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the description of nickel compounds by Treglia et al. (1980, 1982). Recently, this local 
approximation has been found to be exact (Metzner and Wohlhardt 1989) in the limit of 
large spatial dimensionality d. Furthermore, expansion in powers of 1/d shows that the 
local approximation gives reasonable results for d = 3. 

For large values of Uff/A it seems desirable to have a fully self-consistent theory. 
Schweitzer and Czycholl (1989a,b) have performed such a self-consistent second-order 
perturbation theory calculation. That is, the propagators G°(k,oe) in the expression for 
2J(k,oe) are replaced by the expressions G(k,oe) which contain the approximate expression 
for the self-energy 2J(k,oe). This self-consistency process has the effect of altering the 
spectra by pulling the Hubbard split peaks to energies closer to the Fermi level. Thus, for 
single-particle properties, these results seem to be less accurate than those produced by 
site-excluded approaches (Horvatic and Zlatic 1985). 

An alternate scheme of resumming perturbation theory in Uff is given by calculating 
the self-energy in the Random Phase Approximation (Rivier et al. 1974, Kim and 
Riseborough 1990, Zlatic et al. 1986). Here it is recognized that the expression 

X(°)(q, 60) = Ns 1 ~ f doe' G(k + q, 09 + oe') G(k, oe') (33) 

is recognized as being the Hartree-Fock expression for the frequency dependent 
susceptibility of the f electrons. For a separable interaction, the Random Phase 
Approximation for the longitudinal susceptibility results in the expression 

)(0)(q, oe) 
X(q, to) = [1 - Uffx(°)(q, 6o)][1 + (Nf - 1)X(°)(q, oe)]' (34) 

which shows an enhancement at low frequencies, due to the presence of the factor 
[1 - Uf~ X(°)(q,oe)] in the denominator. The low-frequency, q ---, 0, limit ofx(°)(q,oe) yields 
the f electron density of states per 5f ion, pf(~t). In the Hartree-Fock approximation, the 
system is stable against the formation of a magnetic state with periodicity q, whenever the 
Stoner-Wohlfarth criterion, 1 > Uff Z(°)(q,0), is satisfied. The large value of the dynamic 
susceptibility at low frequencies can be interpreted as indicating the presence of long 
lived, large-amplitude collective spin fluctuation modes. The second factor represents the 
coupling of spin and charge fluctuations due to the Pauli-exclusion principle. The second 
factor in the denominator leads to the existence of damped high-frequency plasmon 
excitations, due to the vanishing of the real part of [1 + Uff X(°)(q,oe)]. The characteristic 
energy scale for these excitations, hoe, has a lower bound placed on it by A, since the 
response X(°)(q,oe) only changes sign for energies of the order of the f band width. The 
damping of these plasmon-like charge fluctuation modes is caused by the non-vanishing 
of the imaginary part. Due to the coupling of these boson modes, the self-energy can 
show a rapid energy variation at low frequencies, which leads to a narrow quasi-particle 
peak near the Fermi energy. The satellites at the upper and lower f band edges can be 
interpreted as being due to the emission or absorption of the damped plasmon excitations 
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(Zlatic et al. 1986). Clearly, the peak at the Fermi level sharpens as the ground state of 
the system approaches a magnetic instability. To date, there has been little work directed 
at performing RPA in a self-consistent manner, for the Anderson lattice. 

The above physical picture does offer the hope that a consistent physical picture of 
the uranium systems may be found, starting from the point of view that the electronic 
structure is that of a relatively narrow f band pressing up close to the Fermi energy, and 
that the presence of satellite structures are the precursors of the Hubbard band splitting, 
due to considerations of screening of the f electron charge. 

Other groups have started with the other extreme, and have generalized the infinite Uff 
approach to the uranium systems. In these approaches, one projects out all the 
configurations except f 2  and f 3, using a variation on the slave boson methods (Nunes 
et al. 1985, 1986, Rasul and Harrington 1987, Evans et al. 1989). It is found that these 
methods are able to account for large enhancements in certain thermodynamic properties, 
however the spectra still retain marked separations between features in the unoccupied and 
occupied 5f density of states. 

5. Pairing model 
Sheng and Cooper (1995) took an alternative approach to the heavy fermion materials. 
The model which they use is based on the Anderson lattice, however, the on-site couplings 
play a crucial role. The most novel aspect of their model is the detailed recognition of 
how the non-spherical crystalline environment causes hybridization between the on site 
f electrons and ligand electrons centered off site. Their approach to the model is to first 
diagonalize the local parts of the Hamiltonian. For Ce based heavy fermion systems this 
is done in the space of local two particle states, supplemented with the trivial vacuum 
state 10). The periodic nature of the lattice is then re-introduced by treating the localized 
two electron states as forming composite particles. 

The two particle basis states that are used to diagonalize the local parts of the 
interaction, are composed of the non-degenerate two ligand (s i.e., the l = 0 tail of  the 
conduction electron wavefunctions on the neighboring sites) electron states l e): 

le) = sTs T It) (35) 
and the highly degenerate set of states composed from one spin orbit coupled ]-~'- 5 
f electron and one ligand electron. These states are specified as eigenstates of the total 
angular momentum ]j, At): 

[3, At) = 6-1/2[(3 . ,1/2;+ 1/2 + + ~Z) Jtl+ 1/2S+$ q- (3  , (36) _ + At) ~c#_ 1/2ST] 10) 
12, At) = 6 i /2[(3  , ,1/2f+ s + (3 ,1/2~+ +1 -~ )  ]~+1/2 ; -  -At) J~ 1/2sT]lO), (37) 

where the j  = ~ states of the spin-orbit coupled f electrons are created by the operators 

I ~ i/2 .+  \ 1/2 ~+ "] 
f ;  = 7-,/2 (7 + v) ]v+1/2,+- (7_ v) ]v I/2.TJ- (38) 

The on-site Coulomb interaction between the f electrons Uff is assumed to be infinite, so 
the manifold of multiply occupied f states can be neglected. 
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These basis states are mixed by the non-spherical hybridization potential V~, and the 
12-fold degeneracy due to the angular momentum of the electrons is partially lifted by 
an on-site Coulomb exchange, J ,  between the f electron and the ligand electron. The 
net result of  the diagonalization of the local interactions is one singlet state and a set 
of  magnetic states. The singlet state, I q~0), can be interpreted as resulting from the 
hybridization with two ligand electron singlet. Using this starting point, the hybridization 
process serves to select a singlet state out of  the degenerate manifold of states containing 
both f and ligand electrons: 

(39) 

This strong hybridization results in an energy lowering of the singlet state, by an amount 
proportional to AE, where 

61vI  2 
- - .  (40) AE ~ Ef - es 

The hybridization does not lift the degeneracy of the manifold of  magnetic states. 
Depending on the relative strength of AE to J ,  either the localized singlet state or the 
magnetic states can be stabilized. 

The effect of  inter-site hopping is then introduced into the system. The manifold of  
basis states are limited to those in which the local correlations have been diagonalized. 
The wave functions for the composite particles then obey Bloch's theorem, which results 
in the formation of a dispersion relation consisting of two bands for the quasi-bosons: 
the first band describes spinless quasi-boson excitations, the second band describes 
the magnetic quasi-bosons. Although these composite particles are bosons in that they 
commute on different sites, they nevertheless have local occupation numbers which are 
Fermi-Dirac like. 

This approach does at first sight seem limited to cerium systems, because the two body 
correlations coincide with the dominance of the nf = 0 and nf = 1 configurations which 
involve precisely two electrons. However, this can be extended to uranium as indicated 
by preliminary calculations by Cooper, Lin and Sheng (unpublished). These calculations 
show that the essential features of  the above description are preserved if the mixing occurs 
between the nf = 1 and nf =2 configurations which involve three electrons. 

6. GS and NCA predictions for PES 

6.1. The predicted spectrum 

A graphic representation of the predictions of GS and NCA is perhaps most useful to the 
reader even though the theory is fully discussed in sect. 2.1. An unbroadened calculated 
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Fig. 1. (a) Particle-hole excitation spectnma calculated for T = 11 K using NCA code provided by D.L. Cox. 
Parameters approximately correspond to those expected for CeSi2, namely: T K = 37 K; W = 5 eV (Lorentzian); 
F=0.1439; Aso =280meV; ef =-2.4eV; ACF 1 =--25 meV; AcF 2 =--48 eV; Ue =7 eV Co) Blow-up of near-E F 
region. Dark line corresponds to convolution of spectrum with a T = 0 K Fermi function. (c) Calculated PES 

spectrum at T = 0 K using three different instrument resolutions. 

spectrum is shown in fig. l a  (code provided by D.L. Cox) for a typical heavy fermion 
material  having a TK of  35 K, a model  (flat) conduction band 5 eV wide, crystal field 
levels at - 2 5  and - 4 8  meV, Uff of  7 eV, and a bare f level posit ioned at ef ~ - 2 . 3  eV. 
These parameters approximately correspond to those o f  the heavy fermion compound 
CeSi2 which has been heavily reported in the literature (Patthey et al. 1986, Joyce et al. 
1992c, Takahashi et al. 1994, Malterre et al. 1992a,b). It should be stressed that within the 
SIM the 4f  DOS in fig. l a  is obtained by averaging the hybridization over all conduction 
electron states, so that dispersion is precluded. To be more precise, we are not actually 
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dealing with a 4f DOS at the Fermi energy but rather only the response of the system to 
a core hole. We will nevertheless refer to the intensity at the Fermi energy as the 4f DOS. 
This was nicely explained for the experimentalist by Hfifner (1986) and Hfifner and 
Schlapbach (1986). In any case it is argued that NCA yields an excellent representation 
of the 4f DOS at high temperatures, while at low temperatures (far below TK where a 
Kondo lattice model is more appropriate) any dispersion in the coherent state is in any 
case smaller than kBTK and thus negligible. The essential predictions of SIM (i.e., the 
scaling of 4f spectral features with TK) are of necessity retained at all temperatures. 

Although Ce contains only one f electron, the GS theory (Gunnarsson and Sch6n- 
hammer 1985, 1986) as well as NCA (Bickers et al. 1985, 1987) predict at least three 
features in a PES spectrum (occupied states) and at least two features in a BIS spectrum 
(remaining 13 empty states). In fig. la the occupied features are labeled as the f 0  or 
"main" peak which represents the primary f 1 to f 0 excitation, while the f l portion of the 
spectrum consists of the narrow 4f5/2 feature (called the Kondo resonance, KR) located at 
kBTK above EF with only a small occupied tail extending below EF (see fig. lb), as well 
as a spin-orbit split sideband (the 4f7/2 feature) located at Aso-kBTso below the KR. 
(Here Aso is the spin-orbit splitting while Tso is an effective Kondo temperature for the 
sideband, usually about an order of magnitude larger than TK). Above the Fermi energy 
we have the bulk of the KR at -kBTI~, an equally intense spin-orbit sideband at +Aso, as 
well as a b roadf  2 feature (not shown) corresponding to double f occupancy at finite Uff, 
and situated at U~- above the occupiedf  ° peak. The KR may additionally be split into 
crystal field levels situated at Acv relative to TK, which have their own effective Kondo 
temperature, Tcv, and which may actually carry more spectral weight than the KR. These 
are shown in the expanded view in fig. lb. 

Because of particle-hole symmetry, the PES spectrum for Yb heavy fermions, where 
one has only one fhole ( f  13 v s f  14) rather than one f electron, can be obtained from fig. la 
simply by applying mirror symmetry about the Fermi energy (Bickers et al. 1987). Thus 
in Yb heavy fermions the bulk of the KR is predicted to be occupied, which makes them 
ideal candidates for studying spectral weights, widths, and temperature dependencies. 

From Bickers et al. (1987) we note several important points regarding fig. la: 
(1) The width of t h e f  ° peak varies with the hybridization F (width = 28A when using 
a model DOS; but see below), and has a spectral weight of about one electron (i.e., 
~nf). (2) The width of the KR is ~kBTK, while its total spectral weight (including the 
unoccupied portion) scales with TK approximately as :rTK/F. (3) The position of the 
SO sideband varies as Aso -  kBTso so that for increasing TK it shifts closer to E~ as 
Tso also increases along with TK. Thus most of the spectral features at EF increase 
with TK (the sidebands, of course, scale directly with Tso and TCF) and readily lend 
themselves to measurement in PES. 

The existence of crystal field levels yields additional features near the Fermi energy. 
For the spectrum of fig. la two crystal field levels have been introduced (at -24 meV and 
-48 meV) to approximately correspond to those reported for CeSi2 in neutron diffraction 
measurements (Galera et al. 1989). A blowup of the near-EF region is shown in fig. lb 
with the crystal field levels delineated. Note that on the occupied portion of the spectrum 
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these levels are relatively weak and in fact do not account for the bulk of the occupied 
spectral weight. Although crystal field levels have never been unambiguously observed 
in a PES measurement, their theoretical spectral weight cannot always be assumed to be 
small (it depends on the parameters), particularly in Yb compounds. 

In an actual PES measurement the spectrum in fig. la  would be convoluted with a 
Fermi function to yield only the occupied states, as well as broadened by instrument 
resolution. The dark lined spectrum in fig. lb corresponds to a convolution with a 
T = 0 K  Fermi function. In fig. lc this T = 0 K  spectrum has been further broadened 
with a 20meV Gaussian to match the stated resolution of  Patthey et al. (1987a) as 
well as with an 80meV Gaussian to match the best resolution of a measurement at 
resonance (by = 120 eV). This then is the expected shape of a typical Ce heavy fermion 
PES specmun, while a typical Yb spectrum would mimic the unoccupied states of  fig. la 
broadened by instrument resolution. 

6.2. Temperature dependence 

Besides the scaling with TK, a major prediction of SIM and its extensions (in particular, 
NCA) is the temperature dependence of the KR. Figure 2 is taken from Bickers et al. 
(1987) and shows a typical temperature dependence of the KR in terms of the Kondo 
temperature, denoted as To in the figure. The quantity D refers to the conduction 
bandwidth. Note that substantial temperature dependence already exists at 0.23TK, while 
at 29TK all t h e f  1 spectral features have been renormalized to nearly zero. A real spectrum 
at temperatures comparable to TK may be complicated somewhat by the existence of 
possible crystal field (or CF) levels where TK < TcF <Tso.  Nonetheless, at 29TK it 
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Fig. 2. Universal expected temperature 
dependence of the KR and its sidebands 
(crystal fields not included) from Bickers 
et al. (1987). 
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is clear that all f l states should renormalize to near zero. This will be of  particular 
importance when later considering the T = 80 K spectrum of Y b A u C u 4 ,  a material which 
has been considered as the quintessential trivalent compound (Kang et al. 1990a). 

6.3. Crystal fields and finite Uy 

Effects of  CF levels and finite Uff have been singled out as complicating the PES spectra 
of  heavy fermions (Allen et al. 1986, Allen 1992). In particular, because of their larger 
effective Kondo temperature, CF levels may result in a lack of scaling with TK. Hfifner 
(1992) views these as single particle states, although that argument cannot not hold for 
large-TK materials such as CeBel3 where the width of the KR is broader than any CF 
states. Likewise, it is possible that spectral weight from the very broad f 2  states at 
finite Uff may spill over into the occupied portion of the spectrum and strongly affect the 
scaling. Joyce and Arko (1993) have shown however that while CF states indeed add extra 
weight (though not much, as shown in fig. lb), the scaling with TK remains dominant 
within GS theory, as shown in fig. 3b. Here the CF states were positioned at -60  and 
-80  meV, somewhat higher than usually observed in order to more clearly demonstrate 
the residual scaling effect of  both the CF states and the KR. The calculated spectra have 
been convoluted with a 20 K Fermi function as well as a 20 meV Gaussian instrument 
broadening. Clearly the GS model predicts the f 1 intensity to scale with Tx even in the 
presence of CF states. The intensity of  the CF states themselves scales with Tcv which 
in turn is dependent on TK. 

CeSi2 - Data of Patthey et al. tdD~ 

ACF1 = 25 mev ~ ~ t  
. ' - ~  Ac,2= 48 meV Z J~ . . ,e  ../' 
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Fig. 3. GS calculations to show lack of effect 
due to finite Ufr and crystal field levels, from 
Joyce and Arko (1993). (a) Near-E~ spec- 
trum calculated using Ua-=7eV, TK=37K,  
Aso=280meV, eF=-2.0eV, W=5 .0eV (flat), 
/" = 0.0877 eV, CF's as labeled in the figure. For 
U ~ = ~ ,  it was necessary to use F = 0 . 1 2 e V  
and ef = - 2 . 4 e V  in order to maintain TK at 
37K. Calculated spectra were broadened by 
20meV to match the stated resolution of 
Patthey et al. (1987a), superimposed on the 
calculated spectra. (b) GS calculated spectra 
with CF's as labeled in the figure, artificially 
placed for better viewing. Parameters as 
shown. /" was adjusted to obtain the TK's 
shown. Note that scaling with T K is maintained 
in the presence of  CF's. 
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The effect (or lack thereof) of the finite Ufr is demonstrated in fig. 3a. Here Joyce and 
Arko (1993) have shown that while indeed a finite Uff will draw spectral weight from the 
f 2  levels into the occupied portion of the spectrum, its net effect is merely to increase 
all intensities without changing the overall shape of the spectra, thus keeping all relative 
weights unaffected. In this figure the TK was kept constant for the two values of Uff 
by varying the hybridization F, while the spectra were normalized at t h e f  ° maximum. 
Keeping TK constant is important, otherwise a comparison of intensities is meaningless. 
The lack of an effect is not surprising since spillover of the very b r o a d f  2 states into 
the occupied portion of the spectrum should resemble the extreme end of the tail of a 
Gaussian which cannot affect t h e f  1 features much more than t h e f  0 peak. The important 
result is that within GS the finite Uff will again not affect the scaling with TK. In the 
figure the data of Patthey et al. (1987a) are superimposed on the calculated spectra and 
will be discussed later in connection with the width of the KR which experimentally is 
found always to be about an order of magnitude broader than calculation. 

