental cerium under high 
pressure and Ce (Pdl-xT~)a ( T = A g ,  Rh, Y) also. From the Lm spectra in 
2+/3 + mixed valent materials (Pr, Sm, Eu) one extracts 2.6eV (cf. e.g. Röhler 
et al. (1983a), Lübcke (1985)). At the time there is no sound interpretation of 
these empirical relationships between valence and Lm linewidths. 
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14. Is C e O  2 tetravalent? 

Stoichiometric CeO 2 crystallizes in the CaF 2 structure with a = 5.411 Ä. Single 
crystals are colorless, polycrystalline powders exhibit a pale yellowish color. Small 
oxygen deficiencies (>1~o) change the color to black (Meyer 1903). Non- 
stoichiometric CeO 2 ('«-phases') have a defect CaF 2 lattice with larger unit cells 
than stoichiometric crystals. For instance the lattice parameter a is by 0.2~o larger in 
a dark Ce01.995 single crystal than in C e O  2. The magnetism of CeO 2 for decades 
was a matter of controversy in the lanthanide magneto-chemistry. Since chemically 
tetravalent Ce has an empty 4f shell (4f°[1So]), CeO 2 is expected to exhibit 
diamagnetic behavior as other 4f ° systems, e.g. La2 0  3. The experimental results of 
the static susceptibility, however, indicate weak temperature-independent para- 
magnetism between 4 and 300 K. The measurements of the molar magnetic suscepti- 
bility converge to a minimum at ~ = 12.9 x 10 - 6  [emu/mole] in samples with 
upgraded purity (Klemm and Hartlapp 1948). Serres (1935) and Wachter (1982) 
report slightly larger numbers ( (22_  4)× 10 -6  and 25 × 10-6[emu/mole] ,  respec- 
tively). From optical transmission data Wachter (1982) claims the upper limit of 
Ce 3 + ions in CeO 2 to be 5~o. The technical importance of CeO 2 stimulated intensive 
investigations of its physical and chemical properties. Not  one of the numerous 
experimental studies (either macroscopical or microscopical) proves unambiguously 
the existence of fully tetravelent CeO 2. Oxygen deficiencies and the cor- 
responding defêct structure may account for the presence of trivalent Ce ions in the 
black nonstoichiometric crystals. However, why is La20 3 truely diamagnetic but 
stoichiometric CeO 2 not? Which mechanism might account for the surprisingly high 
chemical sensitivity of ionic bonds in a highly symmetrycal crystal? We expect the 
answer to these questions to come from a thorough investigation of possible Ce 
valence instabilities in CeO 2 rather than in the search for the 'ideal' crystal. Hence 
our efforts to tackle the problem of mixed valence in the insulating compound 
CeO2. 

K«,~ emission line shifts (cf. table 1) and Lm absorption data from different 
laboratories (cf. table 3) indicate mixed valence in C e O  2. Comparing the LIH 
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absorption of metallic-like CeB 6 and CeO2, Troneva et al. (1958) found four atomic- 
like lines in CeO 2. Blockin and Kuznetsov (1966) assign these lines to transitions 
into trivalent and tetravalent valence stares. 

14.1. LII 1 absorption in 'tetravalent' Ce insulators 

Figure 36 displays the Lù~ absorption spectra of Ce in some of the nominally 
tetravalent insulating compounds: CeO2, Ce(SO4) 2 and CeF 4. These spectra were 
recorded simultaneously with the Lu~ absorption of metallic 7-Ce, using three 
detection systems in line. Their atomic-like absorption exhibits two prominent lines 
at high energies (labelled C and D) and two much weaker lines at low energies 
(labelled A and B). Line B is not resolved in Ce(SO4)z and CeF 4. Their existence, 
however, is clearly confirmed by the analysis of the individual linewidths and by 
comparison with CeO 2. The splitting A-B is about 5eV and the splitting C-D is 
about 6eV. B is split from C by about 3eV. Analyzing C e O 2 ,  Troneva et al. (1958) 
assigned the lines A and B to be quadrupolar (l + 2) transitions 2p3/2 ~ 4f ° and the 
lines B and C to be dipolar (l + 1 and 1 - 1) transitions 2p3/2 ~ 5d and 2p3/2 - '  6s, 
respectively. The onset of the continuum was located at high energies near the posi- 
tion of line D. However, by reasons of the small 2p quadrupolar transitions pr0ba- 
bilities (cf. table 2) and the small spectral density of 2p-6s transitions, this 
assignment cannot be maintained. 

Blockin and Kuznetsov (1966) recorded the L m absorption in stoichiometric 
C e 2 0 3  and C e O  2. The prominent absorption line in trivalent Ce2 03 occurs at the 
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Fig. 36. LI11 absorption of Ce in 'tetravalent' Ce insulators 
together with the L m absorption in elemental Ce (simultaneous 
recording). A and B denote the positions of the two trivalent 
absorption lines, C and D the positions of the tetravalent 
absorption lines. The valence from the intensity ratios of the 
two subspectra is indicated at the right-hand side. The stair- 
case-like lines represent the continuous absorption (see 
text). 
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position of line B in CeO 2. The recordings from nonstoichiometric CeO1.75 
(stabilized with L a 2 0 3 )  exhibit a strong intensity at the trivalent position B 
(Ce203)  and a prominent peak at the tetravalent position C (and a weaker line at 
D). The concentration ratio of tri- and tetravalent Ce ions traced from these 
recordings is found to correspond approximately to the degree of reduction in 
CeO 2 . 

Neglect ingthe weak lines A and B, the double-peaked shape of the line absorp- 
tion in CeO2 seems to be similar to the atomic-like absorption in et-Ce metals. 
Analogous to the valence determination in the et-Ce intermetallics Bauchspiess et al. 
(1981) first assigned .the two prominent lines C and D to transitions 2p3/2 --* [4f 1] 
(5d6s) 3 and 2pa/2 --* [4f °] (5d6s)*, respectively, and found v = 3.32. This analysis did 
not take into account ttie different positions of the two prominent lines in metallic 
and insulating Ce systems. Taking properly into account the position of CeO2 with 
respect to the binding energy of trivalent (or nearly trivalent) Ce reference systems 
(e.g. Ce metal or Ce203), it suggests itself to assign the lines A and B to trivalent Ce 
and the lines C and D to tetravalent Ce. Then the valence of Ce in the "tetravalent" 
insulators turns out to be close to 4, but not to be 4, namely v(CeO2) = 3.65 +0.06 
and v(CeF«)-= 3.85_+0.06 (Wohlleben etal. 1981, Bauchspiess, 1982). Also see 
comments in chapter 62, sections 6.2.2 to 6.2.4 of this volume. 

We do not  know the exact positions of the continuum thresholds with respect to 
the positions of each of the two double lines. The somewhat arbitrary choice of the 
threshold positions is an additional source of systematical errors concerning the 
accuracy of the valence determination. Depending whether the atomic-like absorp- 
tion is assumed to interfere with the continuum background or assumed to rise 
only far below a steep continuum threshold, the valence numbers range from 3.65 to 
3.9, respectivety. 

The nominally tetravalent stoichiometric dioxides with Pr and Tb exhibit similar 
LIlI absorption spectra as CeO 2 (Karnatak et al. 1985, 1987). 

14.2. Lni  absorption of Ce in CeO 2 under high pressure 

The Lul absorption of Ce in CeO 2 was investigated at high pressures up to 260 
kbar (Röhler 1986a; fig. 37). Figure 37 shows high-pressure Lin spectra of Ce in 
CeO 2 at 20 and 225 kbar. High pressure shifts the lines C and D monotonously to 
high energies, however at different rates. As,a result the splitting of the lines C and D 
decreases by -2 . 4  +0.3 meV/kbar. At the same time the lines are broadened. The 
relative intensities remain largely unaffected and the valence is found to be pressure- 
independent within Av = _+0.05. The LIH absorption spectra of Ce in CeO2 have 
been calculated by Delley and Beck (1985) and Jo and Kotani  (1985) based on 
different theoretical models. Delley and Beck assign the line B to the 4f 2 5d 'shake 
up', C to 4f 1 5d and D to 4f°5d final-state configurations, analogous to the 
assignment of the metallic et-type 3d-XPS spectra. If this assignment really would 
apply to the Lm spectra also, one expects the intensity of line B to increase with 
decreasing volume (cf. the discussion of final state effects in Ce metal, section 12). 
This pressure effect is not observed. 
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15. Concluding remarks 

X-ray absorption has been developed into a standard tool in the physics and 
chemistry of the lanthanides. The traditional absorption spectroscopies, rediseov- 
ered through the recent devetopments in synchrotron radiation research, and the 
fascinating properties of lanthanide mixed valence systems, stimulated a large 
variety of experimental work, which we could document in this chapter only 
incompletely. In contrast to the apparent intensity in the experimental work, the 
theory of X-ray absorption is still undeveloped. We feel that theoretical treatment of 
the X-ray absorption problem in lanthanide mixed valent materials is needed 
urgently for two problems: (i) the analysis of chemical shifts in the deep core level 
spectroscopies with final-state configurations involving outer valence electrons; (ii) 
the analysis of deep core level absorption in homogeneously mixed valent materials. 
At this time most of the theoretical work is concerned with the various photoem- 
ission teehniques and many theoreticians and experimentalists claim the solution of 
the theoretical problems arising in X-ray absorption is easily transferable from the 
concepts of photoemission. It is a puzzling fact that important findings from Lin 
absorption such as the valence saturation in ~t-cerium and Ce intermetallics was 
not generally accepted until the much more complicated photoemission spectra 
could be theoretically understood. Clarification of the problem of all high-energy 
spectroscopies, namely, to which extent and under which detailed ¢onditions valence 
fluctuations (or the dynamics of the 4f delocalization) interferes with the dynamics of 
the core hole screening is a pre-requisite for the safe measurements of ground-state 
properties, which are the focus of the physical interest. We feel that meanwhile there 
is an overwhelming experimental evidence for such perturbations in Lni absorption 
to be negligible. This observiation could be a challenge for the theory of X-ray 
absorption, also. 
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1. Introduetion 

The inelastic scattering of electrons provides a powerful technique for characteris- 
ing both the chemical composition and electronic environment of materials; the 
energy loss AE suffered by an incident electron (energy Ep) directly defines a 
fundamental bulk or surface excitation in the solid. Experiments may be carried out 
either in the transmission mode, in which fast electrons (50 < Ep < 300keV) pass 
through thin films (~  100 nm) in an electron microscope while undergoing mainly 
bulk excitations, or in reflection mode, in which slower electrons 20 eV < Ep ~ 2 keV 
suffer both electron loss and backscattering from the surface. Here the effective 
sampling depth is directly dependent on Ep, varying from one or two layers to 2-  
3 nm at higher incident energies, and both bulk and surface excitations will be 
prominent. Inelastic scattering processes involve two main types of electronic 
excitation: 

(a) Low-energy excitation of valence electrons, which may be collective in charac- 
ter (plasmons) or one-electron transitions. All materials have losses in the 
0 < AE < 20 eV range, and so such loss data provide rather detailed fingerprints of 
electronic environment rather than element specific excitation energies. 

(b) Higher-energy core excitations, which may at least schematically be regarded 
as one-electron excitations. These transitions occur in energy regions characteristic 
of particular atomic species and can carry information both on elemental con- 
centration and electronic environment. 

In reflection geometry it is possible to investigate energy losses AE comparable to 
the primary energy Ep, and under these circumstances exchange interaction between 
incident and target electrons becomes important leading to a widening of the range 
of possible excitations through the relaxing of strict selection rules. 
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Transmission electron energy loss spectroscopy has its origins in the 1940s 
through pioneering experiments by Ruthemann (1941), Hillier and Baker (1944) 
and others, but it was in the 1970s that the technique became widely established, 
and electron energy loss facilities are now standard attachments to electron micros- 
copes. Amongst numerous reviews extolling the virtues and defining the limitations 
of the technique those by Raether (1965), Daniels et al. (1970), Colliex et al. (1976a), 
Schnatterly (1979), Raether (1980), Egerton (1984a,b), Leapman (1982), Colliex 
(1984) and Colliex et al. (1985) have proved particularly helpful to us. In addition 
Egerton and Egerton (1983) have produced a useful bibliography, while Ahn and 
Krivanek (1982) and Zaluzec (1981) have established reference libraries of spectra. 

Modern reflection electron energy loss spectroscopy has its origins in work by 
Powell (1960), Robins and Swan (1960) and Best (1962), while Gerlach et al. (1970) 
and Gerlach and Du Charme (1972) showed that core ionisation could be studied in 
reflection. Surprisingly there is no comprehensive review of this field as far as 
electronic excitations are concerned, but the article by Froitzheim (1977) may be a 
useful starting point. 

The lanthanide elements and their compounds have a number of properties that 
are particularly attractive for application of electron energy loss spectroscopy 
(EELS). The conduction band electrons in the metals are mixed s-d in character as 
in the lower part of the transition metal series, and the monitoring of both one- 
electron transitions and plasmons by EELS is a convenient indicator of changes in 
outer electronic structure in such metals, alloys and compounds. The partially filled 
4f shells show strong atomic-like correlation even although the electrons are bound 
by only a few eV, and core excitations may reach localised atomic-like states. By 
appropriate variation of Ep EELS reveals a richness in excited state structure that 
remains hidden from other spectroscopies such as X-ray absorption. Electrons may 
also cause vibrational excitation (Ibach and Mills 1982), but no such experiments 
have as yet been carried out on rare earth systems. 

In this review we consider how EELS complements other high-energy spectro- 
scopies in elucidating the electronic properties of rare earths and their compounds. 
Section 2 reviews the interaction of electrons with matter, while section 3 surveys the 
experimental techniques of transmission and reflection EELS. Section 4 considers 
excitation of the outer electrons in rare earth metals and their compounds; one- 
electron and plasmon losses show both continuation of bulk properties to the 
surface and modified surface environment. Section 5 looks at core excitations, which 
emphasise atomic rather than band-like properties, while section 6 suggests new 
applications of EELS which will enhance understanding of the idiosyncracies of rare 
earth systems that keep the rare earth community both intrigued and employed. 