6.4. Lineshape o f f  ° peak 

The lineshape of t h e f  0 peak is in principle dependent on the exact shape of the conduction 
electron DOS as well as an energy dependent hybridization. Patthey et al. (1990) 
have extensively discussed this problem in their excellent paper. They demonstrated the 
differences in f ° lineshape and linewidth obtained when using an elliptical DOS with a 
sharp cut-offvs a smoother Lorentzian lineshape. This is summarized in fig. 4 for the two 
model DOS at different hybridization strengths. The peaking o f f  ° occurs at the bottom 
of the elliptical conduction band. Kang et al. (1990b) calculated the GS spectrum for 
CeCu2Si2 using a full LDA-derived conduction band DOS and hybridization and obtained 
reasonably good fits to the experimental spectra of Parks et al. (1984). However, a model 
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DOS consisting of  a flat band having the same width as the exact DOS, and using the 
same average values for the hybridization and U~-, produced a 4f  spectrum very similar 
to that o f  Kang et al. (1990b). This is demonstrated in fig. 5 where the two calculated 
spectra are overlaid. There are small differences that could undoubtedly be overcome with 
minor adjustments of  parameters. An unbroadened spectrum for T = 0 K is also shown for 
comparison. Whether this result will hold universally remains to be seen. But what it does 
show is that the integration over all conduction DOS greatly averages out the hybridization 
effects and that it is the width W of  the conduction band which is likely the more relevant 
parameter. A sharpening of  the f 0 peak occurs at the lower band edge even when using 
a flat DOS whenever the two are degenerate in energy. W must be sufficiently large so 
that the final position o f  t h e f  ° peak lies within the band. 

The important conclusions o f  this section then are that the major predictions of  GS 
and NCA are those o f  scaling o f  4 f  features with hybridization (and hence TK) together 
with a strong temperature dependence o f  these features as the hybridization decreases 
with increasing temperature. The scaling is complicated somewhat by the exact choice o f  
parameters, but the increase in spectral weight with TK is at the very least monotonic. 

7. Quasiparticle formation and Kondo screening in the periodic Anderson model 

7.1. Introduction 

Heavy fermion materials are usually modeled by the single impurity Anderson model or 
the periodic Anderson model depending on the concentration of  the correlated f orbitals. 
Although at high temperatures the SIM captures the same physics as the lattice model, it 
cannot account for the electronic coherence at low temperatures. The periodic Anderson 
model (PAM) is believed to describe the strong correlation o f  f electrons as well as their 



PHOTOELECTRON SPECTROSCOPY 1N HEAVY FERMION SYSTEMS 297 

coherence at low temperatures and the interaction between the screened moments. The 
PAM is the simplest model of a periodic Kondo system with a conduction band composed 
of strongly hybridizing d orbitals, and a localized band composed of weakly hybridizing 
correlated f orbitals. The Coulomb correlation on the f orbitals suppresses the formation 
of local spin singlets, so moments form. At low temperatures, these moments are screened 
by the conduction band, suppressing spin-flip scattering so that quasiparticle formation 
may occur. However, as pointed out by Nozi~res (1985), the f-electron moments must 
compete for a limited number of conduction electronic states available for screening. Thus 
the low-temperature physics of the SIM and the PAM may be quite different. 

In this section we discuss the Kondo screening and quasiparticle formation in the PAM. 
The PAM predicts a much weaker temperature dependence for the quasiparticle or Kondo 
peak than the SIM. We also show that the Kondo peak is dispersive in the PAM, giving 
rise to heavy quasiparticle bands near the Fermi energy. Nozi+res' idea of the effective 
Hubbard model for the screening clouds (Nozibres 1985) is used to interpret this "band 
formation" and the slow evolution of the Kondo peak. This also gives insight into the 
emergence of multiple low-energy energy scales in the PAM. 

7.2. Formalism 

The PAM is studied in the high-dimensional limit mentioned in sect. 4. Since the Kondo 
effect is independent of lattice dimensionality, working in this limit will not inhibit the 
study of screening in the lattice. The PAM Hamiltonian on a Ds-dimensional hypercubic 
lattice is 

t* 
H -  2v/_ ~ Z (d~ad/° +h.c . )+  ~ (gdd]odia + Eff~afia) 

(ij)a i~ (41) 
~- r ~ " ~ ( d ] o f i  0 +h.c.)-}- Z Sff (f/fi --- 1) (/,/f/,~ i ) .  

io i 

In eq. (41), d(f)}2 destroys (creates) a d ( f )  electron with spin a on site i. The hopping 
is restricted to the nearest neighbors and scaled as t = t*/2v/Dss. Ufr is the screened on- 
site Coulomb repulsion for the localized f states and V is the hybridization between 
d and f states. This model retains the features of the impurity problem, including moment 
formation and screening, but is further complicated by the lattice effects. 

Metzner and Wohlhardt (1989) observed that the irreducible self-energy and vertex- 
functions become purely local as the coordination number of the lattice increases. As 
a consequence, the solution of an interacting lattice model in Ds = co may be mapped 
onto the solution of a local correlated impurity coupled to a self-consistently determined 
host (for reviews, see Georges et al. 1996 and Pruschke, Jarrell and Freericks 1995). 
The quantum Monte Carlo (QMC) algorithm of Hirsch and Fye (1986) is employed to 
solve the remaining impurity problem and the imaginary time local Green's functions are 
calculated. Finally the maximum entropy method (Jarrell and Gubernatis 1996) is used 
to find the f and d density of states and the self-energy. 
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7.3. Results 

The PAM was simulated for a wide variety of  fillings and parameters. Results are 
presented here for Uff = 1.5, V=0.6, and Uff =2.0, V=0.5 (measured in units oft* which 
is considered to be a few electronvolts, the typical bandwidth of conduction electrons in 
metals). In order to model the Ce-based Kondo lattice materials, the correlated f-band is 
placed below the Fermi level (so nf ~ 1) and the conduction band filling is adjusted by 
varying the Fermi level. Since the model is particle-hole symmetric when nf = nd = 1 it is 
only necessary to study nd < 1.0. The properties of  the model for nd> 1 may be inferred 
from these results. Thus, beginning at/3 = 1/kBT = 10, we choose ef and ed SO that nf = 1 
and nd assumes a chosen value less than unity. When the temperature is changed, ef - ed is 
kept fixed and the chemical potential varied to conserve the total number of  electrons. 
For the results presented here, the variation of nf from one is less than a few percent. 
Results from simulations of  the SIM are presented for comparison. 

7.3.1. Thermodynamics 

The thermodynamics of  the system, especially the local susceptibility, allows the study 
of the Kondo screening and identifies the relevant energy scales. The Kondo scales are 
obtained by extrapolating Ximp(T--+  0)  = l/To, where Ximp(T)  is the additional local 
susceptibility due to the introduction of the effective impurity into a host of  d electrons. 
As shown in fig. 6, at the symmetric limit (nf =nd= 1) the Kondo scale for the PAM To 
is strongly enhanced compared to T0 slM, the Kondo scale for a SIM with the same 
model parameters. This behavior has been observed before (Rice and Ueda 1986, Jarrell 
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Fig. 6. Kondo temperature vs. d-band filling for the PAM and SIAM (or SIM) when nf ~ 1 and for two different 
sets of  model parameters. 
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Fig. 7, The f-band magnetic moments for the PAM and the SIM vs. temperature for three different values of  
d-band filling when Ue; = 1.5 and V = 0 . 6 .  

1995). However, far from the symmetric limit the Kondo scale for the PAM is strongly 
suppressed. 

The main consequence of this suppression is that the temperature dependence of the 
screening in the PAM is quite different from that of the SIM. The high-temperature 
(T > T sxM) properties of the two models are similar, so that To slM is the relevant scale for 
the onset of screening in both models. This is shown in fig. 7 where the screened local 
f moments Txff for both models are plotted versus temperature. As expected from the 
impurity problem Txff displays a log-linear T dependence in some temperature interval. 
However, concomitant with the differences in the Kondo scales, the screening of the 
PAM and the SIM local moments are quite different: for most values of nd these two 
curves cannot be made to overlap by rescaling their temperature dependencies (nor is it 
possible, in the PAM case, to make the curves for different d fillings overlap by rescaling 
the temperature). Thus, unlike the SIM, the screened local moment in the PAM is not 
a universal function of temperature. At high temperatures, the screened local moments 
are identical for the PAM and the SIM, and as the temperature is lowered below T sIM 
the screening begins; however, if nd <0.8  and nf ~ 1 (rid ~ n f  = 1), the screening is 
significantly protracted (contracted) in temperature for the PAM compared to that in the 
SIM. 

7.3.2. Dynamics 
Drude weight and quasiparticle fraction. The physical relevance of To in the PAM is 
revealed by the dynamical properties of the system. For example, the Drude weight Do, 
calculated by extrapolation of the current-current correlation function (Scalapino, White 
and Zhang 1993), is shown in the inset to fig. 8. For all of  the data shown in fig. 8, 
Do is quite small and the effective electron mass (not shown) is large, mum = 1/Z >~ 15, 
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where Z is the quasiparticle renormalization factor. In the symmetric limit, where a gap 
opens in the single-particle density o f  states, we have Do = Z = 0. However, consistent with 
what is seen in the Kondo scale for the PAM, Do and Z also become small when nd is 
reduced. That is, To falls quickly as the d band is doped away from half  filling, mirroring 
the behavior o f  the Drude weight and quasiparticle fraction. Thus, in the metallic regime, 
nd ~< 0.8, To is also identified as the coherence scale o f  the PAM: the temperature below 
which a Fermi liquid begins to form. 

It is clear from the Drude weight shown in the inset to fig. 8, that the unscreened 
moments have a dramatic effect on the Fermi-liquid properties o f  the system. This may 
also be seen by examining the electronic distribution function 

/ '/(6k) = T Z (Gdd(Ek '  icon) + Gff (Ek ,  iCOn)),  

n 

where Gdd(ek,iO)n) and Gff(ek,iCon) are the fully dressed d- and f-band Green's functions 
calculated with the QMC. dn(ek)/dek is calculated by numerically evaluating the derivative 
of  the above sum. This has a peak located at the Fermi energy. The width o f  this 
peak at low temperatures (shown in fig. 8) gives an estimate of  the single-particle 
scattering rate, which must go to zero if  a Fermi-liquid is to form. This appears to happen 
when nd= 0.8, 0.6 and 0.4; however, for nd= 0.2 it is not clear whether a Fermi-liquid 
forms. When n d <  0.4, there is a protracted region in temperature o f  strong spin-flip 
scattering, beginning at T > T0 sIM, and extending down to low temperatures. However, 
due to magnetic ordering for na < 0.6, no compelling evidence for a non-Fermi-liquid 
(paramagnetic) ground state was found (Tahvildar-Zadeh et al. 1997). 

7.3.3. Densi ty  o f  states 
The densities of  states (DOS) of  the PAM have been calculated for a wide variety of  
fillings and parameters. Here the f-band DOS is presented for U~- = 1.5, V = 0.6 (measured 
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in units of  t* which is considered to be a few electronvolts, the typical bandwidth of 
conduction electrons in metals), nf ~ 1 with nd= 0.4 and To = 0.014. The symmetric limit 
of  the SIM is used for the comparison since the results for the SIM are universal and hence 
independent of  the filling. The choice of  Uff =2.75, V=0.5 is made for the SIM, which 
corresponds to To sIM = 0.05. 

Figure 9 shows the f-density of  states for the PAM and SIM near the Fermi 
energy EF =0. Both models show temperature-dependent Kondo peaks of  similar 
width -10TK, where TK is the corresponding Kondo scale. However, the rate of change 
of  the peak intensity with temperature is much smaller and the Kondo peak persists up 
to much higher temperatures in the PAM than in the SIM. This is consistent with the 
protracted behavior of  screened moments in the PAM described above (Tahvildar-Zadeh 
et al. 1997) when nd ~< 0.8 and nf ,~ 1. There is a difference in the vertical scales of  the 
two parts of  this figure: both the intensity and the spectral weight of  the Kondo peak are 
larger in the PAM than in the SlM although the hybridization parameter V is larger for 
the PAM in this case. This shows (and we generally find) that the height of  the Kondo 
peak in the PAM does not scale like 1/V 2 as it does in the impurity models. 

The evolution of the near-Fermi surface features in the f DOS is not universal as a 
function of T/To since there is a strong dependence on rid. For example, the evolution of 
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both the f and total DOS of the symmetric model are shown in fig. 10. As T is lowered 
below To a gap of full width ~5T0 develops at the Fermi surface indicating the formation 
of an insulating state (consistent with the vanishing of D and Z discussed previously). 
Note that the near-Fermi surface features in the fDOS evolve very quickly as T is lowered. 
In fact, the gap almost completely develops as the temperature falls from T/To = 0.43 to 
T/To = 0.22. In other words, the evolution of the near-Fermi surface features is much 
faster in the symmetric model than in the metallic regime (rid < 0.8 and nf ~ 1). Indeed it 
is generally fotmd that the near-Fermi surface features in the f DOS develop more quickly 
as a function of T/To as na increases towards unity. In addition, in the symmetric regime, 
many of the features show scaling with T/To, including the screened local moment, the 
f DOS, and the electronic specific heat (Jarrell 1995). 

7.3.4. Band dispersion 
Figure 11 shows the momentum dependence of the f and d spectral functions for the 
PAM along the diagonal direction of the Brillouin zone (the main conclusions do not 
depend on the chosen direction) when Uf; = 1.5, V = 0.6, nf ~ 1 and nd= 0.6. In the large- 
Ds hypercubic lattice, the zone center (corner) corresponds to a very large negative 
(positive) ek. Near the zone center (lowest part of the figure) there are two apparent 
maxima, the lower one having mostly d character, the upper one mostly f character. 
The latter has a narrow Kondo-like feature but would not be seen in a photoemission 
experiment since it is located above the Fermi energy. The quasiparticle peak (Kondo 
peak) slightly below the Fermi surface starts to develop only as k moves well away from 
the zone center. Note that there is a gradual transformation of this peak from a mixed 
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Fig. 11. The PAM f and d-spectral fimctions 
for different values of the momentum vector k 
for U~-=l.5, V=0.6, nv=l , rid=0.6 and 
T / T  o =0.46. ek is the unrenormalized band 
energy. The Fermi energy is located at co = O. 

f - d  character  at ek = 0 to an a lmost  entirely f character  at and above ek = 1.23. In addi t ion 

to these nar row peaks the data show a small  and broad non-dispers ive  peak  near  ~o = - 0 . 8  

which  has mos t ly  f character. This  is a r e m n a n t  o f  the lower mthybr idized f level,  though 

the peak  corresponding  to the upper  f level  for these mode l  parameters  has not  been  

reso lved  (this peak  can be reso lved  i f  a larger value  for U f f / V  2 is used). 

This si tuation is clarif ied in fig. 12. The  symbols  in this figure show the posi t ions o f  

the m a x i m a  o f  the f and d spectral funct ions versus Ek, and the solid l ine shows the 

....... quasiparticle band . . ~ ' "  
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1 
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Fig. 12. Band structure for the PAM. The model parameters are the same as in fig. 11. However the 
features persist up to TIT  o > 10. The solid line shows the real part of the Green's fimctions poles vs. e k 
the unrenormalized band energy. The symbols show the positions of the maxima in the f and d spectral 
functions. We characterize these peaks to be of f character whenever Af (ek ,Ek )>Ad(ek ,Ek )  or d character 

whenever A f (ek, E k ) < A d ( ek, Ek )- 
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hybridization for the single-impurity Anderson model is shown for comparison. 

quasiparticle energy, calculated from the real part of  the pole of  the Green's functions. 
In the narrow region above the Fermi surface an almost dispersionless band is obtained. 
The imaginary parts of  these poles are very large, so they correspond to very broad peaks 
in the spectral functions which are difficult to resolve. The bands above and below this 
region correspond to well defined peaks in the spectral functions. The general features o f  
this band structure for the PAM persist up to very high temperatures (T/To > 10). 