Finally, before embarking on a study of electron energy loss spectroscopy (EELS 
but sometimes just ELS) it is important not to be too confused by various nearly 
equivalent acronyms that are used in the literature. CEELS (core electron energy 
loss spectroscopy) is similar to ILS (ionisation loss spectroscopy), although in the 
rare earths we shall see that excitation dominates rather than ionisation. AREELS 
stands for angle resolved EELS, which is equivalent to ILEED (inelastic low-energy 
electron diffraction); REELS (reflection EELS) and SEELS (slow EELS) - see 
Nassiopoulos and Cazaux (1985) - refer to electron loss involving reflection of 
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electrons of intermediate energy, while LEELS (low-energy EELS) and HREELS 
(high-resolution EELS) tend to be associated with vibrational loss spectroscopy. 

2. The interaction of  electrons with matter 

The inelastic scattering of electrons by atoms or solids may be dealt with in two 
basic regimes according to whether or not the velocity of the incident electron, v, is 
large compared  to the orbital speed of the electron(s) being excited. In the former 
case ('fast' electrons) the first Born approximation is valid, Bethe (1930, 1932, 1933.) 
theory may be applied, and the differential cross section for scattering depends 
directly on the momentum transferred in the collision. In the latter case the incident 
energy is not much greater than the binding energy of the electrons being excited, 
and a much more complicated pattern of interaction emerges (Celotta and Huebner 
1979, Kuppermann  et al. 1968); however, in this 'slow' regime selection rules for 
excitation break down and important  new scattering channels appear. The ideas 
inherent in the Bethe formalism survive reasonably intact in the intermediate energy 
regime between 'fast' and 'slow', and the Born-Bethe approximation forms a good 
basis for the interpretation of most (but as we shall see not all) EELS experiments 
on solids. 

2.1. Born-Bethe predictions 

Since Bethe's incisive analysis of the interaction of fast electrons with atoms, many 
useful reviews of its applications have appeared - see Inokuti (1971), Inokuti  et al. 
(1978), Bonham (1979), Leapman (1982) and Inokuti  and Manson (1984)- but it is 
important  to summarise the main results here. 

Let us first consider the interaction of a fast electron of energy Ep = ½k 2 = ½v 2 (in 
the formulae in this review we shall adopt  Hartree atomic units, setting relative to SI 
units e = h = m e = 4ne o = 1; the atomic unit of energy is then 27.2eV, the unit of 
distance the Bohr radius 0.0529 nm); k is the incident wave vector, v the velocity. If 
the electron loses energy AE in being scattered into a final state of wave vector k'  the 
momentum transfer (fig. ld) 

q = k - k ' ,  (1) 

and for small angles of scattering 

q2 = k2(02 + 02), (2) 

where 0E = AE/2Ep; qmin = kOe = A E / x ~ Ë  p is the minimum momentum transfer 
for a given AE and its direction is parallel to k. Table 1 gives the minimum (0 = 0) 
momentum transfer for typical AE and Ep values occurring in EELS as weil as the 
corresponding 0E values. 

First Born theory leads to a differential scattering cross section for loss AE, 

da = 4 ~ S(q, AE)dY2, (3) 
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Fig. 1. Schematic diagram of: (a) transmission e]cctron energy ]oss; (b) rcflcction e]cctron energy ]oss; (c) 
e×citation outside the surfacc in rcflection e|e¢tron encrgy ]oss; (d) momentum conservation in the energy 
loss process. 

where S(q, AE) is called the form factor for inelastic scattering in the system. For an 
N-electron atom or solid, S(q, AE) takes the form of the square of the modulus of a 
matrix e]ement between the initial state i and the final state f of excitation energy AE, 

N 

~~«,~~'--I«'~~~ ex~~~'~~~'i» r, ~41 
with r~ the position operator of the jth electron. For  transitions to continuum states 
S(q, AE) d(AE) corresponds to the form factor for final states in the excitation energy 
range 

AE ~ AE + d(AE). 

The merit of eq. (3) is its partitioning of the cross section into two patts. The term 
4(k'/k) (1/q4) is the Rutherford cross section for the scattering of one free electron by 
another at rest, so that S(q, AE) represents the ratio of scattering from a system with 
electronic structure to the idealised 'structureless' electron case; it is a property of 
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TABLE 1 
qmin and 0e values for rare earth losses in reflection (E v = 100, 200, 2000eV) 
and transmission (Ep = 100000eV) modes. The losses 4, 14, 40, 150 and 
900eV are typical one-electron, bulk plasmon, 5p, 4d and 3d loss energies. 

Ep (eV) AE (eV) qmiù (Æ - t) 0E (degrees) 

100 4 0.10 1.1 
14 0.35 4.0 

200 4 0.05 0.6 
14 0.18 2.0 
40 0.72 5.7 

2000 4 0.02 0.06 
14 0.08 0.20 
40 0.23 0.57 

150 0.86 2.1 
900 5.16 12.9 

100000 4 0.003 0.001 
14 0.011 0.004 
40 0.032 0.01 

150 0.12 0.04 
900 0.73 0.26 

the sca t ter ing  target ,  is a funct ion of m o m e n t u m  transfer,  and is i ndependen t  of the 
incident  velocity.  Al ternat ive ly  d a / d ~  may  be rewr i t t en  in terms of the general ised 
osci l la tor  s t rength  

d f (q ,  AE) 2AE 
d(AE)  - q2 S(q, AE). (5) 

The  a d v a n t a g e  of this re formula t ion  is tha t  in the limit q ~ 0 ,  i.e., expand ing  
exp( iq . r j )  in eq. (4) and t ak ing  the leading n o n - z e r o  term, df(q, AE)/d(AE) cor-  
r e sponds  to  the d ipole  osci l la tor  s t rength encoun te red  in pho toabso rp t ion .  

F o r  smal l  angles of scat ter ing 0 the  differential  scat ter ing cross sect ion into 
con t inuum states  of exci ta t ion energy AE is now 

d2o  " 2 1 df(q, AE) 
d(AE)d(2  - v2AE (0 2 + 0~) d(AE) (6) 

F o r  d ipo le  a l lowed t rans i t ions  df/d(AE) is a p p r o x i m a t e l y  cons tan t  over a reason-  
able r ange  of q, so that  the angle dependence  of the cross section goes as 
(0 2 + 02) -~ and  as 0 -2 over  a subs tan t ia l  angu la r  fange  beyond 0»  

2.2. Core excitations in solids 

Core e lec t rons  in solids are basical ly a tomic- l ike ,  and  it is possible  to t ake  over 
the a tomic  theory  directly,  to  give the differential  cross  section for exci ta t ion to a 
discrete s ta te  
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d~ 

dO 

4 1 1 
/)2 (0 2 _~_ 0 2) q2 [ ( f [ e x p ( i q ' r ) [ i ) [  2, (7) 

where a one-electron approximation has been adopted in evaluating the form factor. 
Since initial and final states are orthogonal the leading term is 

d«  4 1 [ ( f l q . r l i ) l  2 
dg? v 2 0 2 + 0 2 q2 ' (8) 

emphasising the direct connection to the dipole matrix elements involved in X-ray 
absorption.  

For  dipole forbidden transitions, e.g., from a p core state to a 4f final stare, higher- 
order terms in the exponential expansion lead to a finite contribution to the cross 
section. This is in general small unless q ~ 1/r c, where r c is the core orbital radius, 
but such conditions may be satisfied both in transmission and reflection geometry 
(Schnatterly 1979, Grunes and Leapman 1980, Ludeke and Koma 1975), and will be 
of importance in rare earth electron loss spectroscopy. Thus even within the Born-  
Bethe regime monopole, quadrupole and octopole transitions may be prominent. 

2.3. Dielectric formulation 

It is not so obvious how weil Born-Bethe ideas are satisfied in describing 
excitations in solids with their extended band states. However, the structure of the 
basic result (eq. (3)) with the partitioning into a Rutherford cross section and a form 
factor depending on momentum transfer remains intact. All that is required is for 
the differential oscillator strength to be reinterpreted in terms of a response function 
for the system e(q, AE), the Fourier transform of the space/time dielectric response 
~(r,  t). 

The generalised oscillator strength now takes the form 

d f(q, AE) 2AEIm(--  1/e(q, AE)) 
- (9)  

d(AE) rc~o~ ' 

where ~% --- 4 ~  with n the effective electron density in the solid, and I m ( -  1/0 is 
termed the bulk dielectric loss function; the expression may be modified to take 
account of anisotropy where appropriate. This result may be obtained by a number 
of different routes (Schnatterly 1979, Raether 1980), but the fact that d2«/ 
[d(AE)d~]  should be proportional to Im(-1/e(q,  AE)) may be seen from the 
classical argument as given by Froitzheim (1977). The moving electron interacts 
with the electrons in the solid by long-range Coulomb forces; the space and time 
dependent response of these electrons produces a polarisation field characterised by 
a dielectric function e = e 1 + ie 2 containing both real (refractive) and imaginary 
(damping) components. Looking at a particular Fourier component  of the field, its 
amplitude will be reduced in the solid by a factor l/e, its energy density by Il/el 2. As 
the field moves through the system its energy dissipation will be proportional to e 2 
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so that 

(d~~~ ~~ ( 1 )  
d(AE)dQBbulk oc ~ oc Im . (10) el -[- ~2 ~(q,AE) 

However, another possibility exists. The electron may lose energy eren although it 
is outside the solid. Here there will be image screening, which reduces the field by a 
factor 1/(e + l) leading to energy loss 

~d~~~ ~~ ( 1 )  
cc oc Im (11) 

\d(AE)dQ/Isurfac e (e 1 + 1) 2 + e 2 e(q, AE) + 1 ' 

l'n transmission experiments the relative importance of bulk and surface loss 
components will be a function of film thickness, but bulk response will generally 
dominate. In reflection geometry the bulk/surface balance depends sensitively on 
incident energy and angle and the mean free path for inelastic loss within the solid, 
but at low Ep( < 200 eV) the contributions are likely to be comparable, with surface 
response becoming increasingly important near glancing incidence. 

It must be emphasised that the surface dielectric response has nothing to do with 
intrinsic surface properties of the material - it is just a sensing of bulk properties 
from outside the surface. Features in the loss spectrum additional to those as- 
sociated with e(q, AE) may appear under highly surface-sensitive experimental 
conditions, and these are associated with different electronic properties in the surface 
region. 

In all practical circumstances the characteristic angle 0E that controls the angular 
profile near 0 = 0 (table 1) is quite small, and in reflection geometry the small angle 
loss must be accompanied by an elastic reflection in order for the electron to be 
detected in the spectrometer (fig. 1). Elastic backscattering is much more probable 
than the inelastic process, and furthermore the elastic momentum transfer is taken 
up by the whole crystal. 

2.4. What do we measure? 

So far we have outlined the physics of single inelastic scattering, but in condensed 
matter multiple inelastic scattering may occur; in transmission its importance is 
governed by the ratio of the inelastic mean free pa th  for all electronic excitations to 
the sample thickness d, and well-established correction procedures (Swyt and 
Leapman 1982) may be applied to separate the single-scattering component. In 
reflection, the inelastic mean free path and the angle of incidence mainly determine 
the surface sensitivity of the experiment; 2 varies with energy as E~ (x ~ 0.5-0.8) for 
Ep>100eV,  ranging from one to two layers (Ep,,~50eV) to about l n m  
(Ep ~ 1000 eV). There are, however, considerable material variations and there are 
some'suggestions that the mean free path of rare earth metals is particularly low at 
low primary energies. Quantitative isolation of the single-scattering component is 
now more difficult, although identification of the single-loss features is generally 
easy. 

In either transmission or reflection geometry inelastically scattered electrons are 
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sampled at a finite angular aperture 0o at an angle 0 to the beam direction (in 
transmission) or with r.espect to the specular or a LEED beam direction (in 
reflection). At 0 = 0 the relation between the single-scattering intensity and e(q, AE) 
depends on whether 00 is less than or greater than 0E, 

02 1 , 
o m 

/bulk OC ÄË~ I ( e(qmin, Z,~E) ) 0o "~ 0E, (12) 

while following Ritchie (1957) and Ibach and Mills (1982), 

Isurfa~ e OC ÄËxIm -- 0 o ~ 0» (13) 
e(qmin,AE) + 1 ' 

At high Ep (as in transmission loss) qmin ~ 0; e then corresponds to the function 
sensed in optical transmission and reflection experiments; at lower Ep (in reflection) 
the minimum momentum transfer is not so negligible (table 1), but in most cases 
q ~ 0 when 0 = 0. In transmission EELS 00 < 06 is satisfied in some applications 
and in general the isolation of e(q, AE) from experimental measurement is very 
direct, as discussed by Raether (1980) and Daniels et al. (1970). 

In reflection geometry 0 o may be greater or less than 0efor  different loss features; 
this effect combined with other complications at low Ep makes it more difficult to 
determine the dielectric function precisely, even though the main features in the 
spectrum will have good correspondence with peaks in I m ( - 1 / e )  and 
Im( ~ 1/(e + 1)), and additional peaks associated with events at the surface. 

2.5. The physics in the dielectric function 

Under typical scattering conditions the intensity of electron scattering may, with 
one degree of precision or another, be related to the bulk dielectric function e(q, Ag') 
with possible additional spectral structure due to genuine surface effects in reflection 
mode. In the q ~ 0 limit the bulk and surface dielectric functions take the form 

Im e(0,AE) e~ + e~' 

( 1 ) _  e 2 (14) 
Im e(0,AE) + 1 (e 1 + 1) 2 + e~'. 

The dielectric components e 1 and e 2 now correspond exactly to the constants 
observed in photon spectroscopy, but electron loss may give very different emphasis 
from an optical absorption or reflection experiment. If e 2 is low, the dominant bulk 
feature will be a bulk plasmon (e 1 = 0) loss, which for a free electron gas (electron 
density n) occurs at energy mp = ~ On the other hand if e I is reasonably large 
(>e2)  and not varying rapidly with AE, I m ( - 1 / e )  reflects structure in e 2. One- 
electron transitions, e.g., of interband-type will then be emphasised. This is exactly 
what occurs for core losses where at high AE, e 1 ~ 1, e2 is small and I m ( -  l/e) ~ e 2 . 
This implies that the atomistic analysis discussed in section 2.3 is perfectly consistent 
with the dielectric formulation. In some cases el and e 2 vary together leading to 
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plasmon-interband coupling which affects both the shape and intensity of loss 
features (Powell 1969, 1976, 1982). 

Insights into which electrons in the solid are contributing to which features can be 
gained by examining the differential oscillator strength d f(0, AE)/d(AE). Integrating 
with respect to AE gives 

AE 

df(O, E ) "AE'" 
n « f =  d ( ~ ' )  at ~, (15) 

0 

where V/el f goes to N, the number of electrons per atom as AE -~ oo (the Thomas-  
Reiche-Kuhn sum rule). Probing I m ( -  1/g(q,AE)) at finite q gives information on 
plasmon dispersion (Raether 1980), band dispersion (Bringans 1981), or on mo- 
nopole, quadrupole and octopole responses, whose analysis again simplifies for the 
case of core excitation. 

2.6. Beyond Born-Bethe 

As Ep approaches AE the incident and target electrons move at similar speed, and 
so the simplicity of the Born-Bethe analysis collapses with no longer a simple 
functional dependence of cross section on momentum transfer. This regime has 
been widely studied in the gas phase (Kuppermann et al. 1968, Celotta and Huebner 
1979), but is less well,understood in condensed matter. Total inelastic cross sections 
for dipole processes build up from threshold (Ep = AE) to a maximum at a few times 
threshold, while for U = (Ep/AE) ~ 10 the cross section falls slowly with increasing 
Ep as Born-Bethe predicts. Monopole and quadrupole cross sections peak closer to 
threshold, and fall off more rapidly with energy at high Ep (see, for example, 
Chutijian and Cartwright (1981)). Near threshold the exchange between the incom- 
ing electron and the target electron assumes great importance. It is then possible to 
change the spin of the target, e.g., from a singlet (no net spin) to a triplet state, 
transitions which are not allowed in the simplest Born-Bethe approach. Now total 
cross sections peak very close to threshold (you need a large collision time to 
facilitate the interchange) and fall oft very rapidly as Ep increases. However, at high 
angles of scattering transitions involving change of spin have cross sections much 
higher than transitions involving no spin change. A combination of energy and 
angle dependence of loss intensities can therefore be used to identify transitions 
involving spin change. In addition such energy loss processes may show spin 
dependence (Mauri et al. 1984). 

If the target has a macroscopically well-defined spin in relation to the incoming 
electron, e.g. for a ferromagnet, spin polarised electron energy loss spectroscopy 
gives information on magnetic excitations; it is possible to control the spin of the 
incident electron (Kirschner et al. 1984), measure the spin polarisation of the scat- 
tered electrons (Hopster et al. 1984) or both (Kirschner 1985a,b), and so determine 
the amplitudes of various direct and exchange processes, e.g., in Stoner excitations 
on Ni(001) or amorphous ferromagnetic glasses. Recent experiments on Gd(0001) 
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will be discussed in section 4, while general aspects of spin polarised electron 
scattering have been recently reviewed by Kirschner (1985b) and Siegmann et al. 
(1984). 

3. Experimental set-up 

Every electron energy loss experiment requires three components: a source of 
electrons, a target system and a spectrometer unit for analysing the energy and the 
momentum of scattered electrons.Depending on the geometry of the experiment the 
various components hav'e to be arranged in different ways, and particular designs 
have been developed for transmission and reflection EELS. Apart from the different 
geometrical arrangement of electron source, target and electron energy analyser in 
transmission and reflection mode, the primary energy Ep of the incoming electrons 
forms the major difference between the two experimental set-ups. In reflection EELS 
the primary energy ranges from a few eV to several keV, in accord with the desired 
depth sensitivity, whereas in transmission electron loss Ep is of the order of several 
tens of keV up to MeV, in certain special cases. High Ep's are necessary in 
transmission mode to ensure weak interaction of electrons with matter and therefore 
the penetration through (thin slices of) the probing material. 

High-energy electrons are readily available in electron microscopes of the con- 
ventional transmission (CTEM) or of the scanning transmission type (STEM). 
Electron energy loss experiments in transmission are therefore offen combined with 
an electron microscope arrangement, with the additional advantage that the chemi- 
cal specifity of core ionisation edges as seen in EELS provides a popular tool for 
chemical microanalysis. In a TEM electrons from the gun of the microscope are 
focussed onto a specimen area whose size and position can be controlled, and which 
can be imaged using the normal electron optical system of the microscope. The 
spectrometer section is placed after the specimen - a thin section of the material to 
be examined - to analyse the transmitted electrons. The most general way to 
characterise the interactions between the electrons and the specimen is to measure 
the momentum changes suffered by the electrons as they pass through the sample, 
that is, by measuring both the angle of scattering and the change in energy. In 
practice it is often sufficient to collect all the transmitted electrons within a cone 
around the incident beam direction and to analyse those for their energy loss. This 
destroys the momentum information, but allows simpler spectrometer designs, 
particularly if only chemical information is required. 

Electron energy analysers attached to eleetron microscopes may be of the 
magnetic or the electrostatic deflector type (Schnatterly 1979, Joy 1979), but a 
simple magneti c prism attached to a STEM seems to offer the greatest capability 
(Crewe et al. 1971). A resolution of the order of 1 eV is possible with magnetic 
spectrometers (Leapman 1979), but even a 5-10eV resolution is often adequate to 
detect core edges for chemical microanalysis purposes. To achieve resolutions better 
than leV it is necessary to decelerate the electrons before entering the ana!yser 
section, as the inherent resolution of deflector type analysers is a function of the 
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electron kinetic energy (Daniels et al. 1970, Schnatterly 1979). 
The electron gun in a CTEM is usually equipped with a heated W filament 

yielding electrons of thermal breadth 0.5-1 eV. Field emission guns in STEM have 
higher brightness and may have reduced energy spreads, as small as 0.2 eV. For  high 
resolution studies, however, an electron monochromator  is required in addition to a 
high resolution analyser. Transmission electron loss spectrometers with high energy 
(6E < 100 meV) and momentum resolution have been designed, e.g. by Daniels et al. 
(1970), Ritsko) et al. (1974) and Fink and coworkers (Pflüger et al. 1984), among 
others. Figure 2(a) shows a schematic diagram of the spectrometer of Daniels et al. 
(1970), which has a quoted energy resolution of 50 meV and angular resolution of 
0.3 mrad. 

Transmission EELS facilities in combination with electron microscopes provide, 
as mentioned above, convenient tools for chemical microanalysis. There is a vast 
amount of literature on this subject, and key reviews include those of Colliex et al. 
(1976a), Silcox (1979), Leapman (1979, 1982) and Egerton (1981, 1984a,b). A 
particularly interesting feature of EELS in a STEM is the possibility of energy 
selective imaging (Leapman 1979, Egerton 1984a). This can be achieved by using the 
electron spectrometer as a filter in order to obtain electron microscope images from 
electrons which have suffered a chosen range of energy loss. Both core ionisation 
edges of a particular element and collective valence excitations may be used for that 
purpose. It is also worth noting in this context that, in reflection geometry in 
scanning electron microscopes (SEM), images of slow electrons having incurred 

C a t h o d e  

A n o d e  

I ~=1 M o n o c h r o m a t o r  

= S a m p l e  

R e t a r d i n g  F ie ld  
II 

~ Vlul t ip l ier  

S p h e r i c a l  C o n d e n s o r  

Fig. 2a. Scheme of a spectrometer with electrostatic 
analyser for energy losses of transmitted electrons 
(Daniels et al. 1970). 
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Fig. 2b. Schematics of an EELS experiment in reflection geometry. 

plasmon losses have been obtained (Ichinokawa et al. 1981, Bevolo 1985a,b, E1 
Gomati  and Matthew 1987). 

Reflection EELS is suited to study the outermost layers of a solid sample, and is 
therefore inherently a surface technique. Accordingly, vacuum requirements and 
sample preparation techniques have to match the stringent standards of modern 
surface science. For investigations of reactive materials, as to be considered in the 
present article, the spectrorneter should be housed in ultrahigh vacuum (UHV) 
environment of the order of 1 x 10-10 Torr or better, and the sample surfaces have 
to be carefully prepared and characterised in situ. UHV compatible electron guns 
yielding electron currents up to ~ 1 0  - 6  A/mm 2 at energies from-several eV to the 
keV range are relatively cheap standard equipment, and energy dispersive analysers 
are commercially available because of the wide use of electron spectroscopic 
techniques in the study of solid surfaces. In principle, any electron energy analyser as 
used for Auger electron spectroscopy or photoelectron spectroscopy can be used in 
reflection EELS, but those equipped with pulse counting detectors are certainly 
favoured. The latter instruments yietd the energy distribution of analysed electrons 
in form of N(E) curves, but spectra in differentiated dN(E)/dE or even doubly 
differentiated d2N(E)/dE 2 form are also frequently recorded, particularly in spectro- 
meters with analog detection. The most common energy analysers are of the 
cylindrical mirror or of the spherical sector type, but retarding field analysers are 
also employed because of their compatibility with low-energy electron diffraction 
devices (Prutton 1983, Riviere 1983). Figure 2(b) shows the schematics of an EELS 
experiment in reflection geometry with a concentric hemispherical energy analyser 
as used in the authors' laboratory. A combined resolution of 0.3-0.5 eV as measured 
on the elastically reflected beam is readily achievable over the whole energy range 
with a conventional electron gun and a spherical sector analyser, but for higher 
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resolution monochromatisation of primary electrons is again necessary. Some 
experimental aspects of high-resolution reflection EELS have been described by 
Froitzheim (1977), and for details on electron spectrometer and monochromator 
design see, e.g., Roy and Carette (1977). 

In transmission EELS the specimens are confined to very thin slices of the 
material or thin edges of crushed powders. In the case of rare earths this restricts 
samples to evaporated thin films. Due to the high reactivity of the rare earths, oxide, 
hydroxide or hydride phases pose serious problems in the conventional vacua of 
many transmission spectrometers. More flexibility in the nature of samples is 
possible in reflection EELS. Evaporated thin films, foils or massive bulk samples can 
all be readily investigated, but the sample surfaces have to be cleaned thoroughly by 
often tedious procedures. Some surface cleaning and preparation techniques of rare 
earth materials have been compiled by Netzer and Bertel (1982), and more recently 
by Netzer and Matthew (1986). 

4. Valence and conduction band excitations 

Excitations of the valence/conduction band electrons of rare earth elemental 
solids and their compounds must be seen in the general context of their outer 
electronic structure. The metals have non-free-electron-like conduction bands (Liu 
1978) with the 6s-5d mixing varying systematically through the series for the 
trivalents, and the divalent metals having less 5d character - see Duthie and Pettifor 
(1977) and Skriver (1983). Highly localised 4f states of low binding energy (Freeman 
1980, Campagna et al. 1979) show strong intrashell correlation and are largely 
decoupled from the conduction/valence bands. In bulk metals from La to Lu there is 
one less 4f electron than in the free atom in all apart from Ce, Eu, Gd, Yb and Lu, 
but the energy balance that makes 4f promotion favourable in the bulk may change 
at the surface due to changes in coordination number. Hence Johansson (1979) 
suggests that Sm is likely to be divalent (4f 6) at the surface rather than trivalent 4f 5). 
In compound formation it is possible for a given element to have more than one 
valence state (i.e. different 4f occupation numbers), or have states of intermediate 
valence as in rare earth intermetallic compounds in the lower part of the rare earth 
series (La to Pr), where the lowest energy state may be an admixture of basis states 
of different 4f counts. The 4f electrons do not usually take part in the bonding, but 
CeO z is something of a test case on that question, as will be discussed later in this 
review. Let us now see how some of these valence/conduction electron properties are 
illuminated by inelastic electron scattering experiments. 

4.1. Metals 

Following early transmission electron energy loss work by Bakulin et al. (1971), 
Daniels et al. (1970) and Zashkvara et al. (1972) and Brousseau-Lahaye et al. (1974, 
1975), Colliex et al. (1976b) made a comprehensive study of heavy rare earth metals; 
their results for terbium metal are shown in fig. 3a. The raw loss spectrum is 
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Fig. 3. Transmission electron energy loss spectrum of Tb metal (after Colliex et al. 1976b): (a) uncorrected 
loss spectrum; (b) Im( - l / e ) ;  (c) e I (AE) and e 2(AE); (d) ne« (AE). 

corrected for instrumental aperture .effects as well as multiple scattering to give 
Im(-1/e(O, A E ) )  (fig. 3b), which undergoes a Kramers -Kronig  transform (Daniels 
et al. 1970) to give 51 and 52 (fig. 3c). A well-defined bulk plasmon (peak in Im ( - l/e), 
5 x = 0) appears at AEBp= 13.3eV with 51 and 51 behaving qualitatively in free- 
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electron fashion at low AE; the surface plasmon (peak in I m ( - 1 / ( e  + 1)), el = - 1 )  

would be around 9 eV, close to 1/x/~ times the bulk value as in free electron theory. 
Cukier et al. (1980) obtain similar results for Sc, Y, Gd and Dy metals with the 
further refinement of a small surface loss c0rrection. The AEap values observed are 

generally between 1 and 3 eV higher than the free electron values AEBp = ~ a . u .  
(n = 3 electrons per atom for trivalent metals, n = 2 for divalent Yb and Eu) 
reflecting the influence of interband transitions associated with d electrons. Such 
electron microscope studies are typically carried out at energy resolution ~ 1 eV, so 
that the technique cannot compete with optical resolution for 0 < AE < 5 eV, where 
interband effects might be expected. 

Converting the loss function to a differential oscillator strength according to eq. 
(9) and integrating with respect to AE given r/eff(AE), fig. (3d). In Tb rief f remains low, 
to just below the plasmon loss and builds up to a value g/eff ~ 3 by the 5p threshold, 
a g o o d  indication that 4f electrons of binding energies 2.3 and 7-10 eV (Campagna 
et al. 1979), are playing little part in loss events at this stage. This is consistent with 
the fact that systems of similar conduction band structure Sc and Y (Brousseau- 
Lahaye et al. 1975), but without 4f electrons, show like behaviour. This apparent 
'inactivity' of the 4f electrons may be understood in terms of the small spatial 
extension of the filled 4f orbitals relative to the outer electrons (table 2), which leads 
to small overlap with states above the Fermi level; the 4f oscillator strength will then 
be spread over a wide range of continuum energies. In contrast the 5p oscillator 
strength is largely dissipated in the strong 35 eV resonance loss as evidenced by the 
rapid rise of r/eg f from near 3 to 9 between the 5p and 5s thresholds. 