Perhaps the most unusual feature o f  the band dispersion shown in fig. 12 is the presence 
o f  a weakly-dispersive f quasiparticle band as much as 0.3t* above the Fermi energy. 
The quasiparticle bands which form due to Kondo screening are expected to lie within 
about To of  the Fermi surface (Martin and Allen 1979). The presence o f  a screening 
band this far from the Fermi surface would seem to correspond to a significantly larger 
f -d  hybridization than that which is required to form a small Kondo scale To. To study 
this apparent inconsistency one introduces an effective hybridization strength F(co), 

/'(~o) = Im 2J(co) + 

where G(~o) is the local f Green's function and )~(co) is the local f-electron self-energy. 
F(~o) is a measure of  the hybridization between the effective impurity in the DMF problem 
and its medium. (For example, in the SIM F(eo)=s'cV2pd(O)), where Pd is the d-band 
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density of  states. In finite dimensions, /"(co), as defined, will contain parts of  the self 
energy of order 1~Do.) Figure 13 shows the effective hybridization for the PAM near the 
Fermi surface. In this figure the model parameters are chosen to be Uff = 1.5, V = 0.6, 
n f ~  1 and three different d-band fillings: rid=0.4 (T0=0.014), rid=0.6 (T0=0.054), 
and nd =0.8 (To =0.16). A relatively small value of Uff/V 2 was chosen for presentation 
purposes; however, the features shown are also present for larger values of  Uff/V 2. 

The feature we want to emphasize in/"(co) is the dip at the Fermi energy which develops 
as the temperature is lowered. Since only the electronic states within about To of the Fermi 
surface participate in the screening (Nozibres 1985) this indicates a reduced number of  
states available for screening at the Fermi energy, and since the dip becomes narrower 
as nd ---+ 1, the effect is more dramatic for small rid. Thus, as the temperature is lowered 
and nd ~< 0.8, the Kondo scale of  the DMF effective impurity problem is self-consistently 
suppressed and hence the "coherence" Kondo scale To is also suppressed. However, for 
the model parameters chosen in figs. 11 and 12, and for the same d-band filling, the 
effective hybridization increases dramatically at frequencies co >> kBTo, and thus could 
support quasi-particle bands with significant f character at higher energies, as found in 
fig. 12. 

7.4. Interpretation 

7.4.1. Band formation 
Some of these results are consistent with a simple band-formation picture. When V = 0 
the available electronic states consist of  a d band and two (doubly degenerate) local 
f levels separated by Uff. When V is turned on, a new resonant state forms slightly 
above the Fermi surface when na < 1 and slightly below when nd> 1. Furthermore, the 
original d band mixes with the local f levels and the resonant level, giving rise to a 
renormalized band which has f character near the renormalized f-level energies and has 
d character far from them as can be seen in fig. 12. The Kondo states slightly below 
the Fermi level are only present for k near the zone center when na < 1 and near the 
zone corner when nd > 1. They have mostly f character, indicating that the f electrons 
themselves are involved in screening the local moments through hybridization with the 
d band. This is like the situation in a single-band Hubbard model, where the electrons 
within the band are responsible for screening the "local moments" in that band. 

7.4.2. Nozi&es exhaustion principle and energy scales 
The emergence of the two energy scales (T0 slM and To) and the protracted screening of 
the moments in the metallic regime, nd ~< 0.8, can be understood using the arguments of  
Nozi~res. He argued that since the screening cloud of a local magnetic moment involves 
conduction electrons within TSo~M/Tv of the Fermi surface, only a fraction of the moments 
neff ,-~pd(0)To s~M may be screened by the conventional Kondo effect. We consider the 
f moment together with its conduction-band screening cloud to form a spin polaron. 
Nozi~res then proposed that the spin polaron and unscreened sites may be mapped onto 
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unscreened sites may be mapped onto holes and particles (left) of a single-band Hubbard model (bottom). The 
local Hubbard repulsion U n. is unchanged by this mapping, but the hopping constant of this effective model is 

strongly suppressed by the overlap of the screened and unscreened states (right). 

particles and holes of  a single-band Hubbard model  with local Coulomb repulsion Uff. 
The polarons hop from site to site and effectively screen all the moments in a dynamical  
fashion. Thus it is proposed that the hopping constant o f  this effective single-band model  
is strongly suppressed relative to t* by the overlap o f  the screened and unscreened 
states. Hence the Kondo scale of  the effective model  becomes much less than T sIM. This 
mapping is sketched in fig. 14. The protracted screening behavior is a crossover between 
the two regimes of  Kondo screening at the higher scale T0 sIM and dynamical  screening 
at the lower scale To. The two energy scales have well defined meaning: T stM is the 
scale for the onset of  screening, and To is the scale where screening is almost complete 
and a Fermi liquid begins to form. In this argument the relation between the two scales 
depends on neff and hence there can be no universal relation between them. Rather, the 
rate and extent o f  the protracted screening depend upon both the ratio and difference o f  
To and To slM. 

It is believed that Nozibres '  argument pertains in the limit of  large orbital degeneracy N 
even though the Kondo scales of  the SIM and PAM are the same here. The limit is taken so 
that the ratio o f  the f and d occupancies as well as N V  2 remain constant (Read and Newns 
1983a,b). Thus, there are still far too many f-electron moments to be completely screened 
by the conduction band degrees of  freedom alone. However, the effective Hubbard model  
to which the system is mapped will  also have an orbital degeneracy o f  N. Guunarsson et 
al. (1996) have argued that the critical correlation needed to open a Mott gap in such a 
model  diverges as N diverges (this due to the enhanced hybridization between multiple 
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channels). Thus the effective one-band model is largely uncorrelated and the degeneracy 
temperature of this effective model will be larger than T s~M, and hence irrelevant. 

In the symmetric limit (rid = nf  = 1), the argument of Nozi~res fails, since the gap forces 
all of  the electrons into singlet pairs. Tightly bound local singlets form between the 
f and d orbitals on each site where the antiferromagnetic exchange is strongest. Since 
each site is fully screened by conduction band spins, Nozi~res' exhaustion should no 
longer be prevalent. However, To is not simply equal to the SIM scale here, since the 
hopping is between tightly bound singlets on each site which hybridize with an effective 
matrix element t/2. Since the bare conduction band density of states changes inversely 
with the hybridization matrix element, the reduced hopping of singlets will increase 
the effective conduction band DOS, so that the Kondo scale in the symmetric PAM is 
resonantly enhanced; i.e., in the symmetric limit 

o( exp 1 1 TS~M . 
To ocexP(2pd~0) j  ) , whereas ( p d ( 0 ) J )  

The formation of the gap at low T, T ~< To, enhances the screeningT This positive feedback 
causes the gap to open very quickly as the temperature is lowered. Only the energy 
scale To, which characterizes the onset of screening, is then relevant, and many of the 
physical properties of the system show scaling with T/To. 

In the near-insulating regime 0.9 <rid < 1.0, T0 sIM and To cannot have the same 
interpretation as they do in the metallic regime no ~< 0.8. As nd --+ 1, To increases 
dramatically while Do decreases. That is, near the insulating state, To is the scale for the 
onset of screening, and T sI~ appears to be irrelevant. Concomitant with the disappearance 
of Do and Z as nd ~ 1, another scale, T*, is proposed which goes to zero as nd ---+ 1, 
which is the scale for the onset of Fermi liquid behavior. Roughly, kBT* should be the 
difference in energy between the chemical potential and the bottom of the gap. Again, 
since T* depends upon rid, there would appear to be no universal relationship between T* 
and To, and no single-parameter scaling of the physical properties of the system. These 
scales are sketched in fig. l 5 (overleaf). 

7.5. Conclusions 

In the Kondo limit, nf ~ 1 and for sufficiently large Uff, the behavior of the PAM may 
be characterized by three different regimes, depending upon d-band filling rid: 
In the metallic regime where nd ~ 0.8, 

(i) The PAM predicts a Kondo peak which has a weaker temperature dependence and 
persists up to much higher temperatures (in units of  the Kondo scale) compared to 
the predictions of the SIM. 

(ii) Both the intensity and the spectral weight of the Kondo peak are larger in the PAM 
than in the SIM. 

(iii) The Kondo peak intensity does not scale like 1/V 2 in the PAM. 
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Fig. 15. A sketch of the relevant energy scales for the PAM. In the metallic regime n a ~< 0.8, T0 sIM is the scale 
for the onset of screening, and T o is the scale where screening is almost complete and a Fermi liquid begins 
to form. In the near-insulating regime, 0.9 < n a < 1, T o becomes the scale for the onset of screening, and we 
propose that there must be another scale T*, which goes to zero as n a ~+ 1, which is the scale for the onset 
of Fermi liquid behavior. Roughly, kBT* should be the difference in energy between the chemical potential 
and the bottom of the gap. In the symmetric regime n d = nf = 1, there is only energy scale T o below which the 

screening begins and a gap quickly opens. 

(iv) The Kondo peak is dispersive in the PAM making a heavy quasi-particle band 

with strong f-electron character which crosses the Fermi surface and persists up to 
energies >>To due to a strongly frequency-dependent hybridization function F(o)). 

(v) When n d <  1 (rid > 1) the Kondo peak below the Fermi energy starts to develop only 
as k deviates from the zone center (corner). 

(vi) There are two relevant energy scales for the PAM: the onset of screening scale To s~M, 

and the onset of  coherence scale To which is strongly suppressed compared to the 
latter. 

(vii) The arguments of Nozi6res (1985) may be extended to provide a consistent 
interpretation of (i)-(vi). 

In the near-insulating regime, 0.9 <~nd < 1 and nf ~ 1: 
(i) The PAM predicts that the near-Fermi-energy structure of the f density of states has 

a much stronger temperature dependence than is predicted for the near-Fermi-energy 
structure in the f DOS of the SIM. The temperature dependence of these features 
generally increase as nd ---+ 1. 

(ii) There are again two relevant energy scales in this regime: the onset of  screening 

scale To, and the onset of  coherence scale T*. 
(iii) T*, D and Z vanish as nd ---+ 1. 
In the symmetric limit, nd= nf = 1: 
(i) As T is lowered, T ~< To, a gap of width 5T0 develops very quickly at the Fermi 

surface and the system has an insulating ground state. 
(ii) There is only one relevant energy scale for the low-temperature properties of 

the system, To, that describes the onset of screening. Many of the physical 
properties of the system, including the f-electron DOS, show universal scaling as 
a function of T/To. 
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(iii) T* is strongly enhanced relative to the T s~M for the same model parameters. Finally, 
we note that the extent of the metallic and near-insulating regimes depends strongly 
upon the model parameters, and that there is generally a region between these 
two regimes that displays some combination of the near-insulating and metallic 
behaviors. 

8. Single-crystal vs polycrystal PES 

As indicated in the introduction, the emphasis in this chapter will be primarily on single- 
crystal photoemission spectra and their comparison to the various models. It may be useful 
to show from the start that indeed major differences exist between single-crystal and 
polycrystal heavy fermion PES spectra, in order to demonstrate the need for this review. 
Additionally, most of the spectra presented are taken at the 4d absorption edge so that the 
4f (and to some extent the 5d) spectral features are resonantly enhanced. The reader is 
referred to the excellent review by Allen (1992) on the merits of resonant photoemission. 
It was also shown by Arko et al. (1988a) that spectra at resonance adequately reflect 
the spectra away from resonance. Suffice it here to say that in general the 4f spectra 
at resonance reproduce quite accurately the 4f spectra away from resonance in angle- 
integrated measurements. Angle-resolved spectra at resonance, however, do not have the 
same momentum resolution as at lower photon energies, thus yielding less information 
in the way of  dispersion. With this in mind we begin to analyze data by first comparing 
single-crystal and polycrystal spectra. 

8.1. Ce heaoy fermions 

In fig. 16 a comparison is made between a single-crystal spectrum (Arko et al., 
unpublished) of CeCu2Si2 and the polycrystal spectrum taken from Parks et al. (1984). 
Both 4f spectra have been obtained by subtracting the spectrum at anti-resonance 
(hv= 112 eV) from a spectrum at resonance (hv= 120 eV) where the 4f features are 
dramatically enhanced. This is needed in order to eliminate the strong contribution from 
the Cu 3d states. We will later show that such subtracted spectra still contains substantial 
Ce 5d-derived intensity which also resonates at the 4d threshold, but for now we simply 
call it the 4f spectrum. In order to preclude questions about differences in resolution, the 
single-crystal spectrum has also been smoothed by a 750 meV Gaussian in order to match 
the resolution of the polycrystalline data. Note that the bulk of t h e f  ~ 4f DOS is totally 
missing in the data from the scraped polycrystalline surface. By contrast the single-crystal 
result not only yields an intense feature near EF, but at high resolution this feature is split 
into both the 4f5/2 (i.e., the so-called KR) and 4f7/2 (i.e., the SO) peaks, just as has been 
observed in nearly every Ce heavy fermion compound. It is true that the two spectra 
were taken at different temperatures (20 K vs 300 K) but, as will be shown in sect. 12, 
the temperature dependence of all Ce heavy fermions is in any case minimal. Moreover, 
the 20 K temperature already exceeds TK by at least a factor of 2 so that temperature is 
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Fig. 16. CeCu2Si 2 data of Parks et al. (1984) at 750meV resolution and room temperature superimposed on 
single crystal data taken with 90 meV resolution and T = 20 K. Open circles are single crystal data broadened to 
750meV Note the missing intensity in t h e f  I region. The temperature effect is minimal and does not account 

for the difference. 

not a serious consideration except for resolution. In sect. 13 we show that the effect could 
come from surface contamination, but as we see below, the effect is widespread even in 
clean samples. 

It is natural to suspect poor sample quality for the above result, and this is certainly 
expected to be a contribution, given the great strides made in sample preparation since 
the time the data were taken. However, although the quenching of the 4f5/2 feature in 
polycrystals is not totally universal, it occurs often enough that an effect other than 
poor sample stoichiometry must be suspected. Even when the specimen is not scraped to 
prepare a clean surface, as in the case of  the cleaved polycrystal of  CePt3 from Andrews 
et al. (1995a) shown in fig. 17, the 4f5/2 feature is often missing in the polycrystalline 
spectrum. The single crystal of  CePt2+x (0 <x  < 1) in fig. 17 was prepared by evaporating 
Ce onto a single crystal of  Pt (111) and annealing in situ. It was checked via a PES 
study of Pt 4f core levels for correct stoichiometry, and via LEED for correct crystal 
structure (Tang et al. 1993). Most of  the differences in the spectra can be attributed 
to angle-resolved effects in the single crystal. However, within SIM and its extensions, 
GS and NCA, the 4f features are purely localized at the measurement temperature of  
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Fig. 17. Comparison of single crystal and 
polycrystal data of  CePt2+x taken from 
Andrews et al. (1995a). Note that the 

- 4f5/2 peak is missing in the polycrystal data 
even though the sample was cleaved and not 
scraped. 

120 K and hence independent of  angle. Indeed, at this temperature the near-Ev features 
should be absent. At the very least they should be independent of crystalline orientation 
since momentum dependence of the hybridization is eliminated via equal coupling to all 
momentum states. Nevertheless, the single crystal shows an intense 4f5/2 feature, vs none 
in the polycrystal, where the TK for this material cannot be more than 10 to 20 K (verified 
with a susceptibility measurement on an arc-melted sample). While the single crystal was 
measured at a temperature of 120K which is at least 6 to 12 times TK and possibly even 
more, so that within NCA all f i features should have been renormalized to near zero 
(Bickers et al. 1987), the polycrystalline spectrum was measured at T = 2 0 K  and still 
lacks the 4f5/2 feature. Momentum-dependent hybridization can account for these effects, 
but this already requires a periodic lattice and use of  the PAM to the exclusion of the 
SIM. 

Inasmuch as single-crystal data, as we will see, are more out of  line with bulk properties 
than polycrystal data, it is occasionally suggested that this could be due to a surface effect. 
Unfortunately this runs counter to conventional wisdom which states that best coupling to 
the bulk is obtained in single crystals at normal emission. Indeed, polycrystals, especially 
scraped polycrystals, are far more likely to exhibit strong surface effects. 

8.2. Yb heavyfermions 

Similar results are also obtained in Yb heavy fermion compounds in which the KR is 
now identified with the 4f7/2 state and is fully occupied. In fig. 18 a comparison is made 
between single- and polycrystalline YbCu2Si2, both specimens (Arko et al., unpublished) 
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YbCn2Si 2 spectra taken under identical 
conditions (CMA analyzer, 150meV res- 
olution, data of C.G. Olson at SRC). 
Note the large reduction in polycrystal 
divalent intensity even though the trivalent 
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cleaved (not scraped) in situ at 20 K, and measured at 20 K. The TK for this material 
is approximately 35 K. The spectra have been normalized so that the trivalent portion 
of the spectrum (presumed to be entirely due to the bulk) has equal intensities in both 
curves when measured peak to valley. While the Cu 3d feature at hv  = - 4  eV normalizes 
in this way to equal intensity in both materials (the slight shifts are due to angle-resolved 
effects), the divalent portion of the Yb 4f spectrum within 2 eV of the Fermi energy is 
dramatically reduced in the polycrystalline specimen relative to the trivalent portion, both 
for surface and bulk features. In terms of the 4f hole occupancy discussed in sect. 10, 
the nf is apparently increased from 0.65 to about 0.8 in the polycrystal. Stoichiometry 
does not seem to be the problem since the Cu 3d peak has the correct intensity. If the 
SIM truly applies in Yb heavy fermions, then all the 4f7/2 intensity at Ev is of necessity 
due to the Kondo interaction. The SIM by definition implies that the 4f element is an 
impurity with no interaction with its neighbors at high temperatures. Why the existence 
of long-range atomic order (or lack thereof) then so dramatically affects the 4f spectrum 
is at this point a mystery. Some suggestions will be presented later in sect. 13 where we 
consider the possibility that these are band states even at high temperatures. 