In reflection geometry surface cleanliness is at a premium, and experiments must 

TABLE 2 
The expectation values of r and r -  1 for various orbitals 
of Gd showing that the 4f state has a similar spatial 
scale to 4s, 4p and 4d, but very different from the 
valence orbitals. (rù~ 1 ) may be multiplied by qmin values 
from table 1 to give an estimate of the possible impor- 
tance of non-dipole transitions. Theoretical values are 
from McLean.and McLean (1981). Gd values are typi- 

cal of the whole rare earth series. 

3d 0.117 10.21 
4s 0.310 4.48 
4p 0.318 4.29 
4d 0.338 3.89 
4f 0.416 3.04 
5s 0.764 1.69 
5p 0.858 11.51 
5d 1.296 1.00 
6s 2.427 0.51 

Gd 4f75d6s 2 

Orbital nl (.rhl) A (r~  1) A - 1 
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be carried out in good UHV with regular cleanliness monitoring by Auger electron 
spectroscopy (Netzer and Matthew 1986). A study of the reflection energy loss 
spectroscopy of polycrystalline rare earth metals La to Lu has been carried out by 
Netzer et al. (1985a), and the results (fig. 4) are consistent with investigations on 
individual systems by Onsgaard et al. (1980a,b, 1983), Bertel et al. (1981, 1982a) and 
Bloch et al. (1984). The energy resolution is now significantly higher than in the 
transmission studies, and some finer features may be revealed. 

For Ep ~ 1 keV bulk plasmon and 5p peaks are again intense, and the difference 
in valence of Eu and Yb is clearly demonstrated. In the lower rare earths (Ce to Nd) 
the surface plasmon (AE ~ 8 eV) is now prominent; these peaks become bigger than 
the bulk plasmon if Ep is lowered to 250eV, and decrease rapidly on exposure to 
oxygen (Strasser et al. 1985b). La shows a somewhat different pattern with a three- 
peak structure in the plasmon region. In addition an energy loss at AE = 3-4eV 
builds up in intensity through the series - these features are particularly accentuated 
at low Ep (higher surface sensitivity), an effect that is partly due to the size of the 
spectrometer aperture 0o in relation to 0E (eq. (12)), the angle that controls the 
angular distribution of the differential cross section. Although these low-energy losses 
occur in the region of interband transitions they do not correlate well with peaks in 
I m ( -  l/e) or I m ( -  1/(e + 1)) as inferred from optical constants compiled by Weaver 
et al. (1981). Sensitivity to oxygen exposure suggests that they may be surface 
features. Sinee the surfaces are clean, this would imply an intrinsic surface excitation. 
However, it must be remembered that Auger spectroscopy is not capable of 
detecting hydrogen at the surface, and these features may in part be associated with 
that element. An account of the effects of hydrogen exposure is given in section 4.3. 
Amid this general pattern Sm behaves anomalously (Bettel et al. 1982b); under very 
clean conditions (fig. 5) the spectrum at Ep = 100eV is dominated by lower-energy 
collective excitations, different in character from a conventional surface plasmon and 
reflecting the fact that the surface layer is divalent as predicted by Johansson (1979). 
Such behaviour is consistent with the picture built up from photoemission by 
Wertheim and Crecelius (1978), Lang and Baer (1979), Allen et al. (1980) and 
Gerken et al. (1982a). 

The main peak in the 5p loss region shifts from 27.5eV (La) to 42eV (Lu), and 
decreases relatively in intensity through the series - see Netzer et al. (1985b). Strictly 
speaking this is a eore excitation, but we treat it here for two reasons: (1) the 
intensities of these peaks are comparable to those of valence losses, and (2) e~ shows 
significant variation in this region (fig. 3c) so that the loss profile may not be 
controlled only by e 2. 

Onsgaard et al. (1983) have shown that the position of the main 5p peak in Tm is 
not closely related to peaks in the empty d density of states above E v, where there is 
the right symmetry for dipole transitions, and it is clear that Coulomb and exchange 
effects due to the 5p core hole control the resonance. As in 3p ~ 3d transitions in the 
lower part of the first transition series (Sc, V) the 5d wave function undergoes spatial 
collapse in the presence of the 5p core hole. Strong 5p-5d overlap leads to large 
exchange splitting, which drives the main dipole allowed component to high energy, 
well above the 5p ionisation thresholds, as shown in fig. 4. Spin-orbit splitting 
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increases with increasing atomic number, and there is a gradual shift in oscillator 
strength from being mainly concentrated above 5pl/2 (La) to being distributed more 
evenly between two main features. The losses in Eu and Yb have distinctive shapes, 
an effect probably due to the smaller amount  of d character in the initial state. Such 
5p resonances also occur in ffee atoms of the higher rare earths (Sm or above), but 
for the lower members of the series the resonance does not develop fully due to 5d-  
6s configurational interaction as discussed by Connerade and Tracy (1977)• In solid 
state environments such inhibition does not occur, and it is at the bot tom of the 
lanthanide series that most intense losses are seen. However, the fact that e 1 varies 



INELASTIC ELECTRON SCATTERING MEASUREMENTS 565 

v 
Z 

P L A S M O N S  

ù-1  
ù 

E p ( e V )  ;" ~': 

5p i...".. "-.. : ù ---. .  , 

G d  1 6 0 0  .:, : t  , :.. . 

. . . . . . . . .  ",. ::!...'-1 - "~'; ": . . . .  :.-...:. % / ; ~  -.. , .  \..:. 
T b  1 0 0 0  " . . . . .  " " = ", " " 

" .... ~', -" i i-rt  '~ 
- - - -  . . . . .  • 

o , , , o o  , . . . . . . . . .  ,..,.,~._., /-.:..i!:..... f 
• ::"'%« "" i : '. "; "~'" 

H o  1 5 0 0  t ,  ""-q,  .»e..., :' . . ' ~  J... "~. !: 

ù" "..': ...' : "  ".7 "-. "\:x ".: 

Er  1 0 0 0  .--;»': ' : '~: '~.%. ." : '" "" ~~'~"'~ 
• ...:..v.....:¢....,:, .: ":. " . . . . ~ . / - . ,  ~. . .,' 

• " - \ V :  - » , ~ «  - 

T m  1 1 0 0  ': '::" '~~;  . . ,  . t . , . ,a«,  ..:" "" 
• ...r • . . 

~'k,,"" '¢ 

« 

V 
Y b  9 9 0  

Lu 9 5 0  

(b) 

¢. 

........................ , ¢ 1  
.,, . , . t e . . . . . .  / :~- 

: \ 
.* 

.,,.  "~°% 
o. "%,-°.« % «o 

ù " J  t 
" i  

I i I I I 

4 0  3 0  2 0  1 0  0 

L o s s  E n e r g y  ( e V )  

F i g .  4.  ( con t . ) .  

significantly in the energy region of the loss. shows that this is not a purely atomic 
phenomenon, but one fuelled by collective response. 

4.2. O x i d e s  a n d  o x i d a t i o n  

Transmission electron energy loss spectroscopy has been applied to rare earth 
oxides by Colliex et al. (1976b), Cukier et al. (1980), Brown et al. (1984), Colliex et al. 
(1985) and by Gasgnier and Brown (1986), while the spatial resolution of the 
electron microscope has been exploited in studying oxide segregation by Dexpert et 
al. (1980). The main qualitative differences between metal and trivalent oxide EELS 
spectra in the valence region is the establishment of an energy gap of order 4 eV, and 
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Fig. 5. Comparison of electron energy loss spectra in N(E) form for clean Sm and Er metals at Ep ~ 1 keV 
and 100 eV (Bertel et al. 1982b). Note the anomalous energy dependence in the plasmon region in Sm, an 
effect associated with surface divalency. 

the shift of the bulk plasmon by 1.5-2eV to higher energy, reflecting the higher 
available density of polarisable electrons (mainly O 2p). At the energy resolution of 
these experiments there is no discernible structure at the band edge in the trivalent 
oxides, just a steady build-up of loss intensity beyond the edge, but in C e O  2 a sharp 
peak between 4 and 5 eV is found both in transmission (Gasgnier and Brown 1986) 
and in reflection by Bloch et al. (1984) and Strasser et al. (1985b). 

Reflection EELS is an excellent monitor of changes in surface electronic structure, 
and so one can plot the progress of oxidation at the surfaces of highly reactive clean 
rare earth metals, a subject previously reviewed in this series by Netzer and Bertel 
(1982)• Variation of incident primary energy and/of  angle provides differential depth 
sampling. The oxidation of Ce, as studied by Strasser et al. (1985b), is shown in fig. 
6. There are already substantial changes in the spectrum at 1 L exposure; the 3 eV 
peak moves t o  lower energy and steadily decreases in intensity, the surface plasmon 
at 8 eV declines rapidly, and the shift of the bulk plasmon evolves steadily; at  100 L 
the trivalent sesquioxide Ce20 3 is dominant,  at which stage La, Gd (Netzer et al. 
1985a) and Er (Bertel et al. 1981) behave similarly. However, if Ce undergoes large 
exposure and is maintained in an 0 2 partial pressure of 10-STor r  the 4.5eV loss 
characteristic of CeO 2 appears. This feature is believed to be due to excitonic 
transitions from the valence band to a localised 4f state. There is agreement that the 
4f electrons in CeO 2 hybridise ;with O 2 p  both in the ground state and excited states, 
although the precise mechanism continues to be controversial (Wuilloud et al. 1984, 
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Fig. 6. Electron energy loss spectra of polycrystalline Ce film surfaces exposed to various amounts of 
oxygen for Ep = 1000eV (Strasser et al. 1985b). 

Fujimori 1984), but transitions to a localised higher state of partial 4f character may 
have reasonable oscillator strength. 

In Yb (Bertel et al. 1982a) the divalent metal  plasmon (AE ~ 9eV) and the 
trivalent oxide plasmon (AE ~ 15eV) are weil separated, and it is possible to 
observe coexistence of the two for exposures of 2-10 L O 2. This suggests island 
oxide growth in accord with XPS evidence (Padalia et al. 1977). There is conflict 
between the work function data of Strasser et al. (1983a) and Takakuwa et al. (1984), 
but there was evidence of H precoverage in the latter study, so that the differences 
are likely to be due to hydroxylation accompanying oxidation (Netzer and Bertel 
1982). 

Interaction of clean metal surfaces with water vapour  leads to molecular dis- 
sociation followed by hydroxylation as weil as oxidation. Valence EELS spectra of 
Strasser et al. (1985b) on Ce and La reveal a characteristic O H  excitation at 11 eV, 
accompanying trivalent oxide losses; the absence of the CeO 2 4.5 eV fingerprint after 
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gross exposure to water vapour is in accord with results of core spectroscopies 
(Strasser and Netzer 1984). 

4.3. Hydrides and interaction with hydrogen 

The loss experiments of Colliex et al. (1976b) showed that the main bulk plasmon 
of the higher rare earth dihydrides occurs at energies greater than for the cor- 
responding clean metal, but due to limited energy resolution it was not possible to 
say anything about the interesting optical loss region (0 < AE < 4eV). The bulk 
optical data of Weaver et al. (1979) reveal a sharp plasmon at 1.5-1.8eV accom- 
panied by a broader feature in Im ( - l / e )  of mixed interband/plasmon character in 
trivalent dihydrides RHx (0 < x < 2, R = Sc, Y, Lu). In these compounds hydrogen 
atoms occupy interstitial tetrahedral sites in the fcc metal lattice, and the 'extra' 
plasmon occurs near an absorption edge associated with the onset of transitions to 
anti-bonding H states. When x > 2 octahedral site occupation is involved, interband 
absorption Sets in at lower energy, and the dihydride-fike plasmon weakens. 

Considering the technological potential of hydrogen-rare earth systems remark- 
ably little work has been carried out on the reaction of hydrogen with clean well- 
characterised metal surfaces. Early EELS experiments by Bertel et al. (1981) on H 
reacting with polycrystalline Er showed that large exposures were required to build 
up hydride bulk losses at AE ~ 15 eV in the immediate surface region, but it was not 
clear whether H was rapidly diffusing into the bulk, thereby evading the surface 
probe. Recently a more detailed EELS and UPS study of the interaction of H 2 with 
single crystal Ce(001) has been carried out by Rosina et al. (1986) using a high 
energy resolution (~0.3 ev) and angular resolution (00 ~ 1 °) VG ADES 400 spec- 
trometer set at specutar geometry (fig. 7). At Ep = 103 eV the clean Ce losses are 
dominated by the surface plasmon (AE - 8 eV) with additional contributions from 
the bulk plasmon (AE ~ 12.5 eV) and the widely observed one-electron loss feature 
around 4eV. At an exposure of 600L H2 (note the relatively large dose) the 
dihydride-like loss fingerprint (1.6eV and 3.4eV) is well-established, and at 
Ep = 1000eV is even more prominent than at Ep = 103eV. At the higher primary 
energy two important changes occur: (a) the sampling depth increases from two 
layers to more than 1 nm, (b) finite aperture sampling of the loss profile would lead 
to a decrease in intensity of the low-energy hydride losses relative to the higher- 
energy losses /f the hydride distribution were homogeneous. 

The relative increase in intensity of the 1.6eV peak at higher E v is therefore 
evidence of a hydride phase increasing in H concentration with depth. The system is 
disordered, consistent with random occupation of tetrahedral sites, and a CeHx 
(x < 2) stoichiometry. Heating to 550°C leads to partial H desorption, but at lower 
temperatures a different hydride phase may become established with possible 
octahedral sites occupation near the surface. 

Recently Bevolo (1985b) has exploited the high spatial resolution inherent in 
electron beam excitation to create electron energy loss images in reflection geometry 
of hydrogenated scandium and gadolinium surfaces. The characteristic plasmon 
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Fig. 7. Electron energy loss spectra 
of single-crystal Ce(001) exposed 
to varying H 2 exposures. In the 
main sequence Ep -~ 100eV, but 
for large exposures Ep-~ l keV is 
shown for comparison. Note the 
enhancement of the 1.6eV hydride 
plasmon loss at high primary en- 
ergy (Rosina et al. 1986). 

losses of a rare earth metal with traces of H and of a nearly stoichometric hydride 
are clearly distinguishable ( ~  3 eV shift); for the case of Gd (fig. 8c) differencing the 
spectometer signals at E,  -- 1988 eV and E 2 = 1993 eV gives brightness correspond- 
ing to the G d H  2 phase. It is then possible to correlate a conventional scanning 
electron microscope (SEM) image, which emphasises surface topography, with a 
scanning Auger microscope (SAM) image and the electron energy loss microscopy 
image. The loss technique gives contrast superior to SAM under these conditions; 
with spatial resolution of the order of 0.1 #m readily available loss imaging has 
considerable potential for understanding complex inhomogeneous surfaces of tech- 
nological interest. 
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4.4. Yb/Al (110) 

It is possible to use valence losses not only to study the reaction of gases with rare 
earth metals, but also to examine metal-metal  interactions. Onsgaard et al. (1984) 
have recently studied the growth of Yb on A1 (110). Figure 9a shows the evolution 
of the EELS spectrum as a function of Yb coverage for Ep = 126eV. Initially the 
surface is characterised by bulk and surface A1 plasmons (15.1 eV and 10.6eV, 
respectively) accompanied by a weak inierband transition, but losses corresponding 
to the bulk plasmon of divalent Yb metal (AE = 8.6eV) and the one-electron 
transition (AE = 4.2eV) grow, steadily with coverage. Figure 9b gives the loss energy 
as a function of pr imary energy at fixed Yb coverage (3.5 monolayers). At high 
primary energy Ep = 1200eV (probing more deeply) bulk A1 losses tend to be 
dominant, while at low incident energy (Ep ~ 90 eV) the one electron Yb excitation 
at 4.2 eV is accompanied by a plasmon loss intermediate in energy between those of 
bulk A1 and bulk Yb, Raising the temperature to 45°C (or 70°C) promotes 
interdiffusion of Yb and A1 resulting in a sharp reduction in the 4.2 eV loss and the 
emergence of a plasmon loss at an energy consistent with a valence of Yb 
intermediate between 2 and 3 in the resulting YbA1 alloy. 
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Fig. 9. Electron energy loss spectra of Yb/AI(ll0): (a) for various Yb thicknesses 0 at fixed primary energy 
Ep = 126eV; (b) for fixed Yb thickness (0 -~ 3.5 rnonolayers) at various E v. Work of Onsgaard et al. 
(1984). 
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4.5. Other compounds 

In more complex solids such as rare earth vanadates (investigated in transmission 
by Tonomura et al. (1978)) or LaCoOa as examined in refleetion loss by Richter et 
al. (1980), the plasmon energy is controlled by the electronic structure of the group 
accompanying the rare earth ion, but the 5p resonance loss of the rare earth ion 
continues to be prominent. In La2S 2 and SmzS » (Balabanova et al. 1983) the bulk 
plasmon positions as observed in transmission loss are consistent with values 
inferred from UV reflectance data (Zhuze et al. 1980), but the energy values (15.9 eV 
and 17.3 eV respectively) are well above what is expected from a free electron 
plasmon model. 

4.6. Spin polarised inelastic scatterin9 

Weller and Alvarado (1985) carried out the first spin polarised electron energy 
loss experiment on the rare earths with a view to isolating spin dependent 5d -~ 4f 
transitions in clean ferromagnetic Gd metal. Electrons incident with polarisation Po 
(25.5 < Ep < 63.5 eV) show different scattering intensities for spin orientation parallel 
(IH) and anti-parallel (IT+) to the magnetisation direction. The spin asymmetry 

A -  1 ITT--I** 
Po ITT + IT~ 

may contain spin-sensitive information about both elastic and inelastic scattering. It 
might be expected that such experiments would emphasise inelastic exchange 
scattering from the 5d electrons with net moment in the direction of magnetisation 
to empty 4f states with spin exclusively opposite to the magnetisation direction; this 
would lead to preferential inelastic scattering of electrons in the minority spin 
direction (negative A). In practice a sharp positive asymmetry anomaly is observed 
at the expected energy AE = 4.5eV (fig. 10). This is interpreted as evidence of the 
dominance of a direct dipole allowed loss in which minority carriers near E vare 
excited into empty 4f states of the same spin; this process occurs preferentially when 
the spin of the incident direction is parallel to the magnetisation direction (singlet 
scattering). The observed 5d ~ 4f polarisation is superimposed on a broad inelastic 
background with the spin asymmetry tending to correlate with the spin dependence 
of elastically scattered electrons at an energy equal to the energy of the incident 
energy, less than the loss energy (loss-diffraction dominant). This is in contrast to the 
case of Stoner excitations in transition metals and amorphous alloys (Kirschner et 
al. 1984, Hopster et al. 1984), where spin dependence in inelastic exchange processes 
involving spin flip controls the observed asymmetry or polarisation. However, these 
pioneering experiments by Weller and Alvarado point the way to a fuller under- 
standing of surface magnetic excitations in rare earths and their compounds. 
Experiments incorporating both polarised electron sources and polarisation de- 
tection (Kirschner 1985a) will give further insight, while studies on amorphous 
alloys containing rare earths will eliminate complications due to diffraction. 
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Fig. 10. Spin polarised electron 
energy loss of (00) beam of 
Gd(0001); primary energy 
Ep = 42eV, angle of incidence 
of electron beam 0 = 15 °, azim- 
uthal angle q~=13 ° (Weller 
and Alvarado 1985): (a) the 
spin-averaged loss intensity 
versus loss energy, (b) the ex- 
change asymmetry Aex versus 
loss energy, (c) the scattering 
asymetry of elastically difo 
fracted electrons (SPLEED) 
of primary energy E p -  AE. 
The peak at AE = 4.5eV is 
associated with 5d~4f transi- 
tions. 

5. Core level excitations 

Core level excitations in the rare earths are distinguished by strongly localised 
phenomena. This was manifested first by the existence of so-called 'white lines' in 
early X-ray absorption spectra (XAS), which occurred at the edges of 2p, 3d or 4d 
ionisation of the lanthanides. The term 'white line' comes from the days when 
photographic plates were used to record photoabsorption in transmission. When 
absorption in the sample was very strong and no radiation was transmitted through 
the sample a white line was observed on the film. 'White lines' became therefore a 
synonym for very strong absorption. Strong absorption near an ionisation edge is 
normally an indication of excitation of a core electron into localised final states. 
Particularly strong absorption was observed at the 4d edges of the rare earths 
(Zimkina et al. 1967, Fomichev et al. 1967), and the corresponding spectral features 
were honoured by the name 'giant resonances'. Optical excitation of d core electrons 
reaches final states of predominantly f character, as the matrix elements of d -~ f 
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transitions exceed by far those of d ~ p transitions (Fano and Cooper 1968). The 
10calised, empty 4f states of the lanthanides provide particularly good candidates for 
final stares of d core excitations: as evident from table 2 the spatial extent of the 4f 
states is similar to that of 4d core states. The overlap of initial-state and final-state 
wave functions is therefore large, and the resulting high oscillator strength warrants 
high spectral intensity in the experiments. However, not only 4f final states are 
characterised by localised excitations of high oscillator strength; 5d final states may 
also become localised in the presence of p core holes. This is evidenced by the strong 
absorption edges in L2, 3 X-ray absorption spectra (see e.g. Röhler 1987) and by 
the 5p and 4p resonance phenomena discussed in the present article (sections 4.1 
and 5.3). 

The localised character of these core excitations suggests that theoretical de- 
scription in terms of atomic-like ideas may be appropriate even in the solid state. 
This was proposed originally by Zimkina et al. (1967) for the 4d excitations, and 
then supported by the calculations of Dehmer et al. (1971). An experimerital proof 
was obtained by comparing XAS of atoms and solids. Wolff et al. (1976)recorded 4d 
XAS for gaseous and solid Ce and observed identical spectra, and Radtke (1979, 
1980) extended this comparison to several other lanthanide elements. In all cases 
the spectra corresponding to the same 4f occupation showed identical structures in 
the gas phase and in the solid. The 3d excitation structures have also been 
treated successfully within the framework of an atomistic multiplet picture (Sugar 
1972b, Thole et al. 1985), and we have argued recently that the same may be true for 
p core excitations (Netzer et al. 1985b). 

Due to the availability of synchrotron radiation as a tunable X-ray source the 
study of inner-shell excitations by photons has become very popular in recent times. 
However, excitation by electron beams also has particular advantages to offer. It is 
worthwhile at this point to discuss briefly various aspects of inner-shell excitations 
by photon and electron beams. Such a comparison has been made by Utlaut (1981), 
and we summarise here the important implications. The following points for 
comparison will be of interest hefe: 

(l) photoabsorption cross sections versus differential electron energy loss cross 
sections; 

(2) specific brightness of the sources; 
(3) size of the beams; 
(4) beam induced damage. 

Photoabsorption cross sections of inner-shell excitations are several orders of 
magnitude greater than electron energy loss cross sections in the zero-momentum 
transfer limit. Therefore, to be competitive with photoabsorption spectroscopy 
electron beam spectroscopy needs more incident electrons to record a spectrum with 
given signal to noise ratio. On the other hand, the brightness of storage ring sources 
is several orders of magnitude lower than the brightness that can be achieved with 
electron sources. Furthermore, monochromatisation of the primary photon beam 
leads to additional brightness reduction, whereas electron sources are sufficiently 
monochromatic (for the purpose of inner-shell excitation studies). With electron 
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beams spatial resolution of < 10 nm is easily achievable, but focussing photon beams 
to. <1000nm is a difficult task. If spatial resolution is required, electron beam 
excitation is therefore to be preferred, but for obtaining spatially averaged infor- 
mation photon beams may be bettet. An important  difference between photon and 
electron excitation is, of course, the possibility of finite momentum transfer in the 
latter process. In addition, if the electron loss experiment is performed in reflection 
geometry, the exciting electron beam en~rgy can be varied over a wide energy rar, ge, 
and excitations involving exchange processes may be possible at lower incident 
energies. This has been mentioned in section 2, and will be further emphasised in the 
following subsections. In general, photon beams should produce less damage per 
inner-shell excitation than electrons, because other excitations besides the one of 
interest can occur in electron loss. However, this depends on the exact mechanism of 
damage, and in some cases the damage may be equal for the two excitation modes. 
In any case, radiation damage should not pose serious problems in the system of 
interest here. 

In the following subsections electron excitation from inner-shelt states will be 
considered in some detail: we present first the basic principles of excitations from 
inner d, p and s shells by inelastic electron scattering (sections 5.1-5.3), and discuss 
then possibilities of the EELS technique to determine the valence in rare earth 
systems by core level excitation (section 5.4). Frequently, comparison between 
electron impact and photon exeitation will be made, and similarities and differences 
of the two excitation modes will be emphasised. 

5.1. The 4d excitations 

The pioneering XAS experiments of Zimkina et al. (1967), Fomichev et al. (1967) 
and Haensel et al. (1970) revealed a series of complicated peaks near the 4d 
ionisation threshold of the lanthanides and intense resonances, which extend up to 
5-20eV into the continuum. These excitations were ascribed to atomic-like 
4d1°4f n ~ 4d94f "+1 transitions, and the first theoretical description was provided by 
Dehmer et al. (1971), Sugar (1972a) and Dehmer and Starace (1972) within the 
framework of conventional atomic theory. The lanthanides show this complicated 
structure because the unfilled 4f shell is collapsed, and therefore not subject to large 
interaction with the environment, and because of the large electrostatic interaction 
between the 4f and the 4d shell. The resulting large exchange interaction splits the 
4d94fù+ 1 final-state configuration and raises some multiplets up to 20 eV above the 
configuration average, thus driving them far into the continuum; autoionisation to 
4d94f"ef configurations then broadens the high-energy levels. 

The parameterised calculations of the 4d94f " + 1 energy levels of Sugar (1972a) were 
able to describe the experimental spectra and their fine structure in a satisfying way, 
but the theoretical classification of the giant resonance at the beginning of the rare 
earth series (e.g. the *P channel in La) later stimulated controversy. At the beginning 
of the lanthanide series the 4f wave function is not yet fully collapsed, and term- 
dependent 4f wave-function contraction in excited configurations may be effective, 
to use the terminology of Lucatorto et al. (1982). Dehmer and Starace (1972) 
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predicted the energy and shape of the 1p resonance in atomic La by combining 
spectroscopic theory with the theory of multilevel multichannel ionisation (Fano 
1961). Accordingly, the giant resonance in La should be due to the 4d94f 1 1p state, 
which is shifted to above the 4d 9 threshold by the strong exchange interaction. 
However, subsequent Har t ree-Fock  calculations by Hansen et al. (1975)placed the 
4d94f ~ 1P term below the ionisation limit. Wendin (1976), therefore, preferred a 
many-body description in terms of a 4f-like collective continuum resonance: con- 
tinuum wave functions become resonantly localised with large amplitude in the 
inner well of the effective 4f potential, thus taking over most of the transition 
strength. This picture is essentially equivalent to a single-channel 'shape resonance' 
as discussed by Connerade (1983). Zangwill and Soven (1980) presented a calcu- 
lation of the giant resonance in Ce in a time-dependent local density approximation: 
in this model the 4d shell is polarised, setting up a damped dipole oscillation. At 
resonance the induced inner field is at maximum, and the response of the outer 
shells is also driven to a maximum. Thus, the total ionisation cross section and 
partial ionisation cross sections (Gerken et al. 1982b) could be explained in a natural 
way, and the connection with Fano's theory of autoionisation (Fano 1961) of the 
4d94f "÷~ state into different decay channels is also readily made. This  approach 
emphasises the multichannel character of the resonances. 

At the end of the rare earth series the attractive Coulomb potential of the 4d hole 
is strong enough to pull all the excited states of the 4d94f" + ~ configuration below the 
ionisation limit, and all the excitations may be classified as transitions to discrete 
4d94f "+x states. T h e  spectral profiles are well described by Beutler-Fano profiles 
resulting from the interference between the discrete transition 4d~°4f" ~ 4d94f "+ ~ and 
various direct recombination channels (Radtke 1979, Johansson et al. 1980, Gerken 
et al. 1982b, Schmidt-May et al. 1984). On the other hand, Connerade and 
Pantelouris (1984) were able to fit the experimental data of the giant 4d ~ f 
resonance in Gd and GdF 3 vapour using a simple single-channel description of the 
main shape resonance (Connerade 1984), thereby neglecting interchannel coupling. 
It appears that further theoretical work is still needed to clarify whether single- 
channel theories or autoionisation involving interchannel coupling gives a better 
description of the 4d spectra of the rare earths. 