To sum up this section, then, it is apparently crucial for a correct measurement of the 
near-EF intensities in heavy fermions that the surface is a single crystal. Scraping of the 
surface should be particularly avoided since it was found that in YbAgCu4, a material 
having a TK of about 35 K, the scraping of a coarse-grained surface totally eliminated all 
divalent 4f features (Arko et al., unpublished), much more consistent with thermodynamic 
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data. Perhaps it is so that the destruction of long-range order via scraping indeed puts 
us into the single-impurity regime, while a good single-crystal surface with long-range 
order requires a treatment within the PAM. 

9. Lack of scaling with T~: of the near-EF features 

Perhaps the single most important prediction of  the GS and NCA models is that of scaling 
of the various spectral properties with TK or the universal parameter. In particular, the 
spectral weight, position, and width of the KR is predicted to increase with TK. While 
instrument resolution has been insufficient in the past to deal properly with the position 
and width of the 4fs/2 feature, researchers have concentrated on the spectral weight. Allen 
et al. (1986) were first to find a relationship between TK and spectral weight of the near-Ev 
features, although the limited resolution of the early research did not allow a quantitative 
comparison to theory. 

Patthey et al. (1990) published a monumental paper on the application of the SIM to 
spectral properties of Ce and Yb heavy fennions. For the first time they performed high- 
resolution (AE ~ 20 meV) systematic experiments on a number of materials with TK's 
(in their nomenclature they use the energy equivalent, 6(meV)) ranging from less than 
10 K for CeCu6 to about 200 K for c~-Ce, observing the trends in the near-EF spectral 
weight (see fig. 19). They obtained their data using HeI and HeII radiation, using the 
difference curves obtained by subtracting the spectra obtained at two different photon 
energies. More importantly, they also performed model calculations using NCA at the 
appropriate temperatures to compare to the results. 

While at first glance there appears to be excellent agreement between theory and 
experiment in fig. 19, there are a number of issues to consider. In the first place, nearly 
all of  these measurements were performed on scraped polycrystals so that in view of 
the discussion above it is not certain whether the 4fs/2 intensity properly represents the 
material. It is important to keep stressing this point since, as will be discussed later, there 
is a strong possibility that the 4f5/2 feature is actually a very narrow band dispersing 
above EF. In a scraped polycrystal one would measure at best a spectral weight averaged 
over the Brillouin zone, and at worst a meaningless spectral weight due to the introduction 
of defects via scraping and consequent loss of phase coherence of the narrow bands in 
the surface region. 

There are other questions. One revolves around the normalization which is done in such 
a way as to eliminate as much as possible the non-f symmetries, and which, away from 
resonance is difficult indeed. While the shape of the 4f spectrum can be reproduced, it may 
cause problems with intensities so that comparing intensities between samples is difficult. 
Another obvious problem, evident in fig. 19, is one of the widths of the 4f5/2 features that 
appear nearly constant irrespective of TK. Even for their highest TK material, c~-Ce, there 
is at least a factor of 2 discrepancy between theory and experiment; i.e., experiment is 
too broad. [Incidentally, Liu et al. (1992a) would place the TK for (x-Ce as high as 800K, 
but even this is insufficient to bring theory and experiment into line.] The discussion on 
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the width o f  the 4f5/2 feature will be more extensive below, but it is useful to point out 
that to a first approximation all the widths in fig. 19 appear about the same magnitude 
and far broader than their 20 meV instrument resolution. We have seen in the previous 
section that crystal field states cannot account for the nearly constant width. Finally, the 
authors admit that when they calculate the specific heat 3/-values for these materials from 
the Rajan formula, namely 

r ( T  ~ O) = 
N A ~ k B ( N f  - 1) 

6To 

where TK = To/1.29, and NF is the orbital degeneracy of  the occupied f level, the values 
obtained are in general more than an order of  magnitude too large. Reducing Nf  to a 
value o f  2 by introducing crystal field levels may help some, but not enough. 

Scaling behavior with TK was again reported in the CeSix series by Malterre et al. 
(1994), Baer et al. (1994), and Malterre et al. (1993). Here the intensity of  the near-EF 
feature was correlated with the Curie-Weiss temperature as the Si concentration was 
decreased. Needless to say, this was done on scraped polycrystalline materials with severe 
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different directions are shown for CeBe13 
with vastly different spectra. 

defect concentrations. Since the maximum TK in that system is only 35 K in CeSi2, and 
decreases gradually with x from there, it does not compare with the orders of magnitude 
change in TK presented in fig. 20 where no scaling is observed (see below). The relatively 
small decrease in the KR intensity could easily result from the introduction of defects in 
the CeSix system and the associated change in electronic structure. 

Joyce et al. (1992c), by contrast, pointed out that by using high quality single 
crystals there obtains an amazing similarity between all Ce heavy fermion spectra, 
regardless of Tic. This can be seen in fig. 20 (Arko et al. 1997a) where spectra for 7 Ce 
heavy fermions (including two directions for CeBe13) are plotted. Indeed, one observes 
the interesting effect that spectral differences with momentum within the same crystal 
(CeBe~3) are in fact larger than differences between materials whose TK's differ by as 
much as 2 orders of magnitude (more on that later). All the spectra in fig. 20 were taken at 
a photon energy of 120 eV which roughly corresponds to the 4d absorption edge and thus 
resonantly enhances the 4f emission. The energy resolution in each case is about 90 meV. 
All spectra represent raw data except in the case of CeCu2Si2 where the spectrum at 
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anti-resonance (hv -- 112 eV) has been subtracted from the resonance spectrum in order 
to eliminate the very strong Cu 3d emission. In fig. 20 one should further note that CeA13 
and CeSi2 are cleaved polycrystal specimens so that the polycrystal effect discussed above 
is not universal (but common). The normalization of the spectra in fig. 20 is to the f 0  
peak maxima at -2  to -3  eV, except for CeBe13 (110) where t h e f  ° peak is clearly much 
smaller than that for CeBe13 (100), and it just is not obvious which maximum is the true 
bu lk f  ° (this is further discussed below). While nearly all the spectra in fig. 20 represent 
4f and 5d Ce emission only (due to the nearly negligible ligand emission), in the case 
of CePtz+x (111) and Ce3Pt4Sb4 there is also substantial Pt 5d emission so that the f 0  
peak intensities should be ignored for these. To the list of spectra in fig. 20 one should 
also add c~-Ce (TI( ~ 800K, Weschke et al. 1991) and CeB6 (TK ~ 10K, Kakizaki et al. 
1995) which likewise exhibit spectra nearly identical to those in fig. 20. 

Irrespective of the precise normalization of the data in fig. 20, the interesting fact 
emerges that the spectral weights of the 4f5/2 features are more or less constant for all 
materials, or at least do not monotonically increase with TK. While the 90 meV resolution 
precludes any firm conclusions about the widths and positions of the 4f5/2 peaks, it has 
little effect on the broad 4f7/2 peaks so that their peak amplitudes relative to f 0 need no 
deconvolution. One is forced to the conclusion that there is no apparent scaling of the 
4I"5/2 spectral weights with TK relative to the f 0  peak. This lack of scaling cannot be 
blamed, as has been discussed above (Joyce and Arko 1993), on inclusion o f f  2 intensity 
originating from finite Uff effects, since the f 2  DOS, if present, is broad and featureless 
and hence cannot change the relative amplitudes. Nor can one resort to a lowering of the 
4f5/2 degeneracy to Nf = 2 by the introduction of two additional crystal field levels, since, 
as again shown by Joyce and Arko (1993), even in the presence of these CF states the 
GS and NCA models predict a scaling of the 4f5/2 spectral weight with TK. The nearly 
constant and much too broad (relative to GS) width of the 41"5/2 has been attributed by 
Patthey et al. (1993) to lifetime broadening. Even if this were the case, such broadening 
will not affect the spectral weight so that the inevitable conclusion of a lack of scaling 
with T~: remains a reality. 

To underscore the lack of scaling still further we point out the amazing similarity 
in fig. 20 between CeBe13 (110) (TK~400K)  and the spectrum for CePt2+x (111) 
(TK ~ 10K). In fig. 20 the comparison is somewhat less striking than actuality because 
of the strong Pt 5d emission in the region of the f ° peak. For a better comparison one 
must first subtract out the non-Ce portion of the CePtz+x (111) spectrum by subtracting 
the hv = 112 eV spectrum (anti-resonance) from the hv= 120 eV spectrum (resonance). 
For CeBel3 the intensity at 112 eV is negligible. The two curves are overlaid in fig. 21 
(normalized at the 4f5/2 peak), with the secondary backgrounds also removed. With 
the exception of the shift in the f 0  peak the two curves overlay almost exactly. The 
region of the Ce 5d emission (between -0.5 eV and -2  eV) also overlays if t h e f  ° peaks 
are removed. This type of agreement is astounding when one considers that there is a 
factor of 40 difference in Ti('s. Moreover, the CePt2+x (111) spectrum was taken at 120 K. 
On the basis of the single-crystal data, then, it would be difficult to reach a conclusion 
other than one of a total lack of scaling of the spectral weight with TK. 
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Fig. 21. Overlay of CeBe~3(ll0 ) spectrum with CePtz+ x 
(001) spectrum after subtracting backgrounds (from 
Andrews et al. 1995a). Except for a slight shift of 
the f0  peak the spectra are nearly identical in spite 
of a factor of 40 difference in TK's. The calculated 
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discrepancy in t h e f  ° peak width between experiment and 
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The thin lined spectrum in fig. 21 is a GS calculation with parameters approximately 
matching CeBe13 (i.e., W=10eV, Uf~=14eV, T~c=400K), smoothed to match the 
instrument resolution, and normalized in such a way that the total area of  the calculated 
Lorentzianf  ° peak matches the total area of  the measured Gauss ianf  ° peak in CeBe13. 
The mismatch is obvious. While better fits can be obtained with different parameters 
such as a smaller W, these are not justified. The width of the conduction band used 
above (10eV) may in fact be even conservative since experimentally it peaks at about 
-8  eV Also, there are no Ce nearest neighbors in CeBe13 so that the 4f electron can only 
hybridize with the Be conduction band. 

One may argue that the comparison to GS in fig. 21 is flawed since a model conduction 
band DOS of width 10 eV was used for UBel3 rather than an actual calculated DOS. To 
this it can be countered that a model DOS has been used in nearly all investigations (e.g., 
fig. 19), so that if  the comparison in fig. 21 is to be discounted, all comparisons utilizing 
a model DOS should likewise suffer the same fate. In only two instances was an actual 
calculated DOS used to produce the GS spectrum - c~-Ce (Liu et al. 1992a) and CeCuzSi2 
(Kang et al. 1990b). In the first case the width of the d conduction band is in fact only 
about 2 eV, a value typically used in model DOS calculations. Interestingly enough, simply 
using a flat model DOS 2eV wide effectively reproduces the more elaborately calculated 
spectrum. This would suggest that the DOS cut-off energy is an important parameter. In 
the second case a good fit was obtained to the then available PES valence band spectrum 
as well as to the core level spectra, but subsequent spectra from single crystals (fig. 16, 
Arko et al., unpublished) appear fundamentally different. 

A quantitative comparison to GS and NCA is further complicated by a lack of 
knowledge of crystal field levels. In fig. 21 the comparison is made to CeBe~3 with a 
TK of  about 400 K so that crystal field levels should be absent (none have been reported) 
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or at least should be split off the main peak by more than 40 meV (i.e., they should 
be deeper than kBTK). If  the latter were the case they would have been observable in 
a photoemission experiment having 56 meV resolution. None were observed. Thus the 
comparison of CeBel3 to GS is perhaps the most clean cut of all comparisons, and 
it fails as seen above. Most other comparisons suffer from the above stated problems 
and will not be considered further in this article. Only qualitative predictions of GS, 
i.e. predicted trends, will be compared to experiment in the remainder of this chapter. 
While it is possible, by adjusting parameters, to reproduce reasonably well a particular 
spectrum, it is the systematics with TK (or lack thereof) which is the real determinant of 
the applicability of the SIM. 

10. The f-level occupancy, nf 

It can already be seen in fig. 21 that the spectral weight ratio Wr =f 1/9£o in CeBe13 is 
too large relative to a calculation; indeed, about a factor of 2.5 too large. This indicates 
that the calculated f occupancy nf of the bare f level at ~-2.5 eV is much larger than 
measured. One can, of course, vary the parameters (primarily increase the hybridization) 
until calculation matches experiment, but this will increase TK to values incommensurate 
with the thermodynamic quantities. Basically, the lack of scaling seen in fig. 21 implies 
that the nf in Ce compounds does not change very dramatically with TK. This is totally 
at odds with expectations. 

The f-level occupancy is best studied in Yb compounds where it becomes the hole 
occupancy rather than electron occupancy, and where GS theory places the KR centroid 
on the occupied side of the Fermi energy, unlike the case for Ce compounds. Here the 
integrated intensities o f t h e f  13 (trivalent) andf  14 (divalent) portions of the photoemission 
spectrum are expected to be directly related to the f-hole occupancy, nf, by the relation 

n f  = 
I(f  ~3) 

/ ( f13)  + T4I( f 1 3  14)'  

where I( f  n) represents an integral spectral weight of the f ~  feature. One of the best 
compounds for this study is YbA13 where the A1 states yield almost no photocurrent, thus 
making it relatively easy to subtract the background and to delineate the trivalent and diva- 
lent (bulk) intensities. An early study for this material (Oh 1993) was an XPS study where 
direct integration yielded nf = 0.65 which is far lower than expected for a material having 
TK ~ 400 K. Indeed this places it well into the mixed valent regime, outside the range of 
the validity of NCA. Tjeng et al. (1993) later utilized the temperature dependence of the 
4f7/2 level and obtained an nf value of 0.85 which is in exact agreement with NCA predic- 
tions (Bickers et al. 1987). However, using the temperature dependence is difficult at best. 
The assumption is made that all of the temperature dependence of the 4f7/2 level is due to 
the Kondo effect. With no effort made to delineate the effects of a 300 K Fermi function 
this assumption seems tenuous at best. Additionally the choice of backgrounds in 
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Fig. 22. XPS and UPS (hv  = 120eV) spectra 
for YbA13 taken at T=20 K to determine any 
differences in signal due to escape depth. 
Values of nf were obtained by direct integration 
after separating out the background and surface 
features as shown. Nearly identical values were 
obtained thus confirming the bulk nature of the 
divalent peaks in UPS. 

that study is somewhat questionable. Since the non-4f7/2 (bulk) background in the 
polycrystalline samples was assumed to comprise more than 80% of  the signal, one can 
see how even in the case o f  correct assumptions regarding temperature dependence, small 
errors in the choice o f  background can yield huge errors in the temperature dependence. 

The most reliable method for determining nf would seem to be direct integration o f  
the divalent and trivalent features in a material where the background is relatively small. 
Toward this end Joyce et al. (1996) and Andrews et al. (1994) analyzed YbA13 spectra 
both from XPS as well as UPS and came up with values basically agreeing with the first 
investigation o f  Oh (1993). This is shown in fig. 22 where the delineation into background 
and surface components is also illustrated. Similar analyses for YbCu2Si2 (Andrews et al. 
1994, Joyce et al. 1996) yielded nearly the identical values despite the fact that YbCu2Si2 
has a TK of  only 35 K, an order o f  magnitude lower than YbA13. All of  these values are 
totally out o f  the range o f  NCA validity and clearly belong to the mixed valence regime. 
While there remains some question as to whether the photoelectron cross sections for the 
f 13 a n d f  14 states are identical (a necessary condition in order to compare intensities), the 
fact that identical nf values are obtained at both XPS energies as well as near h v  = 120 eV 
would suggest that the photoelectron cross sections o f  t h e f  13 a n d f  i4 states are at least 
very similar if  not identical. Thus direct integration o f  the spectra to obtain nf would 
seem preferable to the method of  Tjeng et al. (1993). 

An even more pronounced disagreement with NCA occurs in the compound YbAuCu4 
(Andrews et al. 1994) which in the past has been proposed (Kang et al. 1990a) as a nearly 
trivalent material. Here Tic is assumed to be <<35 K (i.e., much less than the value for 
YbAgCu4) so that nf would be perhaps o f  the order 0.99. Instead Andrews et al. (1994) 
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find it to be closer to 0.85 based on direct integration - a serious discrepancy when one 
also considers that the PES measurements were done at T = 80 K >> T~. From all this it 
would appear that the concept of  f-hole occupancy, and by analogy also the f-electron 
occupancy, is not directly related to TK in a fashion described by NCA or GS. 

From sect. 7 (dealing with the PAM) one can see that the ratio of  the f l to f 0  (or, 
the divalent to trivalent in Yb compounds) spectral weights is substantially larger when 
calculated within the PAM than when calculated within the SIM. It would seem that the 
trends predicted by the PAM are much more consistent with the experimental spectra 
obtained from single crystals. 

There is no question about the fact that the nf values obtained from PES are 
dramatically in disagreement with those obtained from bulk properties as well as those 
obtained from X-ray absorption Ltii edge studies (Lawrence et al. 1994). While it is 
our contention that we must resort to a different model, such as the PAM, to resolve 
this discrepancy, a useful question to ask is whether photoemission measures the same 
material as is measured in Ln~ studies. In particular, is it possible that owing to its surface 
sensitivity a PES study does not probe the bulk but rather only a surface or a sub-surface 
layer whose nf is dramatically different from the bulk? Such a scenario would render PES 
useless and would breathe new life into the SIM. It is also fair to ask whether the Lm 
results are to be taken at face value. 

But let us look at all possibilities. The existence of a surface layer is not in question. 
Moreover it is clear that in Ce compounds the surface tends to be trivalent while in 
Yb compounds it is divalent. But while it is easy to delineate a surface feature and 
separate it from bulk electronic structure, it would require a thick sub-surface, different 
from the bulk, to mistake it for bulk. However, a thick sub-surface has never yet been 
reported in any system known to us. I f  it were to exist in one system, the likelihood of 
its existence in other systems is high, making PES useless as a bulk probe. Fortunately, 
excellent agreement between calculated and PES-derived electronic structure is often 
reported. Indeed, most calculations suggest that only about 3 atomic layers below the 
surface are sufficient to obtain the bulk electronic structure. 

But let us say for the sake of argument that a thick sub-surface layer may exist only in 
strongly correlated f-electron systems. Immediately we can rule it out in Ce compounds 
since studies at photon energies as high as 3 keV show only bulk and surface states with 
no third layer. Such a sandwich would in any case be preposterous for Ce heavy fermion 
compounds since it would require a trivalent surface, a strongly mixed-valent sub-surface, 
and again a nearly trivalent bulk. We can also rule it out in purely trivalent as well as 
purely divalent Yb compounds since PES measurements yield the required purely trivalent 
(YbBe13) or purely divalent (YbSn3) spectra. It would be pathological that a sub-surface 
would exist only in mixed-valent Yb compounds, but that is all that we are left with. 

But let us go further and assume that nature is indeed that pathological. Since the 
nf values obtained at XPS energies are the same as those obtained at lower photon 
energies, this suggests that the desired sub-surface must be at least of the order of  100 
thick, otherwise the larger escape depth at XPS energies would begin to probe the 
supposed true bulk and yield different nf values. On the other hand it must not be so 
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thick as to constitute a significant percentage of the probing depth in Lm edge studies 
where a sub-surface has never been observed (again pathological). But the real question 
to be asked is the following: I f a  single-crystal compound is cleaved in situ at about 20 K, 
what is the driving force which causes this - 1 0 0 A  thick layer to form instantly, and why 
is the LEED pattern representative of  the bulk structure? Certainly there are no dangling 
bonds as on the surface. The answer remains elusive. 

One is forced to the conclusion that there exists no sub-surface and that the measured 
nf values are real. The disagreement with LIII studies remains unresolved. 

11. Linewidth and lineshape of the near-EF feature 

From GS and NCA one obtains that the linewidth of the near-EF feature associated with 
the KR should follow the relationship FWHW--3~kBTK (Bickers et al. 1987) which 
can be easily tested with high resolution PES. To be sure, this is again a property best 
investigated in Yb compounds since in Ce compounds presumably only the tail of the 
otherwise empty KR is occupied, thus making it difficult to reach solid conclusions about 
the FWHM. Still, in order to yield the observed bulk properties, one would expect that 
even the tail of  the KR should be no wider than kBTK. To keep things simple, however, 
we will only consider Yb materials. 

11.1. Linewidth 

Prior to the single-crystal work of Joyce et al. (1992c) and Lawrence et al. (1993) and 
their subsequent publications, very few investigators concerned themselves with the KR 
lineshape and linewidth since in general the resolution was insufficient to reveal the intrin- 
sic lineshape. Subsequently, several papers dealt with lineshape; a-Ce (Liu et al. 1992a), 
YbA13 (Tjeng et al. 1993) and YbAgCu4 (Weibel et al. 1993). Liu et al. and Tjeng et al. 
reported exact agreement between theory and experiment while Weibel et al. reported a 
FWHM larger than GS predictions. PES measurements on single crystals, however, reveal 
that the Yb7/2 intrinsic linewidth is generally of  the order of  70 to 100meV, irrespective 
of  material (Joyce et al. 1996). With this in mind the near agreement with GS in c~-Ce 
(TK ~ 800 K) can be construed as inconclusive since the GS prediction for c~-Ce coincides 
with the 70-100meV range. Both Joyce et al. (1994a) and Weibel et al. (1993) studied 
YbAgCu4 and agreed that the intrinsic FWHM for the 4f7/2 feature was about 70 meV. 
Since the T~: for this material is about 100 K, the intrinsic width should have been of 
the order of  10meV, thus yielding a discrepancy of nearly an order of  magnitude. A 
value of 70meV (Joyce et al. 1996, Arko et al., unpublished) for the FWHM of the KR 
is also obtained in YbCu2Si2 (TK = 35 K) where based on GS and NCA it should have 
been closer to 4 meV. While Weibel et al. (1993) and Patthey et al. (1993) dismiss these 
discrepancies as due to lifetime broadening, Joyce et al. felt that the nearly constant value 
of 70 to 100 meV obtained in all Yb compounds [and for that matter, Ce compounds as 
well, as reported by Andrews et al. (1996) and Joyce et al. (1992c)] must have some 
significance, particularly in view of the large values of  nf discussed in sect. 10. 
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Fig. 23. Comparison of single crystal YbA13 
divalent spectra to polycrystal spectra of 
Tjeng et al. (1993), and first discussed 
by Joyce et al. (1994a). Two different 
normalizations are presented which both 
clearly show that the polycrystal data misses 
at least half of the 4f v/2 intensity. Since Tjeng 
et al. placed their background at the valley at 
-0.4 eV their FWHM was half of true value. 
The top frame shows that in the peak region 
both spectra coincide as expected for similar 
resolutions. 

The compound YbA13 was studied in great detail since this was the only material 
where there was apparent exact agreement between GS theory and experiment. Indeed, the 
polycrystall ine data of  Tjeng et al. (1993) obtained an intrinsic F W H M  of  about 45 meV 
for the 4f7/2 peak which makes it, within experimental error, exactly what one would 
expect for a material having a TK ~ 400 K. The single-crystal work o f  Joyce et al. 
(1994a,b, 1996), by contrast, obtains the usual 70 meV value. Figure 23 shows how such 
a discrepancy comes about when using polycrystall ine materials. In this figure the solid 
lines represent the spectra o fT jeng  et al. (1993) while the data points are the single-crystal 
spectra of  Joyce et al. (1994a). In the upper frame the data are normalized on the peak o f  
the KR and in the peak region they overlay each other quite well. However, while Tjeng 
et al. assumed a constant background equivalent to the PES intensity below -0 .15  eV, 
the single-crystal data clearly show that the actual background is substantially smaller 
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Fig. 24. Comparison of YbA13 divalent 
portion of spectrum (upper frame) to that 
of pure Yb film data appropriately shifted 
to coincide with YbA13. The similarity is 
striking. Middle frame: blow-up of the 4f7/2 
peaks to show that the high binding energy 
side of the peaks coincides while the low 
binding energy side of YbA13 appears to 
have been cut by a Fermi function. Lower 
frame: Yb film data cut by Fermi function. 
Note similarity to YbA13. (From Joyce et al. 
1996.) 

near EF. Thus Tjeng et al. eliminated the bottom 50% of  the 4f7/2 peak from consideration. 
The middle frame of  fig. 23 shows the entire divalent region of  YbA13 and points to the 
obvious increase in surface emission in polycrystalline samples vs single crystals, so that 
the true background should have been approximately a Gaussian centered at about -0 .8  eV 
on the surface 4f7/2 peak. With this adjustment there is then no difference between the 
two sets o f  data, and the intrinsic FWHM is about 70 meV The bottom frame merely 
shows that by normalizing on the surface features the bulk components in single crystals 
are dramatically more intense. 

Having thus established that indeed nearly all Yb compounds display a 70 to 100 meV 
linewidth, Joyce et al. (1996) fiarther noticed the similarity o f  Yb heavy fermion 4f  spectra 
to those o f  pure divalent Yb metal where the 4f7/2 feature is found at ~-1  eV and thus 
is surely an ordinary core level. This is shown in fig. 24 where in the upper frame the 
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Yb metal data (obtained by evaporating a film onto a substrate) have been shifted by 
~1 eV so that the bulk 4f5/2 and 4f7/2 peaks overlay. The similarity is striking, although 
the surface peaks in the pure metal are smaller relative to the compound. This is easily 
explained by the fact that Yb metal is strictly divalent and thus the intensity of  the bulk 
4f peaks represents 14 f electrons, while in the YbA13 compound more than half of  the 
bulk 4f intensity is found in the trivalent portion of the spectrum. 

In any case, the middle frame shows an expanded view of this overlay in the 4f7/2 
region to demonstrate that the Yb metal data coincides with the YbA13 data on the high- 
binding-energy side of  the 4f7/2 feature, but not on the low-binding-energy side (i.e., at 
Ev). The latter discrepancy, of course, may simply be due to the fact that in Yb metal the 
4f7/2 peak is not convoluted with a Fermi function owing to its position at -1  eV If  the 
Yb metal data is artificially convoluted with a 20 K Fermi function and broadened to the 
same resolution as the YbA13 data, one sees in the bottom frame of fig. 24 that the result 
(dashed line) is nearly identical to the 4f7/2 peak in YbA13. To a first approximation, then, 
the PES data from Yb heavy fermions appears as if it were a localized state pinned at the 
Fermi energy. While this presents some obvious problems in the theoretical understanding, 
the similarity of the two sets of  data cannot be denied. The significance of this, if  any, 
remains to be determined. 

11.2. Surface states 

Occasionally the FWHM of the KR measured on single crystals (Arko et al. 1993) 
appears broader than 70 meV (sometimes as much as 150 meV) in spite of  the very clean 
appearance of the overall spectra. Indeed, the cleanest spectra tend to show the broadest 
KR when measured at photon energies of  60 eV or lower. In all likelihood, surface features 
similar to those reported by Bodenbach et al. (1994) in metallic Yb may also be present 
in Yb compounds. Indeed, very recent high-resolution data (Arko et al., unpublished) 
on YbCu2Si2 indicate that these extremely sharp states are primarily seen at low photon 
energies (hv < 60 eV) and are strongest near the F-point in the Brillouin zone, occurring 
at approximately 100 meV binding energy. This is entirely similar to the states reported by 
Bodenbach et al. Their orbital symmetry is d-like based on the photon energy dependence. 
These features are to be distinguished from the usual surface shifted divalent components 
found at ~-0.8 eV. It has not been entirely ruled out, however, that these new features are 
possibly 4f  band states and that even Yb heavy fermions may show some of the same 
dispersive effects which are clearly evident in Ce compounds and will be discussed in 
sect. 14. Tjeng et al. (1994) pointed out the extra width of  single-crystal data (taken at 
hv = 60 eV) vs their polycrystalline data. However, their conclusion that single-crystal data 
are thus inferior should be considered in light of  the apparent surface states which are only 
present in the most perfect samples. Moreover, there is no discrepancy at hv = 120 eV 
where these surface features are absent. 

11.3. Lack of crystal field levels 

The observation of crystal field states in neutron diffraction experiments (Currat et al. 
1989, Yashima and Satoh 1982, Galera et al. 1989) has often been cited as the reason why 
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most PES 4f lineshapes appear similar in spite of large differences in TK's. Aside from 
the fact that Joyce and Arko (1993) have shown that the presence of crystal field states 
does not alter the scaling behavior, these states have not been observed in photoemission. 
Indeed, a search for these (Arko et al. 1993, Joyce et al. 1992b) in YbCu2Si2, where 
a prominent crystal field state should have been observable at 80 meV below the main 
4f7/2 peak, proved fruitless. Very recent unpublished data of Arko et al., taken with 
40meV resolution at 40meV photon energy on YbCu2Si2 also yield no evidence for 
crystal field states, but do yield evidence for an angle-dependent (apparent) surface state 
as described above. The typical Doniach-Sunjic (1970) lineshape appears common to all 
Yb heavy fermions. 

In Ce heavy fermions crystal field levels likewise remain elusive although it was 
initially claimed (Patthey et al. 1987a) that these were observed in CeSi2. While that claim 
has not been repeated, a more recent investigation of CeB6 has again claimed to show 
evidence for the first observation of crystal field levels (Takahashi et al. 1995). Inasmuch 
as the intensity of the level seen by Takahashi et al. was barely above their noise level, 
it would seem prudent to reserve judgment until further confirmation. Kakizaki et al. 
(1995), working at the 4d-4f  resonance, do not report a crystal field state in CeB6 in 
spite of their substantially stronger signal. 

12. Temperature dependence 

12.1. General considerations 

The determination of the temperature dependence of the near-Ev feature in heavy fermion 
compounds is perhaps the most difficult experiment to accomplish correctly. Every 
material (even Cu, Matzdorf et al. 1993) displays a temperature dependence to some 
degree in its electronic structure, and it is difficult to determine whether the behavior 
observed is due to conventional effects of lattice contraction and phonon broadening, or 
whether it is due to the unconventional behavior predicted by the NCA. 

The difficulty of the experiment has precluded much investigation in this arena outside 
the single-crystal work of Joyce et al. Indeed, in polycrystalline materials the only PES 
studies are on CeSi2 (Patthey et al. 1987a,b), YbA13 (Tjeng et al. 1993) and YbAgCu4 
(Weibel et al. 1993), while some BIS data exist for CeSi2 (Malterre et al. 1992a, Grioni 
et al. 1993) and CePd3 (Malterre et al. 1992b). In each of the above studies it was 
determined that the temperature dependence of the near-EF feature follows the single- 
impurity model exactly. However, they all have in common the fact that the surfaces 
are those of scraped polycrystals. Moreover, there is the ever present problem of the 
choice of a background which, as we see in fig. 23 for the PES study of YbA13, can 
be varied by more than a factor of two thus leading to nearly any desired result. In 
none of the experiments above was the background determined from measurements of 
related La or Lu compounds to properly delineate first the non-f contribution, and second, 
the contribution due to the ever present surface components. In general, the background 



326 A.J. ARKO et al. 

is grossly overestimated with the assumption that all the spectral intensity at the valley 
immediately below the near-EF peak (i.e., all spectral weight at ~-0.2 eV in fig. 23) is due 
to background. By drawing a horizontal line between this valley and the Fermi energy 
and calling it background at least half of the 4f7/2 peak intensity in fig. 23 is eliminated. 
Clearly this will exaggerate any temperature dependence. 

12.2. Single crystals vs polycrystals 

In general, single-crystal data tend to show much less temperature dependence than 
polycrystal data (Arko et al. 1993). Also, the intensities of the near-EF features, as clearly 
evidenced in fig. 23, are far stronger in single crystals than in scraped polycrystals. 
As pointed out earlier, the reason for this is not yet totally understood, but, at least in 
Ce compounds, the suspicion exists that the 4f5/2 state is actually a band state so that 
scraping can destroy the delicate phase coherence of the very narrow band. If scraping 
can have such a strong effect on this band, then surely temperature and phonons can also 
play a role. 

The existence of some temperature dependence in heavy fermion PES spectra has been 
the main driving force in pursuing the validity of the single-impurity model. Thus it 
clearly requires more substantial treatment than given in some of the previous sections. 
Additionally, in view of the superiority of single-crystal data (cleaved rather than scraped) 
the latter will be given more weight than polycrystalline results. The focus will be on 
three materials (again Yb compounds where all agree that the 4f7/2 level is filled), namely 
YbAgCu4, YbCu2Si2, and YbA13. 

12.3. BIS temperature effects 

The approximate solutions of SIM also predict the behavior of empty states in correlated 
compounds. These can be studied with bremsstrahlung isochi'omat spectroscopy, or BIS. 
But in regard to BIS data, a number of problems need to be addressed before it can 
be accepted as validating the single-impurity model. In the first place, the resolution 
is insufficient to determine whether 4f states just above EF are actually consistent with 
a Kondo resonance (i.e., correct width, weight, position, consisting of the KR and the 
sideband, etc.), or are just a manifold of the 13 empty 4f states (in the case of Ce). 
Secondly, it has not been satisfactorily demonstrated that the weight lost in the near-EF 
peak exactly equals the weight gained by the f 2  peak (a necessary condition). Thirdly, 
there is no reason to assume that the balance between the f l and f 2  peaks cannot 
change simply as a result of lattice expansion with temperature if we have single-particle 
states. Fourthly, surface effects are common in Ce compounds and no delineation of 
these has been done in BIS. Finally, if the empty states are near the Fermi energy the 
simple convolution with a 300 K Fermi function will yield some temperature dependence, 
particularly in the presence of phonon broadening. Also, in the end it will still be 
necessary to explain the single-crystal PES data which clearly fail to conform with the 
single-impurity model. For all these reasons it is best to study temperature dependence 
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via PES in Yb compounds where the full power of high-resolution PES can be applied 
to fully occupied 4f states. 

12.4. Yb compounds  - comparison to N C A  

The NCA predictions (code provided by D. Cox) for the temperature behavior of these 
materials are shown in fig. 25 (from Joyce et al. 1996). Here the 4f7/2 and 41"5/2 features 
are shown without the omni-present surface states which cannot be modeled by NCA. 

YbAgCu4 

NCA cales. 