After this brief introduction into the nature of optical 4d excitations let us proceed 
by considering electron-excited processes. 4d excitations of rare earths in electron 
loss have been recorded first by Trebbia and Colliex (1973) in transmission of 
75 keV electrons. The specimens were thin metal foils prepared by evaporation in a 
different preparation chamber. As vacuum conditions in both preparation and 
spectrometer chambers were not better than 10-6 Torr  the samples were most likely 
in various forms of oxidised metals. Because of the atomic-like nature of the 4d 
excitations and their consequent insensitivity to the chemical environment, these 
experimental shortcomings should not seriously affect the major spectral features*, 

*Note that this is true only in cases where no valence change takes place upon oxidation. In Eu, for 
example, the data of Trebbia and Colliex (1973) are more characteristic of the trivalent oxide (4f 6 initial 
state) than of the divalent metal (4Ü) (Netzer et al. 1984). 
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and reasonable agreement with XAS has been obtained. Borovskii and Komarov 
(1976) were first to investigate the influence of the electron primary energy Ep on 
the characteristic loss spectra of reflected electroris on several rare earth metals (Gd, 
Tb, Dy, Ho); additional spectral structures were observed near the 4d ionisation 
thresholds at low incident energy. These authors suggested changes in selection rules 
and dependence of transition probabilities upon energy as possible causes for these 
effects, but the rather poor quality of th.e experimental data precluded more detailed 
analysis. 

A comprehensive investigation of core excitations in electron loss of all 
stable rare earth metals has been performed over the last five years in our laboratory 
(see Netzer (1985) for a bibliography), and 4d spectra for 14 clean lanthanide 
elements from La to Lu, with Yb20 3 included along with the clean metal are 
presented in fig. 11. Two sets of experimental data are included, one at medium-high 
Ep( > 1.5 keV), the other at an energy close to threshold (generally about 300 eV) 
such that the resulting losses avoid Auger emission and intense non-linear secondary 
ba¢kgrounds. The spectra were taken at an overall resolution of 0.5-0.7eV over the 
whole fange of prirnary energies, sample surfaces were prepared under stringent 
UHV conditions, while surface cleanliness was monitored and checked by Auger 
spectroscopy (Riviere et al. 1985). At the higher incident energies the overall shape 
of the loss profiles in fig. 11 agree well with modern XAS data (e.g. Olson and Lynch 
1982), but some differences are noticed in the finer details. At low Ep'S new structures 
appear and pronounced changes in relative intensities are observed. 

It is useful to begin the discussion with Lu and Yb (fig. 11 (m) and (n)) where only 
weak 4ds/z and 4d3/z ionisation edges are found. There the 4f shell is filled and no 
4d ~ 4f resonance is possible. Yb/O3, however, has a 4dl°4f 13 ground state and can 
support transitions of the type 4dl°4f 13 --*4d94f 14 (fig. 11 (m)). At medium-high 
energy only 2F7/2 ~ 105/2 transitions at 181eV are dipole-allowed, and the sharp 
resonance agrees well with the Fano profile found by Johansson et al. (1980) and 
Schmidt-May et al. (1984) in measuring the total yield and the resonant enhance- 
ment in 4f yield as a function of photon energy. At lower primary energy 
(Ep=405eV) the dipole-forbidden transition 2F7/2 --* 2D3/2 (/~tJ=2) gains 
significant intensity. The spectral profile of this system is particularly simple because 
the 4f shell is filled in the final state and multiplet splitting does not occur. The 
optically forbidden 2D3/2 state is therefore unambiguously identified. 

Next we investigate the 4dl°4f ° (aSo) - 4d 94fl transitions in La. Figure 12 gives 
a more detailed account of the 4d core EELS of La for a range of incident energies, 
and compares the loss spectra, with XAS. In the inset the ratios of the heights of 
various sharp peaks to the height of the main resonance are plotted against Ep. The 
electron loss spectrum at the highest primary energy is markedly different from the 
photon absorption spectrum in the region of the sharp peaks, but agrees well in the 
broad resonance: the peak at 105.3eV has no correspondence in the optical 
spectrum and the peak at 101.7 eV shows enhanced intensity in electron energy loss. 
If Ep is lowered, new structures appear and increase in intensity. 

Dipole selection rules confine optical excitation to the tP1 channel (the main 
resonance) with the 3Dt at 101.7eV and the 3p1 at 97.2eV weakly allowed. The 
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Fig. 11. The 4d -~ 4f core electron energy loss spectra of the lanthanides. Spectra are shown for two 
primary energies Ep. The theoretical relative intensities of electric dipole transitions of Sugar (1972a) are 
shown where available (Strasser et al. 1985a). 

systematic deviations between EELS and XAS may be explained by breakdown of 
dipole selection rules in two stages: 

(1) At intermediate energies (Ep ~ 1 keV) a restricted set of additional singlet 
excitations is weakly allowed according to selection rules previously suggested by 
Goddard et al. (1971). 

(2) At low energies (Ep < 500eV) triplet excitations give rise to many new 
components in the spectrum. Multiplet analysis by Netzer et al. (1983a) confirmed 
that the peak at ,-~ 102eV is 1H, approximately degenerate with 3D, and the feature 
at ~105eV a 1F multiplet. The selective deviation from strict dipole rules at 
intermediate primary energies has been interpreted in terms of the symmetry rules of 
Goddard et al. (1971), which predict that in dominantly forward scattering ALcan 
be 1, 3 or 5. Thus 1H and ~F transitions have intensities rather greater than 3P 1 and 
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3D 1, which depend on weak spin-orbit effects for their intensity. As the primary 
energy is lowered the cross sections for exchange scattering become appreciable, and 
all triplet final states 3F, 3G and 3H in addition to the optical 3p and 3D are 
allowed. Furthermore, the symmetry-forbidden singlet states 1D and lG which may 
also be observed as forward scattering becomes less dominant. Note that the 
greatest intensity gain at low Ep is seen for the peak at 99 eV, which is associated 
with the 3H state; this is the state with the highest J multiplicity, and we will come 
back to this point in the next paragraph. The term-dependent Hartree-Fock 
calculations of the 4d94f 1 multiplets of La by Clark and Lucatorto (1983)confirmed 
this interpretation, and very good agreement between experimental peak positions 
and multiplet calculations was obtained (Netzer et al. 1983a). It should be men- 
tioned here that the data in fig. 12, the EELS spectra of La and their Ep dependence, 
have been reproduced exactly in a different laboratory by Moser et al. (1984), and 
the experimental facts are therefore very weil established. 

Although the final-state multiplets for 4dl°4f ~2 (3H6) ~ 4d94f ~3 transitions in 
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Tm (fig. 11 (l)) are identical with those of La the 4d excitation spectrum is now very 
different. Firstly spin~orbit interaction is now much stronger than in La, and, in 
addition, the initial state is now of high total angular momentum (3H6), so that the 
dipole-allowed transitions are low in relative energy rather than high as in La. 
Scaling the multiplet analysis of Larkins (1977)for the 4d94f 13 configuration of Yb, 
so that the 3G»-3H6 splitting of Tm is reproduced, gives a complicated multiplet 
structure (Netzer et al. 1984), but only 3G 5, 3H» and 3H 6 are dipole active. At 
E v = 1.79 keV the electron loss spectrum of Tm metal (fig. 11(1)) agrees well with the 
XAS spectrum of TmF3 as recorded by Olson and Lynch (1982). When Ep is 
lowered to 285 eV no new spectral features appear, in sharp contrast to the case of 
La, but there is a marked increase of the 3 H  6 ~ 3 H  6 intensity relative to the other 
transitions. Optically forbidden multiplet states are expected to occur close in energy 
to the strong dipole transitions and in the high-energy loss region (Larkins 1977), 
where they are in competition with the inelastic tails on the main losses and a 
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complicated background; therefore they may be difficult to detect. As in La the 
biggest gain in intensity is observed for the highest J final state, i.e. the state with the 
highest multiplicity, but here the transition is already dipole-allowed. This trend 
may be condensed into a so-called 'highest J rule': for slow electron impact all 
excitation restrictions into final states break down, and the multiplet state with the 
highest degeneracy 2J + 1 may win the competition for the greatest intensity. 
Although without firm theoretical foundation this tentative 'highest J rule' seems to 
be fulfilled for the whole rare earth series. 

We have so rar discussed only the simplest 4d excitation systems, but the trend 
through the rare earth series may be assessed following the simple parentage ideas of 
Sugar (1972a). Because the 4d-4f interaction is strong relative to the 4f-4f in- 
teraction, going from La (4d94f 1) to Ce (4d94fz), Pr (4d94f 3) etc. by successively 
adding 4f electrons leads to multiplets having well-defined 4d 94f a 1p parentage. For 
example, in Pr at 1.75 keV (fig. 11 (c)) the main resonance is split into a number of 
multiplet components of 1P parentage, and the loss spectrum generally agrees well 
with the XAS spectrum of Pr (Hagemann et al. 1976) with the exception of some 
differences in relative intensities below 120eV as expected from experience in La. 
When Ep is lowered to 325 eV it is the low-energy multiplets, which have stronger 
3H parentage, that gain most in intensity. 

At the other end of the lanthanide series it is possible to use the Tm 4d94f ~3 
multiplets as the parent structure, and then successively add 4f holes. The Er 
4dlO4f~a ~ 4d94f~z transitions resemble the Tm spectrum with weak additional 
splittings well resolved in the lower part of the spectrum (fig. 11 (k)). At lower Ep the 
highly degenerate 4Kl v/2 multiplet at lowest energy gains appreciable intensity in 
relation to the higher energy states, in accord with the postulates of the 'highest J 
rule'. 

In the middle of the rare earth series (Eu-Dy) d-f parentage ideas tend to break 
down, oscillator strengths are more widely spread and, although distinctive changes 
close to threshold occur, the effects are less spectaculaf. 

We have seen that the 4d excitations of the lanthanides have well-defined 
multiplet structure, which is characteristic of the 4f population. 4d excitations 
therefore provide very characteristic fingerprints of the f count. This can be used to 
monitor the valence of rare earth atoms in compound systems, and valence changes 
during surface reactions have been followed by reflection EELS, taking advantage of 
the inherent surface sensitivity of the method. In section 5.4 some illustrative 
examples of valence monitoring by EELS will be discussed. 

5.2. The 3d excitations 

As for 4d excitations, 3d excitations may also be described as atomic-like 
transitions of the type 3dX°4f"~3d94f n+x (Sugar 1972b). There are, however, 
important differences between 4d and 3d: the spin-orbit interaction is dominant in 
3d excitations and the exchange interaction is reduced. As a result the 3d94f "+1 
multiplets are separated into two groups of structures, which may be loosely 
associated with 3d»/2 and 3d3/z hole states; the multiplet splitting within each group 
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of states is much smaller than in the 4d case. Nevertheless some ideas of 4d will 
survive as we shall see below. 

Early XAS results at the 3d edges include those of Fischer and Baun (1967), Sugar 
(1972b) and Bonnelle et al. (1974). In the work of Sugar (1972b) an atomistic 
interpretation of the spectra of La, Er and Tm in terms of 3d94f n+l final stares has 
been proposed. High-quality 3d XAS data for all the rare earth metals together with 
a full 3d94f n+a multiplet calculation in intermediate coupling has been reported 
recently by Thole et al. (1985). The use'of 3d XAS in valence monitoring of complex 
rare earth systems has been discussed by Fuggle et al. (1983) and Kaindl et al. 
(1984), and some mention of this will be made later in this section. 

The profiles and line widths of 3d ~ 4f transitions in XAS have been investigated 
by Connerade and Karnatak (1981) and Karnatak et al. (1981). The 3d94f x 1P 1 line 
of La and the 3d5/2 line in oxidised Yb 3+ was found to be well represented by 
Beutler-Fano profiles, indicative of autoionisation involving direct recombination 
processes. The resonant enhancement of rare earth 4f photoionisation for photon 
energies at the rare earth 3d absorption edge was then observed accordingly by 
Allen et al. (1984), and the first observation of 3d direct recombination electron 
emission in Ce, due to the decay 3d94f 2 ~ 3 d l ° 4 f °  + el, has been reported by 
Matthew et al. (1984). The decay of the 3d94f ~ excited state of La has also been 
investigated in X-ray absorption and emission by Motais et al. (1984). The de- 
viations from statistical weighting of the spin-orbit split 3d photoionisation cross 
sections of La have been attributed to the exchange coupling between the com- 
ponents of spin-orbit split subshells (Wendin 1984). 

The 3d electron energy loss profiles at higher incident energies (fig. 13) show in 
general remarkable agreement with the XAS spectra of Thole et al. (1985), but some 
extra intensity is noted in EELS at the lower-energy side of the main peaks, 
particularly in the first members of the rare earth series. Reduction of the primary 
energies then yields intense satellites in that energy region. 

Primary energy-dependent EELS satellites in 3d excitations spectra of La and Ce 
have been noted first by Kanski and Nilsson (1979) and Kanski and Wendin (1981), 
and were ascribed to dynamical screening effects of an intermediate 3d94f n+2 state, in 
the manner of a post-collision interaction. The higher-resolution spectra of La and 
Ce recorded by Matthew et al. (1983) (see fig. 13(a) and (b)) and the comprehensive 
multiplet analysis of Esteva et al. (1983) for the 3d94f a states of La, however, 
suggested a different interpretation in terms of multiplet effects. The intermediate 
coupling calculations of Esteva et al. (1983) have shown that the main 3D~ (3d5/2) 
and 1P1(3d3/2) dipole allowed multiplets occur at energies high relative to the 
configurational average, while high J states tend to have lower energies. In fact, the 
higher J components tend to cluster at the low-energy side of the optically allowed 
states, and this is exactly the region where energy-dependent features are observed in 
EELS. Matthew et al. (1983) have therefore associated the energy dependence in 3d 
EELS spectra to progressive breakdown of the optical selection rules with decreas- 
ing energy of the exciting beam. The extra breadth of the non-dipole features 
compared to the sharp optical peaks in La (fig. 13(a)) reflects the range of multiplets 
involved, as predicted by Esteva et al. (1983). 
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Fig. 13. The 3d --+ 4f electron energy loss spectra of elements La-Lu. Spectra are shown for Ep in excess of 
2000eV and for Ep close to threshold. The theoreticat electric dipole intensities of Bonnelle et al. (1974) 
and Sugar (1972b) are shown where available (Strasser et al. 1985a). 