- -  20 K / " \  
........... 80K 

A 
YbAl3 

AE=I90 meV / " \ 1  

-1.6 - I  .2 -0.8 -0.4 0 0.4 

Binding Energy (eV) 

Fig. 25. NCA calculations (code provided by D.L. Cox) at three different temperatures for three materials 
discussed here. Surface states are not modeled by NCA. Note the large temperature dependence expected for 
YbAgCu 4. The parameters used are: 
Upper frame, YbAgCu4: T K = 100K, U~. = eo, W=6.0 eV (Lorentzian), Ztso = 1.29 eV, Ef : 1.0 eV, CF s ta tes-  
none, F = 0.05462 eV. 
Middle frame, YbCu2Si2: T~ = 40K, Ufr=8eV, W=6.0eV (Lorentzian), Aso=l.29eV, ef=l.0eV, 

Act 1 = 12 meV, ACF 2 -- 30 meV, Acv 3 - 80meV, F=0.0606eV 
Lower frame, YbA13: TK = 400 K, Ufr = 8 eV, W = 10.0 eV (Lorentzian), Aso = 1.29 eV, ef = 1.0 eV, CF states 
none, F=0.05856eV. (From Joyce et al. 1996.) 



328 A.J. ARKO et al. 

. . -  YbAI3 

.......... 20K l 

:\ YbAgCu4 

e .. ~ i 

-1.6 -1.2 -0.8 -0.4 0 0.4 

Binding Energy (eV) 
Fig. 26. Experimentally measured temperature dependence 
between 20 K and 80 K for the three materials calculated in fig. 25. 
Essentially none. (From Blyth et al. 1993.) 

The three temperatures for which calculations exist are those most easily accessible 
experimentally. The parameters are given in the figure caption, but are chosen so as 
to approximate the three materials and their respective TK's. The data have also been 
smoothed with a 190 meV Gaussian to match the resolution of the YbCu2 Si2 data shown 
in the bottom frame of fig. 26. In all cases a large temperature dependence is predicted. 
In particular, note the large decrease in intensity between 20 K and 80 K for YbAgCu4, 
a material having a TK in the vicinity of 100K. 

By contrast, fig. 26 shows that the measured temperature dependence between 20 K and 
80 K in all three materials (Blyth et al. 1993) is almost nil, with the surface states usually 
showing larger effects than the bulk states. Here the YbAgCu4 specimen was a coarse- 
grained polycrystal cleaved in situ. The results contrast sharply with the measurements 
of  Malterre et al. (1992a) who reported a large temperature effect in YbAgCu4 between 
20 K and 80 K. Again, however, in view of the superiority of  single-crystal data (or at least 
cleaved vs scraped surfaces) more weight is given to results from cleaved surfaces, the 
scraped polycrystal data having too many uncertainties. Indeed, Arko et al. (unpublished) 
observed that scraping their YbAgCu4 surface totally destroys the 4t'7/2 and 4t"5/2 bulk 
peaks which were present on the same specimen when the surface was prepared by 
cleaving. The intensities slowly recover with time and a large temperature dependence 
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Fig. 27. Experimentally determined tem- 
perature dependence for 2 materials cal- 
culated in fig. 25. Only the 4f7/2 peak 
shows some temperature dependence due 
to Fermi function effects. The YbCu2Si 2 
data are those of C.G. Olson using a 
CMA analyzer with the sample mounted 
on a cryostat horizontal to beam to avoid 
sample movement during warm-up. Data 
were normalized on the Si 2p levels above 
E F (kinetic energy = 101 eV) due to second- 
order light. (From Joyce et al. 1996.) 

can now be observed below 80 K, but the surface composit ion prepared in this fashion 
surely is no longer representative o f  the starting material. 

Above 80 K a substantial temperature dependence is usually observed even in single- 
crystal Yb heavy fermions, albeit not always. The lack o f  exact reproducibil i ty may in fact 
be the smoking gun which points to the fact that these effects are probably more related to 
the quality o f  the surface. First we show in fig. 27 cases where the features, both bulk and 
surface, are nearly temperature independent, except for the effect o f  the Fermi function. 
The YbCu2Si2 spectra in the lower frame are unpublished data o f  C.G. Olson at SRC. 
Although YbCu2Si2 generally yields smaller effects than other materials in spite of  its 
TK = 35 K, these moderate-resolution spectra are particularly important because o f  the 
method in which they were taken. For these data (measured with a CMA analyzer) 
the sample was mounted at the bottom of  a cryostat which itself  was mounted in a 
horizontal posit ion parallel  to the beam direction. This is important because as the cryostat 
temperature decreases, the contraction o f  the cry ostat is parallel  to the direction of  the 
light so that the sample posit ion with respect to the light source does not change. Indeed, 
one possible source o f  temperature dependence is simply the change in sample position. 
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Fig. 28. Typical temperature dependence for 
single crystal YbA13 between 80 K and 300 K. 
Spectral weight loss for the 4fv/2 peak is rarely 
more than 10% vs the predicted 60% in fig. 15. 
This is easily accounted for by Fermi fimctiun 
effects. There is little spectral weight loss in 
the 4f5/2 peak nor gain in the trivalent portion 
of the spectrum. Data are normalized on the 
A1 2p levels at -13 eV due to third-order light. 
(From Joyce et al. 1996•) 

It was found by Olson that simply illuminating a different part o f  the surface results in 
spectral changes which can exceed any temperature effect. This is due to the fact that 
at different parts o f  the crystal surface different crystal planes are exposed, which have 
wildly differing 4f7/2 intensities. Indeed a cleave was found in YbCuzSi2 which showed 
almost no bulk 4f7/2 intensity, with nearly all intensity in the surface 4f7/2. Another 
important aspect o f  the bottom frame of  fig. 27 is that the data were normalized on 
the Si 2p states occurring just above EF due to second-order light• By normalizing to 
the integrated spectral weight of  these Si 2p states which are presumably temperature 
independent, the minimal temperature dependence of  fig. 27 was obtained• 

More common in Yb heavy fermions, however, are spectral weight changes ranging 
from 0% to about 15%• A more typical temperature dependence between 80 K and 300 K 
is shown in fig. 28 for YbA13 (Joyce et al. 1996, Andrews et al. 1994). Here again the data 
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are normalized to the A1 2p core levels which this time are obtained in third order, while 
the spectrum itself is obtained in second-order light for better resolution. For the set of 
data in fig. 28 the spectral weight loss of the 4f7/2 is about 7%, assuming a Doniach-Sunjic 
(1970) lineshape, and about 10% assuming a symmetric Lorentzian lineshape. While the 
fit to the data is noticeably worse with a symmetric lineshape, the spectral weight loss 
is still only about 10%, a value substantially less than the 60% predicted in fig. 25. In 
addition to the deterioration of fit quality, the symmetric Lorentzian lineshape requires a 
FWHM of about 140 meV which is in gross contrast to the GS and NCA predictions of 
~45 meV In the bottom frame of fig. 28 an expanded view of the trivalent portion of the 
spectrum at first shows what appears to be an increase in trivalent signal with increasing 
temperature, just as one would expect from SIM. However, direct integration of this signal 
yields almost no change in the total spectral weight. In all likelihood the small spectral 
weight loss in the divalent signal is not detectable as a weight gain above noise level 
in the trivalent portion in this mixed valent material. From all this one would have to 
conclude that the small temperature dependence observed in Yb heavy fermions does not 
fit the NCA predictions despite claims to the contrary (Tjeng et al. 1993, Weibel et al. 
1993). On the other hand, the PAM predicts a much slower temperature evolution of the 
KR relative to the SIM. Although calculations for real systems are not yet possible with 
PAM, the trend is in the right direction and offers hope for a resolution of the dilema. 

Joyce et al. (1992c) suggested already in connection with CeSi2 data of Patthey 
et al. (1987a) that one should consider phonon broadening as a source of temperature 
dependence. In reply it was pointed out (Patthey et al. 1993) that while core level phonon 
broadening can be understood within the Franck-Condon model, the near-Ev features in 
heavy fermions should not couple to the phonons owing to the well-screened condition 
of these states. Nevertheless, phonon broadening is observed in the valence bands of 
many materials, even in excellent metals like Cu (Matzdorf et al. 1993), where the 
screening is expected to be good. Thus, while not entirely understood, phonon broadening 
is an existing fact and must be considered. In CeSi2 Joyce et al. (1992c) estimated 
the magnitude of the broadening (about 100meV) from the broadening of the Si 2p 
core levels. While this is certainly not expected to be identical to the Ce states, it should 
serve as a first-order approximation. 

In Yb compounds the phonon broadening was estimated from a measurement of pure 
Yb metal, which, as we have already seen in fig. 24, displays 4f spectra similar to those of 
the heavy fermion compounds despite the position of the 4t"7/2 peak at - - 1  eV below Ev. 
The temperature dependence of these levels, now due entirely to phonon broadening, 
is shown in fig. 29. The data were fitted at each temperature with Gaussian broadened 
Doniach-Sunjic (1970) lineshapes and separated into bulk and surface components. 
The fits are overlaid in the upper frame, normalized to equal integrated intensities. 
A substantial apparent temperature dependence is observed even in the absence of the 
Fermi function cut-off, and in the absence of any spectral weight loss. The 300 K spectra 
are broadened by 130 meV over the 25 K spectra (added as root mean square). 
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Fig. 29. Yb metal film data at 25 K (middle 
frame) and 250K (lower frame) to show that 
a temperature dependence is observed even 
in the absence of any Kondo phenomena. 
Spectra were normalized to equal areas by 
fitting to the bulk and surface peaks as shown. 
Upper frame shows an overlay of these equal 
area fitted curves. 130meV of broadening 
in quadrature over the 25K spectrum was 
needed to fit the 300K spectrum. (From Joyce 
et al. 1996.) 

12.5. Phonon broadening and Fermi function 

Assuming  that a similar 130 me V broadening  occurs in  heavy fermion compounds  where 
the 4f7/2 is wi th in  20 to 30 meV of  the Fermi energy, one can then simulate the effect o f  
the Fermi funct ion on  the 4f7/2 intensi ty  (Joyce et al. 1996). This is done in  fig. 30 where 
fits to the bu lk  divalent  4 f  peaks o f  fig. 28 (i.e., the bu lk  4f7/2 and 4f5/2) measured  at 20 K 
are broadened by 130 me V in  quadrature and convoluted with a 300 K Fermi function. 
The middle  frame shows the effect near  the Fermi energy us ing  a 45 m eV experimental  
resolution,  while  the bo t tom frame gives the same result  with 100 m eV experimental  
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Fig. 30. Simulated temperature depen- 
dence of the fitted YbA13 spectrum of 
fig. 18 with the surface states removed. 
The 300K spectrum was broadened in 
quadrature by the 130meV found for Yb 
metal and subsequently cut with a 300K 
Fermi function. A 12.5% spectral weight 
loss is obtained for the 4f7/2 peak and 
none for the 4fs/2 peak although the latter 
appears to have lost spectral weight. This 
is more than is actually observed. Minor 
scatter in the data can easily account for a 
mistaken temperature dependence. (From 
Joyce et al. 1996.) 

resolution. The calculated spectral weight loss o f  the Yb 4f7/2 peak is about 15% which 
is actually larger than the measured result. Thus the broadening in compounds is perhaps 
somewhat less than 130 meV, indeed most l ikely closer to 100 meV as found (Joyce et al. 
1992c) in CeSi2. It is important to note from the bottom frame o f  fig. 30 that given 
some degree o f  data scatter one could never unambiguously distinguish between peak 
broadening and spectral weight loss, although a careful subtraction o f  the backgrounds 
often yields a zero weight loss for the Yb 4f5/2 even in the presence of  a 10% weight 
loss for the Yb 4f7/2. In fig. 27 no data analysis is needed to see this effect. 

The lack o f  temperature dependence o f  the Yb 4f5/2 is significant, since the SIM 
predicts it to be large (e.g., fig. 25). It almost certainly points to a failure o f  the SIM 
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in favor o f  other models, perhaps the PAM. At this writing, however, the PAM cannot be 
solved for Yb compounds. 

12.6. Ce compounds 

The concept of  phonon broadening works especially well for Ce compounds. This was 
already shown in the re-analysis (Joyce et al. 1992c) of  the CeSi2 data of  Patthey et al. 
(1987a), but it is always more convincing when the signal is strong, as in CeBe13. In this 
material (Andrews et al. 1996) there is the added advantage in that the large TK ( ~  400 K) 
precludes the existence o f  any crystal field levels (indeed, none have been reported), so 
that from SIM all of  the Ce 4f5/2 intensity is in the Kondo resonance which should then 
follow the temperature dependence of  fig. 2. Since at T -- 300 K we obtain to first order 
that T/TK ~ 1, about 50% of  the KR spectral weight should be lost between 2 0 K  and 
300 K based on fig. 2. 

In fig. 31 the spectra at resonance for CeBe13 (110) are shown with 9 0 m e V  resolution 
at 2 0 K  and 300K (Andrews et al. 1996). In this figure the spectra are analyzed assuming 
that the 4f  states at this location in the Bril louin zone are fully occupied below E r  and 
are not a consequence o f  a mere tail from an intense KR feature above Ev. In other words 
the spectrum at 20 K was fit with a symmetric Lorentzian centered at - 2 0  meV for the 
4f5/2 state and a Gaussian peak at - 280  meV to simulate the 4f7/2 feature. A background 
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Fig. 31. Spectra for CeBel3(ll0 ) at 
20 K and 300 K to determine temperature 
dependence. The 20K spectrum was 
fitted with a 90meV wide (FWHM) 
Lorentzian (gray line through data) at 
-20meV for 4f5/~, plus a Gaussian 
at -250meV for 4fv2, as well as a 
featureless background (see Andrews 
et al. 1996). This fitted curve was then 
just cut with a 300K Fermi function to 
produce the "Fermi Only" fit in the upper 
curve. However, by first broadening the 
entire 20K fitted curve by 100meV and 
then cutting with a 300K Fermi function 
an exact fit to the 300 K data is obtained 
(thick gray line). 

was also included and the total fit is shown as the gray line through the data points. I f  this 
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Fig. 32. Here the 20 K data of fig. 31 are fit with a 0.06 eV wide (FWHM) Lorentzian centered at 0.04 eV above 
Ev so that only the tail is occupied, thus simulating a KR. Crystal field levels are absent in this material. All 
other parameters are identical to those of fig. 31. The temperature dependence is then simulated by decreasing 
the KR intensity to 50% of its 20 K value and cutting with a 300K Fermi function to produce the dark line 

curve superimposed on the 300 K data. Note the peak shift toward E F vs the observed shift away from E F. 

entire fitted lineshape is now convoluted with a Gaussian (FWHM = 100 MeV) to simulate 
100meV of phonon broadening, and then convoluted with a 300K Fermi function, 
the resulting lineshape fits the 300K data exactly as shown by the gray line in the 
300 K spectrum. The thin black line in the 300 K spectrum represents convolution with 
a Fermi function only. While it yields nearly all the temperature dependence, it is clearly 
insufficient to fit the 300 K spectrum exactly. 

The fits in fig. 31 show that 100meV of phonon broadening combined with 
Fermi function convolution are entirely sufficient to explain all temperature effects, 
provided that the peak of  the narrow DOS feature is below the Fermi energy as assumed in 
the fits. It is however fair to ask whether a similar fit can be obtained with the assumption 
that the peak of the narrow feature is above the Fermi energy and only the tail of  this 
feature is occupied, as would be the case for a KR. It is straightforward to simulate 
this using Lorentzians since within GS the KR has nearly a Lorentzian lineshape. The 
20 K spectrum of fig. 31 can indeed be fit quite well by assuming a symmetric Lorentzian 
centered at 0.04 eV (above EF) and having a FWHM of 0.06 eV. This new fit is shown in 
fig. 32 as the gray line through the T = 20 K spectrum. The parameters for this Lorentzian 
are surprisingly close to what one would expect for a Kondo resonance in a material 
having a TK o f - 4 0 0  K so that at first glance it would seem to confirm the existence of a 
KR. (Recall from fig. 21, however, that the actual calculation misses badly on t h e f  ° peak. 
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In fig. 32 is shown a simulation of the KR only.) I f  the temperature is now increased to 
300K, the spectral weight of  the Lorentzian representing the KR at 0.04eV above EF 
must be decreased to about half of its intensity (based on fig. 2) and the entire spectrum 
convoluted with a 300K Fermi function in order to simulate the 300K spectrum. The 
result is shown as the dark line spectrum superimposed on the 300 K data. Immediately 
we see that far too much temperature dependence is predicted, and it would take a 
severe renormalization of the theory to bring the temperature dependence in line. More 
importantly, however, the centroid of the simulated peak shows a positive energy shift 
while experimentally the peak actually shifts away from the Fermi energy with increasing 
temperature. 

The positive energy shift of  the Ce 4f5/2 peak with increasing temperature was in fact 
first calculated by Gunnarsson and Sch6nhammer (1987). In that paper they also show that 
because of the intense and narrow KR just above EF one may actually obtain an increase 
in measured 4f7/2 intensity at elevated temperatures despite the fact that the KR intensity 
is decreasing. This amplitude effect is purely a consequence of the occupation of only a 
small tail of a much more intense narrow feature above Ev. It is easy to understand this 
amplitude effect if the KR (or any sharp feature above Ev) is positioned within kBT of 
the 300 K Fermi function (i.e., within about 20 meV Of EF) and its width is no more than 
about 20 meV. Outside of these approximate parameters one will always get a decrease, 
but more importantly, in all cases there will be a shift toward the Fermi energy with the 
broader Fermi function. 