Already in Ce (fig. 13(b)) there is large number of multiplets having 1p~ and 
aD 1 parentage and therefore significant dipole oscillator strength, but the same 
pattern as in La emerges with the enhancement of dipole forbidden excitations on 
the low-energy side of the dipole transitions as Ep is reduced. Through the first half 
of the rare earth series the main dipole contributions broaden as the dipole strength 
spreads in the same manner as in the 4d case, but low-energy transitions are still 
relatively enhanced as selection rules are relaxed. 

As before, Lu (fig. 13(n)) and Yb metal show no resonance loss, while Yb203 (fig. 
13(m)) has a sharp 3ds/z(ZDs/z) loss at higher Ep with the 3d3/z loss developing as 
Ep is lowered. Tm has three dipole-allowed (3ds/z)94f t3 finalstates (1H», 3G 5 and 
3H 6) and one (3d3/2)94fl 3 state (3H»). Inspection of the 3d 94f 13 multiplets of Yb as 
calculated by Larkins (1977) gives guidance on the relative positions of the dipole- 
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forbidden final states. As for 4d excitation 3H 6 lies low in energy, and gains 
relatively in intensity as Ep is reduced. In 3d excitation the tentative rule of high 
final J values being favored at low Ep therefore gains further support. 

The final states reached in XAS or EELS excitations are identical to the f screened 
final state in XPS, e.g. 3d94f "+1 (see Fuggle (1982) for a discussion of screening 
effects in XPS). As reported by Esteva et al. (1983) there is a difference in energy of 
the order of 2-3 eV between the f screened state in the XPS spectrum of La and the 
corresponding 3d XAS peak. The multiplet analysis of the 3d94f 1 final state revealed 
that the discrepancy may be understood by considering the different selection rules 
of the two processes. Whereas in XAS only transitions into dipole-allowed multiplet 
states are possible, all multiptet states may be populated in the screening process. In 
EELS both dipole and non-dipole multiplet states may be excited as discussed 
above, and a combination of EELS and XPS may allow the symmetry of the 
final-state screening orbitals in XPS to be determined. Moser et al. ~1984) have 
exploited these ideas and have compared 3d XPS and EELS of La. They found the 
low-energy XPS satellite to coincide with the center of gravity of the loss structure. 
The f-screened 3d94f ~ final state character of the low-energy 3d XPS satellite 
has thus been confirmed. This relation between XPS and EELS final states has 
been discussed recently in some detail by Schneider et al. (1985). 

5.3. The 4p and 4s excitations 

In contrast to 3d and 4d levels 4p and 4s core levels have received less attention 
up to now either from EELS or from other core level spectroscopies. The case of 4p 
excitation is complicated by breakdown of the one-electron approximation for 4p 
core holes, which in this part of the Periodic Table may decay by 4p -1 « » 4d-2ef  
giant Coster-Kronig coupling, leading to broad ill-defined peaks in photoemission 
(Wendin 1981). In the rare earths (except Yb) such processes are allowed for 4pl/2 
holes but not for 4p3/2. In electron loss the unstable 4p~-/2 ~ excitations lead to ill- 
defined structure in the corresponding energy region, but sharp peaks are observed 
near the 4p3/2 ionisation threshold (Strasser et al. 1984). 

Representative examples of loss structures for 4p excitations in lanthanides are 
shown in fig. 14, both at high and lower incident energies. Sharp loss features are 
seen at excitation energies close to the 4p3/2 binding energies with some broad 
structures at higher energy. The intensities of the loss structures are rauch weaker 
than the intensities of 4d or 3d loss peaks and they depend on atomic number with a 
progressive decline in intensity of 4p losses through the lanthanide series. Yb and Lu 
metal have no loss peaks, the onset of the 4p3/2 channel being signalled only by a 
change of background gradient, but Yb20 3 shows a small peak (Netzer et al. 1985b). 
The influence of the primary electron energy is seen best in La,.where a sharp loss 
feature on the low-energy side of the main loss grows in intensity as Ep drops from 
1.5 keV to 470 eV (fig. 14(a)). In Pr (fig. 14(b)) the losses are somewhat broader, but 
the enhancement of a low-energy satellite at low Ep is still very marked. Nd (fig. 
14(c)) shows more modest changes, and there are no clearly discernible shape 
variations with primary energy in the upper half of the lanthanide series, as in the 
case of Ho, for example (fig. 14(d)). 
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In view of the many-body effects in the region of the 4p~-/~ excitations, we confine 
discussion here to the 4p3/2 excitations. An atomic-like interpretation of the 4p3/2 
resonances is justified by the relatively symmetric shape of the loss peaks and by the 
fact that some occur at energies well below corresponding 4p3/2 XPS energies. In 
accordance with the ideas of Strasser et al. (1984) 4p-5d excitations will dominate at 
very high primary energy. Although exchange coupling between a 4p hole and an 
excited 5d electron will be smaller than for' 5p-5d coupling, it may still give rise to 
similar correlation effects, but at energies closer to the 4p3/2 binding energies than in 
the case of 5p (see section 4.1). In that respect 4p relates to 5p excitation in the same 
manner as 3d to 4d excitation. On the other hand, the 4p and 4f radial charge 
distribution are similar in spatial extent (table 2). This means that quadrupole p-f 
matrix elements may be large under the experimental conditions of reflection EELS, 
where substantial momentum transfer is possible. Therefore, 4p ~ 4f excitations may 
also be important. The absence of 4p loss resonances in Yb and Lu metal would be 
consistent with such an interpretation, but oxidised Yb, where p ~ f transitions are 
possible, has only a very weak loss. 

Strasser et al. (1984) have discussed non-dipole effects in 4p EELS in La and Ce in 
terms of non-dipole 4p-5d multiplets as in the 3d-4f case. Alternative interpretations 
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might involve 4p ~ 4f transitions at energies lower than 4p ~ 5d, increasing in 
intensity as primary energy decreases and momentum transfer increases. Or yet 
again 4p ~ 4f transitions might completely dominate with the strongest peak 
corresponding to singlet excitations and the lower-energy peaks to the excitation of 
triplets. 

Preliminary experiments on the 4p X-ray absorption spectrum of Ce (Matthew et 
al. 1987) show an absorption peak several eV above the 4p3/2 binding energy, in 
contrast to the main EELS structure which lies below. However, a weaker EELS 
peak is present in the same region as in the XAS experiment suggesting that this 
indeed may be the 4p ~ 5d transition with non-dipole-allowed 4p ~ 4f transitions 
responsible for the main features in the ELLS spectrum. 

EELS excitations at energies close to the 4s binding energies are presented in fig. 
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15 for the second half of the lanthanide series. Again distinctive peaks are seen 
rather than ionisation edges, but the peak intensities are generally much lower than 
in the 4p case; the peak intensities become even weaker for Er and Tm, while for Yb 
and Lu no loss feature may be discerned. The single-peak structures do not change 
appreciably as the primary energies are lowered. The presence of relatively sharp 4s 
losses is somewhat surprising, and it would appear that Coulomb coupling between 
hole and excited electron is operating hefe also. There are no strong reasons for p- 
like electrons in the conduetion band" to be localised, and so non-dipole-allowed 
4s ~ 4f transitions may be important. The large 4s-4f coupling apparent in XPS 
(McFeely et al. 1974) would likewise be strong for such transitions, and might 
explain the anomalously low excitation energies (with respect to 4s XPS binding 
energies) found in EELS of the higher rare earths and the virtual absence of losses in 
Yb and Lu. Again, XAS experiments are needed to clarify the issue. 

5.4. Valence monitoring by CEELS 

The valence of rare earth atoms in complex rare earth compounds has been a 
matter of considerable controversy in recent years, which was partly due to the 
different meaning associated with the term valence. It is appropriate in this context 
to return to the original chemist's definition, which states that valence has to be 
related to the number of bonds in which a particular atom is involved. In that sense 
Ce2Oa, for example, is trivalent and CeO2 is strictly tetravalent. Accordingly, the 
rare earth metals are mostly trivalent providing three 5d6s derived valence electrons 
per atom for the bonding, with the exception of Eu and Yb which are divalent. The 
strongly localised atomic-like 4f electrons act essentially as spectators to the 
bonding in most cases. However, in some systems a valence change may be 
introduced by physical or chemical changes of the environment. Then, a con- 
figuration change takes place, of the type 4f" (5d6s)" ~-----~ 4f "-1 (5d6s)m+l; that is, a 
localised 4f electron becomes delocalised into valence states, or vice versa. If the two 
configurations are energetieally degenerate, the ground state of the system may 
actually fluctuate between these two configurations, and unusual physical properties 
will result. This class of solids is designated best as 'inter-configuration fluctuation 
(ICF)' compounds. These compounds are also often called 'mixed valence' com- 
pounds, but Fuggle (1982) has worried about 'the almost audible protest of 
nineteenth century chemists at the misuse of the word valence', which seems to have 
reached him from their graves. In any case, 'valence fluctuating' compounds a re  
known for Ce, Sm, Eu, Tm and Yb, and these elements are also found in more than 
one stable valence in simpler compounds. 

The population of the 4f shell, the so-called fcount ,  as a measure of valence may be 
determined by core level spectroscopies, as mentioned in several chapters of this 
volume. This is possible because the core hole created in the particular spectroscopic 
process couples to the partially filled 4f shell, thus providing characteristic spectral 
fingerprints of 4f configurations. However, the interesting compounds at the be- 
ginning of the rare earth series may have a delicate balance of different initial-state 
configurations, which can be altered in the final state by the suddenly switched on 
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core hole potential. In the atomistic argument of Connerade (1983) the creation of a 
core vacancy changes the shape of the effective 4f potential thus effecting the 4f wave 
function at the verge of 4f wave function collapse. In practice, the apparent 4f count 
is then influenced by final-state configurational mixing effects, and their theoretical 
assessment is necessary to derive meaningful evidence of the initial state. Such a 
theory has been proposed by Gunnarsson and Schönhammer for XAS of the 3d 
levels of Ce compounds (Fuggle et al. 1983, Gunnarsson and Schönhammer 1987), 
and this approach has been extended to the case of core electron energy loss 
spectroscopy (CEELS) by Schneider et al. (1985). In contrast, 3d XAS of the heavier 
rare earths with their more localised 4f states have been interpreted in a straightfor- 
ward way in terms of initial-state valences without explicit consideration of final- 
state effects (Kaindl et al. 1983, 1984). 

The f-count determination of ICF compounds at the beginning of the rare earth 
series in CEELS is therefore hampered by final-state effects as in other core level 
spectroscopies. In comparison to XAS CEELS shows further complications as a 
result of more complicated final-state multiplet structure (Strasser et al. 1983b, 
Hillebrecht et al. 1986). However, Schneider et al. (1985) have included recently 
analysis of 3d CEELS of La and Ce compounds with fractional f occupation into the 
many-body formalism of an Anderson impurity model. The agreement of relative 
energy positions between calculated and measured spectra was encouraging, but in 
order to assess fully the consequences of initial-state mixing in the final state, 
multiplet splitting has to be included into the many-body formalism. 

In the context of this presentation we will be much more mundane and investigate 
only changes between integral valences as they occur in the course of surface 
reactions. We emphasise thus the surface sensitivity of CEELS as opposed to the 
more bulk oriented sensitivity of XAS. Oxidation reactions provide most illustrative 
examples, and the oxidation of Yb, Eu and Ce will be considered here. As mentioned 
before the characteristic multiplet structure of 4d excitations is particularly well 
suited as fingerprint of the 4f count. But also 3d and 4p excitation profiles exhibit 
changes that correlate with changes of the f count. 

The oxidation of Yb from divalent metal (4f 14) to trivalent Yb20 3 (4f 13) is 
accompanied by the creation of a vacancy in the 4f shell. The turning-on of the giant 
4d ~ 4f resonance in Yb can therefore be followed during the oxidation process 
(Johansson et al. 1980, Bertel et al. 1982a), and provides a unique monitor of the 
formation of Yb 3 +. The appearance of the 4d resonance in YbzO 3 and its absence in 
metallic Yb is shown here in fig. 11 of section 5.1, and it has been used by Bertel et 
al. (1982a) to investigate the surface oxidation of Yb. In that work the intensity of 
the 4d resonance as a function of oxygen exposure was compared to the oxygen 
uptake curve as measured in Auger sPectroscopy; in combination with valence 
EELS and work function measurements a consistent picture of an island growth 
mechanism of the oxide phase could be derived. It is interesting to note that in the 
surface reaction with sulfur Yb remains in its divalent state, and no 4d resonance is 
observed (Strasser 1983, Netzer et al. 1983b). 

The valence change at the surface of Eu metal upon exposure to oxygen pressures 
of 10-7 Torr  was demonstrated first by CEELS (Strasser et al. 1982), and confirmed 
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Fig. 16. 4d ~ 4f giant resonances of clean Gd and Eu and corresponding spectra of the oxidised surfaces. 
Upper energy scale: Gd; lower energy scale: Eu (Strasser et al. 1982). 

by resonant photoemission (Barth et al. 1983)• Figure 16 shows 4d excitation 
profiles of clean and oxidised Eu, compared to those of clean and oxidised Gd. In 
Gd the 4d excitation curves remain virtually unchanged between metal and oxide, 
consistent with the  atomic-like nature of these exitations. In Eu, however, pro- 
nounced changes are observed upon oxidation: the main resonance shifts by 2.5 eV 
to higher excitation energy, and the preresonance fine structure is markedly 
different. The spectrum becomes similar to that of divalent Sm in the gas phase 
(Radtke 1980), and manifests the dominant contribution of trivalent Eu in the oxide 
phase. 

The oxidation of Ce is a particularly interesting case. Not  only do trivalent Ce20 3 
and tetravalent CeO 2 oxide phases exist, but also the nature of the 4f state in CeO 2 
has been a matter of fierce discussion (see Strasser and Netzer (1984), Wuilloud et al. 
(1984), and the related comments  by Fujimori (1984) and Wuilloud et al. (1984)). 4d 
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Fig. 17. Electron loss spectra of 4d excitations of clean ~'-Ce and of oxidised Ce. For comparison, a La 
spectrum shifted by 6.5 eV to higher loss energy is included (Strasser and Netzer 1984). 