The experimental shift away from the Fermi energy, by contrast, is a direct consequence 
of the broadening of the 4f5/2 feature. A peak shift cannot be obtained if only the 
Fermi function convolution is used with no phonon broadening. Thus, the observed shift 
of the peak toward higher binding energies, observed almost universally in Ce heavy 
fermions, is a smoking gun in favor of phonon broadening. 

Because of the positive energy shift inherent in the GS calculation (vs. the experi- 
mentally observed negative shift in most Ce heavy fermions with the possible exception 
of the Kondo insulators) one can never obtain a fit to the 300 K data using GS without 
changing the position and the FWHM of the Kondo resonance, as well as shift the position 
of the spin-orbit peak, no matter how much spectral weight is assumed lost in the KR. By 
contrast, we see that an exact fit is trivially obtained by assuming a feature fully occupied 
below the Fermi energy and broadened with temperature. To restate, the shift toward 
the Fermi energy is a direct consequence of a convolution of a broader Fermi function 
with a sharp intense DOS feature immediately above EF, while a shift away from the 
Fermi energy can only occur if the peak in the DOS is fully below EF and broadened. 

All these effects were observed in single crystals in angle-resolved spectra. For the 
directions measured, the observed temperature effect would suggest a 4f5/2 quasiparticle 
peak fully occupied below Ev and no intense DOS features within kBT above EF. This 
is consistent with a narrow band which could cross EF, but for the directions measured 
it is situated below EF. Clearly an experiment still to be performed is one where the 
band has just crossed EF (i.e., the 0 = 10 ° spectrum in fig. 41b, below). Here one would 
expect a peak shift in the opposite direction (toward E~) as the temperature increases. 
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It appears, then, that in Ce compounds there is no temperature dependence of the DOS 
over and above conventional effects. The same appears to be true in Yb compounds at 
least where single-crystal data are concerned. Data from scraped polycrystalline surfaces 
clearly display stronger temperature effects and it remains to be determined whether 
disruption of the narrow bands by scraping changes the 4f  electronic structure sufficiently 
that the single-impurity case is actually realized. 

While we have been calling the broadening effect as phonon broadening, it must be 
pointed out that the PAM likewise predicts a broadening of  PES features with temperature, 
but not associated with phonons. Experimentally there is no way to distinguish between 
phonons and the magnetic polaron interactions inherent in the PAM. Suffice it to say that 
the temperature effects observed in PES measurements are not inconsistent with the PAM 
predictions. 

13. Surface-related effects 

For the photon energies employed in high-resolution spectroscopy of lanthanide materials 
(h~=40-120eV; ~ = 4 0 - 7 0 m e V ) ,  the escape depth of the photoelectrons is typically 
-10  A at the 4d resonance, so that the top one or two layers of  the material may contribute 
as much as 50% to the PES signal. At the higher energy 3d resonance, h~ ~ 900 eV, the 
surface contribution is reduced to only ~10% of the total signal, but the concomitant 
lower energy resolution achieved at this photon energy ( ~  = 300 meV) is insufficient to 
test the accuracy of the lineshapes, so it is the more surface sensitive 4d resonance which 
is most often used to test the theoretical models. 

It has been suggested that the lack of agreement between GS calculations and 
photoemission experiments might be attributed to the fact that PES does not sample the 
bulk electronic structure, due to its intrinsic surface sensitivity. While relatively little is 
known about the surface behavior of  actinide materials, limited progress has been made 
on understanding lanthanides. Here we must content ourselves with a brief summary of 
those findings which bear relevance to the spectroscopy of heavy fermions. In this section 
the chief focus will be on Ce compounds rather than Yb, because it is Ce which presents 
the greater challenge to identify the surface 4f contribution. 

In their atomic form, all rare earths except Ce, Gd and Lu are divalent 4fn(5d6s) 2. The 
cohesive energy gain upon solidification favors the trivalent state in the solid 4f  n l(5d6s)3 
in all metals except Eu and Yb. At the surface however, the electronic structure of the 
bulk is strongly perturbed, and the charge rearrangement can produce a surface atom core- 
level shift (SCLS) which results in an energy splitting of the surface and bulk core levels 
As, b typically on the order of  ±0.1-1.0 eV The magnitude and direction of the SCLS will 
depend on the net sign of the sum of five separate contributions: 

ASCLS = Z~environment -? Z~hybridization + Z~configuration + Arelaxation + Z~charge transfer 

(the fifth term should be included when adsorbates are present). For pure metals, the SCLS 
leads to stabilization of the divalent state at the surface in Sm and Tm. In compounds, 



338 A.J. ARKO et al. 

the difference in energy between the trivalent and divalent configurations is modified, 
and many intermetallics formed of either Sm, Tm, Eu or Yb (such as YbA13 already 
discussed) also exhibit surface valence transitions. 

The existence of surface valence transitions in the rare earths and their compounds 
is well established, however it was not until quite recently that 'analogous' effects 
were discovered for Ce and Ce intermetallics (Laubschat et al. 1990, Weschke et al. 
1991, 1992). In the context of Ce the term 'valence transition' will refer to the 
difference in hybridization strength that occurs between the a and Y phases, rather than 
4f population changes which can occur for the pure metals as noted above. The discovery 
of this behavior in Ce has important consequences for the spectroscopy of heavy fermion 
compounds inasmuch as it may help explain some of the discrepancies between model 
calculations and experiment noted above. 

13.1, Studies at high hv 

The first evidence that the electronic structure of the surface layer of Ce differed 
substantially from the bulk came from the XPS study by Laubschat et al. (1990) in which 
3d core level spectra of CeIr2, CePd3 and CeRh3 were analyzed using a simplified version 
of the GS model (Imer and Wuilloud 1987). They found 20% larger f occupancies for 
the surface layer indicating a reduced hybridization relative to the bulk. High-resolution 
UPS of the Ce 4f core levels by Weschke et al. (1991) used in situ growth to achieve 
a clean Ce surface. The sample temperature was varied across the a-y  phase transition 
from 20K to 150K while photoemission spectra were recorded at the 4d (by = 120eV, 
fig. 33) and 3d (by = 884 eV, fig. 34) resonance thresholds. For Ce in the y phase, spectra 
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Fig. 33. 3d and 4d resonant spectra for or- 
and y-Ce and Celr 2 from Lanbschat et al. 
(1992), fig. 2. 
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at the 3d and 4d edges appear identical. In marked contrast, for the ~ phase Ce we see 
that the spectra taken at the more surface sensitive 4d energy exhibit a largerf°/ f  1 ratio 
than the corresponding 3d spectra, giving it an appearance similar to the y phase of  the 
material. Furthermore, when the surface and bulk signals were extracted for the ct phase 
(using estimated surface-bulk intensity ratios based on the photoelectron escape depth), 
t h e f  ° peak was found to contain a much larger surface component than t h e f  1 (fig. 34 
bottom spectra). In subsequent studies, Weschke et al. (1992) and Laubschat et al. (1992) 
went on to discover that in the 'bandlike' materials CeIr2 and CeRh3 t h e f  0 peak originates 
almost entirely from surface layer. 

These findings partially invalidated much of the earlier XPS work on deriving GS model 
parameters and 4f occupancies which did not take account of  the surface contribution. 
However, since the authors employed a simplified version of the GS model in their 
analysis, the larger issue of the appropriateness of  the GS model for describing Ce PES 
cannot be answered by their work. Nevertheless, these findings represent one of the more 
important contributions to the understanding of Ce photoemission spectra. 

The presence of a sizable surface contribution with a smaller hybridization strength 
than the bulk complicates analysis of  the photoemission spectra, because it doubles the 
number of  parameters which must be employed in the fit. Since the number of  adjustable 
parameters is already large this would seem to be a highly undesirable situation. The 
implications of this for the spectroscopy of heavy fermion systems appear to have been 
largely overlooked: to date we know of only one study, Liu et al. (1992a), which attempts 
to account for the surface contribution using the full-blown GS model. In this work 
the authors argue that the large discrepancy between the magnetic susceptibility values 
derived from photoemission and those obtained directly from bulk measurements, is 
entirely due to failure to include the surface contribution in the analysis. It is, however, a 
pure assumption that the surface can be treated as a separate Kondo material with a much 
lower Kondo temperature since there is no evidence that there is a surface contribution 
to the f 1 features. 

13.2. Dosing studies 

Without exception, the surface layers of  all the compounds discussed in this review are 
highly sensitive to the presence of contaminants. This is true for both valence states and 
core levels. In a limited number of  cases, it is actually possible to quench the surface 
components by dosing them with light impurities such as oxygen or hydrogen. We have 
conducted dosing studies over the past two years on almost all of  the materials mentioned 
in this review, chiefly in order to identify the surface contribution, but also in order to 
help us understand the reasons why the photoemission spectra from single crystals differ 
so dramatically from older data from polycrystalline samples, which we suspect may 
have suffered from the presence of contaminants. We have confined our studies to the 
low coverage regime, ~< 1.0 Langmuir, and have not tried to determine oxidation rates or 
precursor states which depend on the crystallographic plane of the surface, which was not 
always possible to uniquely identify. Higher concentrations of  02 will eventually result 
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Fig. 35. YbCu2Si2: solid circles, as cleaved; open circles, +0. l  L 02; crosses, +0 .2L 02; solid lines, +0 .4L 02. 

in the formation of an oxide layer, but prior to this, oxygen may penetrate into the bulk 
lattice and change the surface morphology. 

Figure 35 shows the response of a freshly cleaved YbCu2Si2 surface to the addition of 
small quantities of oxygen via a gas dosing valve (1 Langmuir = 1 x 10 -6 torr for 1 s.). The 
solid line shows the familiar divalent surface and bulk peaks (As,b ~ 0.9 eV) as discussed 
in sections 8-10 above. The dotted/dashed lines and markers show the gradual reduction 
in the magnitude of the surface component with dosage. The emission from the surface 
components clearly decreases more rapidly than the bulk ones. The small amount of 
apparent decrease in the bulk peaks is due in part to the loss of the underlying surface 
signal, as well as an increase in the depth traversed by the bulk electrons due to the oxygen 
adlayer. The surface component is completely quenched by only ~0.4 Langmuirs of 02. 

Ce is much more reactive than Yb, so that samples remain clean for shorter time 
periods under standard UHV conditions (P < 10 -1° torr). While there have been a number 
of earlier studies on the oxidation of polycrystalline Ce metal [see Lynch and Weaver 
(1987) and references therein] we know of no published investigations pertaining to the 
oxidation of Ce heavy fermion compounds. The two most stable oxides of Ce are trivalent 
Ce203 and tetravalent CeO2. The signature (in a PES spectrum) of the trivalent form of 
the oxide will be the presence of a 4f peak at ~2 eV with the 4f weight at the Fermi level 
much reduced or altogether absent (except for the remaining 5d's), while for the tetravalent 
oxide the spectrum will appear similar to that of La metal, indicating the complete absence 
of 4f electrons. The results of dosing studies on many other Ce compounds have been 
reported by Blyth et al. (1994). 

For Ce the surface-bulk splitting is too small to be resolved, however small amounts 
o f  02 can dramatically change the spectral weights of t h e f  ° a n d f  1 . In fig. 36 [CeBel3] 
the solid circles show the as-cleaved surface of CeBe]3 while the open circles, diamonds, 
crosses, open triangles and solid line correspond to increasing 02 concentrations. Between 
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Fig. 36. CeBe13: solid circles, as cleaved; open circles, +0.1 La 02; diamonds, +0.2L 02; crosses, +0.4L 02; 

triangles, +0.8L 02; solid lines, +1.2L 02. 

0.1 and 0.2d Langmuirs, the apparently greater loss in intensity of  the f 0 (~20%) relative 
to the f l  (-10%) may indicate a larger surface contribution, which agrees with the 
findings cited earlier (Laubschat et al. 1990, 1992, Weschke et al. 1991, 1992), i.e., that 
t h e f  ° has a larger surface component than t h e f  1 due to the y-like surface layer. Between 
a coverage of 0.1 and 0.2 L, t h e f  0 peak begins to shift toward higher binding energy, then 
from 0.2 to 1.2 L it gains intensity, while the f l peak progressively looses weight. The 
direction of the peak shifts, the f l toward Ev and the f 0 to higher binding energy, are in 
accord with the presence of a y-like surface layer, however the covalent bonding with the 
oxygen adds spectral weight to the resonance at ~2 eV so that the comparison is obscured, 
making it difficult to draw conclusions about the precise extent of  the surface contribution. 
It is tempting, albeit speculative, to suppose that the spectra displayed listing a coverage 
of 0.2 L of O2 may more closely approximate the true bulk spectra of  this material. Above 
this coverage oxide formation has begun to occur, as signaled by the steadily increasing 
intensity of  the f 0  peak. 

Figure 37 [CeCu2Si2] illustrates how even a small amount of  contamination (<0.5 L O2) 
can lead one to the erroneous conclusion that there is no f l weight at the Fermi level. 
By 0.4 L any sign o f t h e f  ° peak which was prominent on the freshly cleaved surface has 
vanished and all that remains is a flat DOS which is attributed to the 5d bands. There 
is far less noticeable effect on the Cu 3d bands at 4 eV binding energy. It is particularly 
worrisome that the 02 peak at 6 eV appears as only a weak shoulder of  the main Cud  band 
since this too could lead one to incorrect assessment of  the surface cleanliness. The loss 
of  weight at the Fermi level, together with the growth of the ~2 eV 'covalent' resonance, 
indicates the formation of the trivalent oxide Ce203. I f  the 0.4 L spectrum is broadened by 
the appropriate amount, it strongly resembles PES spectra from polycrystalline samples 
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Fig. 38. CeSb2: solid circles, as cleaved; open circles, +0.1 L 02; crosses, +0.2L Oa; solid lines, +0.4L 02. 

presented by Kang et al. (1990b) in their fig. 2, suggesting the need for a re-evaluation 
of this material with respect to the GS model. 

Figure 38 [CeSb2] shows that of all the Ce compounds we have studied, CeSb2 is the 
only one which exhibits a concurrent loss of 4f weight in both the f0  and f l peaks, 
indicating a rapid transition to tetravalence caused by ionic bonding with the oxygen 
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adatoms. The remaining spectral intensity bears a close resemblance to the 5d spectrum 
of La metal. 

Similar dosing studies have been performed on uranium compounds but their 
presentation is reserved for sect. 15 on uranium. 

To sum up, then, we have found that the relative weights of the f 0  and f l can 
be dramatically altered by small amounts of contaminants (<<0.5 Langmuir). Since the 
relative spectral weight o f t h e f  ° a n d f  1 peaks is an important parameter in the GS model 
because it is correlated with the Kondo temperature, this means that it is of paramount 
importance to maintain stringent UHV conditions. Furthermore, since emission from the 
surface layer will always be part of the total intensity in any photoemission experiment 
and it is doubtful that the bulk electronic structure of Ce can be reliably discerned without 
adequate characterization of the surface component, it follows that if further progress is 
to be made, the surface contribution must be experimentally identified and then either 
subtracted from the data to give the true bulk signal, or alternatively, the theoretical 
models must include the surface contribution in their calculations. 

14. Momentum-dependent effects 

Perhaps the strongest argument in favor of a model which includes the periodic lattice 
is the observation of momentum-dependent effects at temperatures far above the Kondo 
temperature. The PAM allows for such an electronic structure. By contrast, within GS and 
NCA the KR and its sidebands are a dispersionless feature (Bickers et al. 1987), indeed 
a thermodynamic quantity of a material, whose properties (i.e., the width, position in 
energy, spectral weight, etc.) are essentially determined by the value of TK. True enough, 
at low temperatures it is agreed that there is band formation once coherence sets in [after 
all, the de Haas-van Alphen effect has been observed by Lonzarich (1988), Springford and 
Reinders (1988) and more recently by Aoki et al. (1992) and others too numerous to list], 
but the dispersion must be of the order of TK, and then only at T << TK, or below the so- 
called coherence temperature. The manifestation of angle-dependent effects, particularly 
if these exist at T >> Ts: then, would represent a serious disagreement with NCA. 

14.1. CePte+x amplitude modulations 

Just such angle dependent effects have been reported by Andrews et al. first in 
CePt2+x (0 <x < 1) (Andrews et al. 1995a), and later in CeSb2 (Andrews et al. 1995b) 
and CeBe13 (Andrews et al. 1996). The data for CePt2÷x are shown in fig. 39 where 
the amplitude of the near-EF feature is seen to tmdergo periodic amplitude modulation, 
the period of which coincides exactly with the inverse lattice. The insets indicate the 
positions in the lattice (surface projection of the Brillouin zone) where the various 
spectra were taken, while the angles are measured with respect to the surface normal 
(i.e., the F-point). Very large effects are observed, which bring into question the 
thermodynamic nature of  the near-EF feature. The data were taken at resonance (photon 
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Fig. 39. CePt2+ X ARPES spectra at the indicated point in the Brillouin zone. Note that the 4f5/2 amplitude shows 
amplitude variations exactly periodic with the Brillouin zone, suggestive of band states (from Andrews et al. 

1995a). 

energy = 120 eV) at a temperature of  120 K using a VSW HA50 angle-resolved analyzer 
with a 2 ° acceptance cone and about 90 meV energy resolution. The data are highly 
reproducible. 