CEELS of clean Ce metal and of Ce exposed to oxygen are shown in fig. 17, together 
with an appropriately shifted spectrum of La metal  for comparison. Upon  mild 
oxidation (50 L 02) the oxidised spectrum (b) resembles closely the clean metal 
spectrum (a) in accord with the formation of trivalent Ce surface oxide. After 
exposing the surface to large amounts of O2(> 1000 L) and maintaining a stationary 
oxygen pressure in the spectrometer chamber important  changes are observed 
(spectrum (c)). The main resonance shifts by 6.5eV to higher energy and the 
complicated preresonance multiplet structure reduces essentially to a doublet struc- 
ture. Compar ison with the La spectrum (d) leaves little doubt  that a CeO2-1ike 
surface oxide phase with a dominant  4f ° ground-state configuration has been 
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formed. The presence of empty localised 4f states in CcO 2 has been confirmed 
recently by Wuilloud et al. (1984) in XPS and BIS experiments. 

Spectral changes of 3d CEELS between Ce metal and C e O  2 have been observed 
by Netzer and Strasser (1984), Bloch et al. (1984) and Wuilloud et al. (1984). Strasser 
and Netzer (1984) and Bloch et al. (1984) also reported characteristic differences in 
the 4p spectra. Figure 18 reproduces the 3d CEELS results of Strasser and Netzer 
obtained during surface oxidation of Ce. The spectra of clean and mildly oxidised 
Ce are identical, but the spectrum of heavily oxidised Ce (bottom spectrum of fig. 
18) shows a shift of 2.2eV of the main peaks and extra features at 5 eV to the higher 
energy of the main losses as a consequence of the valence change. The structures at 
the low-energy side of the main peaks, labelled S in fig. 18, are due to dipole- 
forbidden multiplets and have no relevance here. The low-intensity higher-energy 
features were associated by Strasser and Netzer (1984) with transitions into 4d94f 2 
final states in analogy to the XAS analysis of Ce intermetallic compounds (Fuggle et 
al. 1983). However, Wuilloud et al. (1984) have suggested that the situation may 
actually be reversed - t h e  main peaks carrying mainly fl and the satellites mainly f2 
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character - but have also pointed out that f ! - f  2 configurational mixing impedes an 
Unambiguous assignment. In any case, the valence change of Ce atoms during 
oxidation is weil reflected in electron loss of core levels, and this technique 
complements in a useful way reaction studies at Ce surfaces (Strasser et al. 1985b). 

In concluding we mention that CEELS at the 3p core edges of Sm shows a 6eV 
peak shift between divalent and trivalent configurations (Chen et al. 1982). This is in 
contrast t o  the 3d and 4d excitation profiles where the differences between different 
valence states of Sm are not very significant (Allen et al. 1980, Chen et al. 1982, 
Netzer et al. 1983b). Chen et al. (1982) have explained this by the different final 
states for d and p core excitations. The increase in energy from 4f ó to 4f 7 due to 
enhanced Coulomb repulsion is nearly balanced by the decrease in energy from 4f 6 
to 4f 7 due to the particular strong Hund's rule coupling in the half-filled shell, thus 
leading to nearly identical spectra for d ~ f excitations. In p ~ d excitations divalent 
and trivalent Sm configurations involve 4f 5 and 4f 6 final states, and the electron 
repulsion is not offset by the now reduced correlation energy; significantly different p 
excitation energies therefore result. 

6. Conclusions and future possibilities 

The special properties of rare earth metals and their compounds manifest 
themselves in some interesting electron energy loss phenomena. In the valence 
region the low energy (AE ,-~ 3-4eV) one-electron transitions merit further study 
both by theory and experiment, while the surface divalency of Sm metal shows up in 
an anomalous plasmon-like excitation. The core region reveals a rich variety of 
quasi-atomic excitations with particularly strong resonance losses associated with 
5p ~ 5d and 4d ~ 4 f  transitions. These phenomena lead on the one hand to 
convenient surface valence monitors and on the other to non-dipole excitations 
unseen by other spectroscopies. 

What of the future? These properties have largely been investigated on metals and 
simple compounds, but in the hext phase of development the insights gained thus far 
can be exploited in studying the role of rare earths in complex systems of potential 
technological interest. A major advantage of EELS over photoelectron spectroscopy 
is its potential for high spatial resolution. Although loss imaging in transmission 
EELS is well established, imaging in reflection geometry is relatively new, and has 
not had the investment of effort and expertise that has gone into Scanning Auger 
Microscopy (SAM). The availability of sharp loss features in rare earths, bearing 
unambiguous valence and environmental information, suggests that EELS imaging 
may be particularly effective in this field. 

Some progress has been made in exploiting electron energy loss fine structure 
(EELFS) above core edges to give local geometry and bond lengths (De Crescenzi 
1985). Here the cross sections for transitions into continuum states well above a core 
edge are modulated by weak reflection of the continuum final-state wave function 
from nearby atoms as in EXAFS (extended X-ray absorption fine structure). The 
technique may be applied either in transmission (bulk geometry) or in reflection 



INELASTIC ELECTRON SCATTERING MEASUREMENTS 595 

(near surface geometry). Applications to transition metal atom systems have met 
with some success, and investigations above the main d core excitations in the rare 
earths may prove fruitful. 

Another technique in an early stage of development - spin polarised electron 
energy loss spectroscopy (SPEELS) - is expected to have particularly strong impact 
on rare earth surface science. In electron spectrometers with good temperature 
control of the sample the technique sh.ould unfold a wealth of interesting magnetic 
phases at surfaces and in ultra thin films on substrates. 

Although photon spectroscopies, particularly those using synchrotrons, have 
many advantages, a monoenergetic electron beam is analogous to a white radiation 
source (the poor man's synchrotron) and is sufficiently cheap for the experimenter to 
have one in his own laboratory. This will ensure that EELS will play an important 
role in the characterisation of rare earth materials in the next decade. 
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tion 343-348 
atomic estimate 348 

- band estimate 348 
screening model 167, 168, 190-193, 215~17, 

219 221,223-228 
screening orbitals 76 
self-energy 108 
single-impurity 56, 58, 61, 65, 68 
single-particle energy 3, 11, 13, 41, 48, 54 
single-particle states 3, 6, 7 
Slater determinant 6 
Slater transition state 194, 195, 216, 223 
slave boson 111 
Sm 3+ 39 
Sm on A1 (100) 408 
Sm on Cu (100) 408 
Sm/A1 39 
SmA12 39, 404, 414, 492 
Sm~_xAs~S 493 
StoB6 404, 457, 492, 511 
Sml_xBaxB6 492 
Srn4Bi3 492 
Sml_xCa~ß6 492 
Smr xCexS 461 
SmC12 461 
Sm/Cu 39 
SmCu2Ge2 492 
Sml_xDy~B6 492 
Smj_~Dy~S 461 
Smx_xEr~S 461 
Sml_~EuxB6 492 
Sml_~Eu~S 461 
Sml_xGdxB6 492 
Sm~_xGd~S 461,493 
Sm~_xHo~S 461 
Sm1 gLauB6 493 
Sml_~La~S 461 
Sml xLu~S 461 
Sml_xNdxS 461 
SmNi5 528 
SmO 492 
Sm203 457, 493 
SMO0.0780.93 493 
SmPd 413 
SmPd3 39, 414 
Sml_~Pr~S 461 
Sml_~PrxS1 ~Se~ 493 
SmI_«P«S 493 
SmS 310-316, 416, 461,493, 510-512, 519 
SmSb 312, 493 

SmSe 310~314, 493,512, 513 
Sm2S3 493 
Sm3S 4 493 
Sm(SO«)2 + aq. 456 
Sml_xSrxB 6 492 
Smj «TbxS 461 
SmTe 310-314, 493 
Sm1_xThxB6 492 
SmThS alloys 312 
Sml xTmxS 461 
Sml_xYxBó 492 
Sml_xYbxB6 492 
Sml_xYbxS 461 
Sml_«YxS 404,493, 511 
soft X-ray absorption (SXA) 14, 15 
soft X-ray emission (SXE) 13, 15 
spectral function 10 
spin-fluctuation limit 114 
spin-orbit interaction 20, 63, 577, 582 
spin-orbit splitting 59, 105, 124, 168, 171, 172, 

228, 563, 583 
spin polarized electron energy loss spectrosco- 

py 556, 572 
spin-polarized LEED 40 
spin-polarized plaot oemission 12,39 
split-off d-band state 431 
split-off state(s) 62, 63 
Stoner excitation 556, 572 
Stoner factor 172, 173, 184-186 
sudden approximation 7, 19, 24, 40, 42, 45, 47, 

52, 56-58, 67, 106 
supercell approach 167, 193-195,215, 223 
surface 12, 15, 20, 33-40, 54 
- atom core-level energy shift (SCS) 33-40, 54 
- atom(s) 33-39 
- cleaning 560 
- cohesive energy 391 

core level shift 80, 81,244, 314, 315, 390, 402, 
409 

- dipole energy 331,333 
- effect 35, 37, 471 
- energy 383, 392 

excitation 563 
- layer 36-39 
- magnetism 39 

- phenomena 33 
- reconstruction 389 

- roughness 396 
- segregation 34, 39, 408 
- segregation energy 392 

- sensitivity 14, t5, 35, 473 
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- tension 383 
- topography 571 
- valence shift 500 
- valence state 383 
- valence transition 77-80, 395, 402, 414 
- valence transition in BIS 433 
susceptibility 114, 129 
synchrotron light source 11 
synchrotron radiation 12, 18, 31, 35, 458, 471, 

473,474 

tantalum 34 
TbAlz 495 
Tb2(C204)3 462 
TbCu2Ge2 495 
TbCu2Si2 495 
Tbo.66Dyo.33C12 462 
TbMn2 495 
TbO2 462,495, 537 
Tbo.66Smo.33C12 462 
(Tbo.os_Zr)Bl2 495 
terbium 462 
ThCrzSi2 structure 516, 517, 520, 534 
thermodynamical excitation 366 
three-stepmodel 191,233 
thulium 24, 35, 38, 59, 462 
thulium metal 37, 386, 395 
TmAI2 39,414, 495 
TmC12 462 
TmCu2Ge2 495 / 
TmCu2Si2 495 
TmGa2 495 
Tm~_«La«S 496 
TmxLa~_«Se 496, 514 
TmMn2 495 
TmNi 495 
TmNi2 495 
TmNi3 495 
TmNi5 495 
TmzNi17 496 
TmPd2P2 520 
TmS 39, 310, 312-314, 319, 404, 416, 496, 505, 

506, 514 
TmSe 68, 310, 312, 313,316-319, 404 
Tm«Se 462, 496, 505, 509, 51~516 
TreTe 462, 496, 506, 514 
TmxYbl_xSe 496 
Tml_xYxSe 404 
Tm«Yl_xSe 496, 516 
total energy 6, 7, 10, 13, 16, 18, 19, 33, 41, 44-49, 

53, 57, 62, 66-69 

total energy difference 167, 194, 195, 201,206 
total natural width 465-469 
transition(s) 3 ~ ,  11-14, 20-29, 57, 58, 63, 66, 67 
- interband 555, 562, 563, 572 
- monopole, quadrupole, octopole 553, 556 
- o n e  eleetron 555, 572 
transmission electron microscopy 557 
tungsten 34 

UBe~3 289, 290 
ultra high vacuum 559 
ultraviolet photoelectron spectroscopy 

(UPS) 11-13, 39, 55, 56, 65,385, 387 
unoccupied states 426 
UPt3 289, 290 
uranium 66 

valence 34, 54, 60, 67, 168 
- change 34, 37, 582 

- determination 47 
- ftuctuations 458, 484, 485, 512, 516, 530 

- fractional 484, 485, 501-503,534 
- integral 484, 485, 503,518 
- K emission 460 
- lattice parameters 511,514, 516, 520-523 
- Lm absorption 485 
- M absorption 514 
- magnetic susceptibility 514, 520, 521 
- measurement 486, 500, 503-508, 512 

- monitoring 589-594 
- saturation 524, 525, 530 
- state 560 

- temperature dependence 514 
- transition 479, 484, 508, 512, 523, 534 

valency 307-309 
- vs Mössbauer isomer shift 511,516-523 
- vs  resistivity anomalies 533 
- XPS 514 
variational calculation 109, 112 
vertex corrections 111, 118 
vertical analysis 372 
vertical excitation 366 

wave function collapse 563 
white line 455,456 
widths of 4flevels 338, 351-354 
work function 566, 590 
work functions oflanthanide metals 333 

X-ray absorption 389 
- spectrometers 472-474 
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- spectroscopy (XAS) 14, 27 30, 33, 47, 58, 121; 
124 

- vs photoemission 463, 528, 535, 538 
X-ray emission 14, 33, 459,'460 
X-ray exciton 473, 474 
X-ray photoemission (XPS) 11-14, 18-31, 37, 38, 

45-59, 66, 67, 365, 375, 380, 383, 390, 397,402, 
409 

Yb on AI (100) 408 
YbA12 404, 414, 496 
YbA12Ga2 496 
YbAu2 404 
YbC12 463 
YbCuAI 496 
YbCu2Ge2 496 
YbCu2Si2 496 
YblnAu 496 
YblnAu2 496 
YblnPd 496 
YbNi2Ge2 496 
Yb203 32, 496 

YbP 20 
YbPb3 496 
YbPd 404, 413,496 
YbPd3 404, 414 
YbPd2P2 520 
YbPd2Si2 496 
YbPt2 497 
YbS 315, 316, 416, 497, 509 
Yb2S3 497 
Yb3S4 497 
Yb4Sb3 497 
YbSe 497 
YbSO4 463 
YbZn»xCuxAs2 497 
YbZn2.xCuxP2 497 
yield spectroscopy 240 
ytterbium 4, 32, 34-37, 58, 59, 168, 173, 208, 463, 

496, 523 526 
- metal 20, 36, 372, 392, 396, 408 
- under high pressure 525, 526 

Z÷ 1 approximation 302, 476, 477 
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