The CePt2+x sample was prepared in situ by evaporating Ce onto a Pt (111) single 
crystal. Analysis with LEED and XPS (Tang et al. 1993) as well as comparison of 
Pt 4d intensities of the in-situ grown specimen to arc-melted polycrystals, determined the 
composition to be most likely CePt2.2, with the value o fx  determined to within 0 <x  < 1. 
Bulk property measurements on arc-melted specimens with compositions between CePt2 
and CePt3 indicated very similar properties throughout the composition range so that the 
inexact determination ofx is irrelevant to the physics. The Kondo temperatures were found 
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to be less than 20 K for all compositions, with the magnetic susceptibility showing Curie- 
Weiss behavior down to 20 K. From bulk property measurements one would conclude that 
the materials are nearly trivalent so that it is all the more surprising that such an intense 
KR is observed at T = 120 K. 

It is significant that the amplitude modulation effects are seen primarily in the KR. 
Indeed, in the figure the data have been normalized to the peak value of the spin- 
orbit peak, the Ce 4f7/2. Because the amplitude modulation is seen primarily in the KR 
it rules out photoelectron diffraction as the source of the amplitude effect, since the 
orbital symmetry and the atomic point of  origin of  both features is identical, while the 
kinetic energies of the photoemitted electrons from the two features are likewise nearly 
identical. From photoelectron diffraction both peaks would be expected to undergo similar 
amplitude modulation. Moreover, photoelectron diffraction effects are not necessarily 
periodic with the inverse lattice, but are rather a geometric effect (Fadley 1987) which 
yields maximum amplitude from forward scattering around masking atoms near the 
surface (the forward flashlight). The observation of dispersion in some systems in any 
case points to Bloch states. 

In their first paper on the subject Andrews et al. (1995a) interpreted the amplitude 
effect as resulting from the dispersion of an extremely narrow band above EF. They 
showed that the effect can easily be accounted for if a Lorentzian feature, derived from 
a very flat band about 20 meV below EF, disperses to just above EF. The dispersion 
itself was not observable owing as much to the large natural linewidth (~100 meV) as to 
instrument resolution. In subsequent materials studied there appears to be actual evidence 
for dispersion (see below) but surprisingly in a direction opposite to that assumed by 
Andrews et al. (1995a). 

The temperature at which the measurements were taken (Tin = 120K) is a most 
important factor in solving the heavy fermion puzzle. For CePt2÷x we see that the 
measuring temperature is very high, 6TK < Tm < 10TK. Based on NCA, the KR and any 
possible sidebands should not even exist at 10TK, much less be exhibiting Bloch-state 
behavior which should have been observable only at Tm << TK. 

Superb confirmation of the above results was reported in a recent publication (Gamier 
et al. 1997) in which the reported resolution was 5 meV and the data were taken at 40.8 eV 
photon energy. While the authors reported that no dispersion was evident, a replotting of 
the data in fig. 40 suggests that one could reach different conclusions. Indeed, if  the 
feature at ~100meV in the 0 = 6  ° spectrum can be considered as 4f-derived, then there 
exists about 100meV of dispersion. The double arrow on this feature at 0 = 6  ° signifies 
the uncertainty of  the exact peak position, but irrespective of  the exact position it is hard 
to avoid the conclusion that the peak disperses. Indeed, not only the 4f5/2 but also the 4f7/2 
is seen to strongly disperse in the left panel of  fig. 40. A blowup of the 4fs/2 dispersion is 
shown in the right panel. The observed dispersion is surprisingly close to the predictions 
of  the PAM which suggest that the 4fband crosses EF away from a symmetry direction and 
loses f character as it disperses below EF. In fig. 40 the most intense 4f  peak is obtained 
at 0 = 2  ° [away from (111)] and is nearly totally attenuated at 0 = 6  ° where it is found 
below EF. At normal emission the 4f5/2 intensity is consistent with a peak just above EF. 
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of dispersion. 

All these observations are entirely consistent with the PAM predictions in which 4f-band 
dispersion is much larger than TK, persists to very high temperatures, and crosses EF 
away from symmetry points in a cubic lattice. 

14.2. CeSb: 

Amplitude modulation o f  the Ce 4f5/2 is seen to some degree in nearly every single-crystal 
Ce heavy fermion investigated, but direct evidence for dispersion requires better energy 
and momentum resolution. The intensity of  the Ce 4t'5/2 as well as the strength o f  the 
amplitude modulations correlates more strongly with crystalline perfection and surface 
flatness than with TK, with the most perfect single crystals yielding the most intense KR's. 
Indeed, an intense Ce 4f5/2 peak is observed in CeSb2, a layered material with a 
ferromagnetic transition at 10 K which implies that TK < 10 K. Amplitude modulation was 
first reported by Andrews et al. (1994). Subsequently (Arko et al. 1997a), data at lower 
energies and T = 20 K revealed about 25 meV of  dispersion, with behavior amazingly 
similar to that found in fig. 40. The left panel of  fig. 41 shows ARPES data at 45 eV photon 
energy, and we see that as the peak disperses away from EF it rapidly loses intensity as 
the f character is diminished and replaced by d character (according to the PAM). On the 
other hand, if the dispersion is toward EF (fig. 41b), the 4f5/2 intensity is only slightly 
diminished as the 4 f  band disperses just above EF and presumably flattens out, leaving 
the tail on the occupied side. This flattened region can be identified with the KR as in 
the SIM, though it persists far above TK. 
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Fig. 41. CeSb~ data along two directions in the Brillouin zone. Note the amplitude effect and dispersion. (Arko 
et al. 1998.) 

14.3. CeBel3 

Andrews et al. (1996) also studied the compound CeBe13, a material having a TK ~ 400 K. 
This material is significant in that the large TK precludes any complications from crystal 
field levels which are often cited as responsible for the nearly constant spectral weight of  
the KR, despite the fact that Joyce and Arko (1993) have definitively shown (sect. 6) that 
inclusion of crystal field states in the GS code does not alter the predicted scaling with TK. 
The temperature dependence of this material has already been discussed in sect. 12 and 
shown to be conventional, while the dosing experiments in sect. 13 clearly point to the 
Ce 4f5/2 as being bulk-like. 

Dispersion of all 4f-related features is observed in this material as shown in figs. 42-44, 
although, as discussed below, dispersion of the 4f5/2 again required measurements at low 
photon energies where the momentum resolution is better. Data at by= 120 eV (i.e., at 
resonance) and about 90 meV resolution are shown in fig. 42. Here are shown two spectra 
from a (100) surface as well as a spectrum from a (110) surface. The gray lines are fits 
through the data points using Lorentzians for the 4f5/2 and Gaussians for the 4f7/2. Arrows 
point to the centroids of  the Gaussians which are shifted by nearly 0.1 eV between the 10 ° 
and 15 ° spectra. While the F-point in this experiment was well determined, the direction 
in which the data was taken was not known precisely owing to an inadequate LEED 
pattern. It was, however, assumed to be in the (100) plane. The actual direction, however, 
is irrelevant if  dispersion is observed. It is the fact of  dispersion which is of  relevance, 
not its details. In fig. 42 one does not observe dispersion of the near-EF peak despite an 



348 A.J. ARKO et al. 

¢-  

ffl 
e-  
ra  

B 

¢-  

2 

0 

O .  

- 0 . 8  -0.6 -0.4 -0.2 
Binding Energy (eV) 

0 . 2  

Fig. 42. ARPES data for CeBe13(100) and 
CeBe13(110 ). Two angles are shown for CeBe13 
(100) with the 4f7/2 peak showing about 100meV 
of dispersion, while the 4f5/z peak shows a 
large amplitude modulation. The inset shows the 
imagined band structure which could produce such 
an effect (from Andrews et al. 1996). 

p,, 

U) 

C 

C 
.o 

_.m 

o 
o r-, 
D.. 

-0.5 

C e B e 1 3  

4fTn 4 f ~  

i 

i , , .< /0  --- 5 ° 

e = 1 0  ° 

h v  = 40  eV 

AE = 45  m e V  

T = 2 0 K  

-0.4 -0.3 -0.2 -0.1 0 0.1 

E n e r g y  B e l o w  F e r m i  E n e r g y  (eV)  

Fig. 43. CeBe~3(100 ) ARPES spectra taken 
at 40eV photon energy to improve both 
the energy and momentum resolution. The 
4f7/2 peak dispersed by about 65 meV while 
a clear 20meV of dispersion is seen for 
the 4f5/2 peak, made possible by sampling a 
smaller portion of the Brillouin zone. The 
FWHM of the 4fs/z is about 80meV, smaller 
than in the resonance data (from Arko et al., 
unpublished). 



PHOTOELECTRON SPECTROSCOPY IN HEAVY FERMION SYSTEMS 349 

energy resolution and experimental accuracy sufficient to see even 5 meV shifts in peak 
positions. The large amplitude effect was attributed by Andrews et al. (1996) to dispersion 
of the 4f5/2 above EF. Indeed, their simulation of the bands based on their initial data is 
shown as the inset in fig. 42, but experiments with improved momentum resolution would 
now alter these simulated bands. 

The diffÉculty with ARPES measurements at 120eV is that the 2 ° acceptance cone 
of the analyzer results in a momentum resolution Ak ~ 0 . 2 ~  -1. The large lattice 
parameter (a ~ 10.5A) for CeBe13 further complicates matters in that 2:v/a~ 0.61 ~-1 
and :v/a ~ 0.3 A 1. Thus the 5 ° separation between the ARPES spectra in fig. 42 already 
represents a momentum difference larger than ~c/a for CeBe13. Clearly at 120 eV one 
samples a large percentage of the Brillouin zone in any measurement so that even if 
dispersion exists it is being averaged out. However, the momentum resolution can be 
vastly improved at 30 to 40 eV photon energy with Ak now in the 0.1 ~- I  range. At 40 eV 
we sample half as much momentum direction in an ARPES measurement as we do at 
120 eV and only one fourth as much momentum space (in two directions). Moreover, the 
energy resolution is improved to AE ,~ 45 meV. The price is paid in photocurrent intensity 
since the photoemission cross-section is down by more than an order of  magnitude. 
Nevertheless the experiment is possible and the results are shown in fig. 43. 

Shown in fig. 43 are two spectra taken at h v = 4 0 e V  with analyzer settings again 
separated by 5 ° in angle. At this lower photon energy a 5 ° separation much more closely 
approximates the F-X momentum distance. The improved momentum resolution now 
allows for an unambiguous measurement of  20 meV of dispersion in the Ce 4f5/2 peak as 
indicated in the figure, as well as ~60 meV of dispersion in the Ce 4f7/2 peak (the spin- 
orbit sideband). The dispersion, as stated, is in a direction opposite to that assumed by 
Andrews et al. (1996). However, the decrease in 4f5/2 intensity is now understood within 
PAM as a loss of  4f  character as the band disperses below Ev. 

14.4. Dispersion of the f ° peak 

Dispersion and amplitude modulation is evident even in the f 0  or "main peak". In 
fig. 44 are shown two spectra corresponding to normal emission from the (100) and 
(110) surfaces. Not only is there a large difference in the intensities of  the f 0  peaks 
between the two directions, but one obtains about 0.1 eV of dispersion as well, as indicated 
by the vertical lines. In the figure the dark lines correspond to fresh cleaves while the 
gray lines correspond to spectra taken at the indicated time after a cleave. As discussed 
in sect. 13 dealing with surface effects, the time dependence of the spectra suggests a 
surface component to f 0  as the adsorption of the residual chamber gasses suppresses 
the surface components. The spectrum for hv = 112 eV (anti-resonance) merely confirms 
the negligible non-f intensity. The Ce d bands between -0.5 and - 2  eV likewise disperse 
with direction. Indeed, two d-band peaks are seen from the (110) surface while only one 
is measured from the (100) surface. These likewise appear to be weakly contamination 
dependent. 
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Fig. 44. Wide scan ARPES spectra 
for CeBe13(100 ) and CeBel3(ll0 ) to 
show the dispersion of the f0 peak 
as well (about 100meV). The time 
dependence of the spectra is attributed 
to residual gas adsorption which sup- 
presses some of the surface-related 
features. Thef ° peak for CeBe13(110) 
may be entirely surface-related (from 
Andrews et al. 1996). 

All indications, then, are that in the case of  Ce heavy fermions we are dealing with 
very narrow, nearly temperature independent (or only weakly so) 4f  bands. It is true 
that CeBel3 is not particularly heavy so that a measuring temperature Tm = 20 K already 
is much less than TK for this material and perhaps even lower than the poorly defined 
coherence temperature below which one would expect band formation even in a Kondo 
system. However, the 100 meV of dispersion in the CeBel3 4f7/2 peak is much larger than 
one would expect from a Kondo lattice with TK =400 K. What is confusing is that the 
dispersion of the 4fs/2 peak appears no larger than that seen in the two other materials 
with much lower TK's. 

15. Uranium compounds 

15.1. Early results 

Although the bulk properties of 5f-electron heavy fermions are entirely similar to those of 
4f-electron heavy fermions (see, for example, Stewart 1984), the respective photoelectron 
spectra appear substantially different (an excellent review of the early work is given 
by Allen 1992). Unlike the triple-peaked 4f spectra in Ce compounds (the f 0  a n d f l  
states within the SIM interpretation), measurements at the 6d absorption edge where 
the 5f signal is enhanced, generally yield a rather broad, triangular shaped spectrum 
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which in polycrystalline materials is almost featureless and pinned at the Fermi energy 
(Arko et al. 1984, 1987a,b, 1988a,b, Allen et al. 1985, Landgren et al. 1984, Zolnierek 
et al. 1986). There were some early indications of  narrow features at EF even in uranium 
compounds (Arko et al. 1984), but these were not followed up. The only single-crystal 
work was that of  Arko et al. (1983, 1986) on UIr3 and UO2 respectively, but these were 
not heavy fermions. It became common lore that the width of a typical 5f heavy fermion 
spectrum, obtained by subtracting the spectrum at the anti-resonance (hv = 92 eV) from a 
spectrum at resonance (hv = 99 eV or hv = 108 eV), is often far broader (FWHM ~ 1.5 eV) 
than is predicted even by a typical LDA calculation (Albers 1985, Albers et al. 1985, 
1986, Boring et al. 1985a,b, 1987) for uranium heavy fermions (FWHM~0.5eV) .  
The interpretation of this broad spectrum as being entirely due to 5f DOS has led 
to speculation by some that uranium compounds cannot be treated within the single- 
impurity model, while others tend to view the unusually large width as the indicator 
of  correlation effects similar to those in Ce compounds (Allen et al. 1985). The most 
common assessment of  the situation, however, appears to be that uranium is simply 
different from Ce and no attempt is made to reconcile the spectroscopic differences. This 
is an unsatisfactory state of  affairs. 

To date the spectral behavior of  5f systems remains unresolved with different groups 
giving different opinions. Some sampling of the variety of  views may be of interest. 
The prevailing opinion, primarily based on work of Kang et al. (1987) with dilute 
alloys, is that the U-5f DOS exhibits single-impurity signatures since the shape of the 
extracted 5f DOS does not vary significantly with U concentration. Perhaps based on 
this as well, recent high-resolution photoemission measurements (Imer et al. 1991a,b) 
at 40.8 eV in polycrystalline URh3, which yielded a narrow 5f feature at the Fermi 
energy, have been interpreted entirely within SIM despite the fact that this material has 
a specific heat y-value of only about 20, with measured dHvA masses in agreement 
with band masses (Arko et al. 1975, 1976) and never exceeding values of  5 to 10, and 
periods showing excellent agreement with band calculations. In a different approach, 
recent high-resolution spectra on the heavy fermion UPd2A13 have been interpreted 
(Takahashi et al. 1996) as showing a dual role of  5f electrons (i.e., simultaneously 
itinerant and localized) with the features near the Fermi energy presumed to result 
from band states while a peak at about -0.5 eV is interpreted as arising from the 
localized nature of  5f electrons. Recent de Haas-van Alphen data from UPd2A13 (Inada 
et al. 1994, 1995), however, show nearly exact agreement with the band calculations 
of  Sandratskii et al. (1994) and Knopfle et al. (1996). In a still different approach, 
resonant PES studies o n  U R h 3 B  x (Zolnierek et al. 1986) suggested that as the band 
narrows with x, a satellite at about -1 eV builds up, similar to the -6  eV two-hole 
satellite in Ni. A subsequent work (Imer et al. 1991a) at hv=40.8  eV fotmd no evidence 
for the satellite, which may provide a hint as to the nature of  the intensity at -1  eV 
Quite likely this "satellite" is the manifold of  d bands which become prominent as 
the 5f intensity decreases upon alloying. Clearly there is a great deal of  confusion 
and room for understanding, and clearly there is a need for high-resolution work on 
single crystals. 
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15.2. Results in single crystals 

Inasmuch as this chapter is devoted primarily to studies of single-crystal surfaces, the 
work on dilute alloys which gave impetus to the single-impurity ideas will not be 
considered in detail. In the same vein the substantial efforts devoted to the understanding 
of non-Fermi liquid behavior and Fermi level tuning in Y1-~UxPd3 (Kang et al. 1989, 
Seaman et al. 1991, Liu et al. 1992b) will be touched on only very lightly. An 
understanding of the electronic structure of well-characterized single crystals is useful 
before one proceeds to more complex systems. 

Measurements on highly correlated single-crystal uranium compounds again seem to 
point to a band nature of 5f electrons. Indications of this were already evident in early 
publications of Arko et al. (1983) in an angle-resolved PES study of UIr3 where evidence 
for slight dispersion of 5f states was presented for the first time. In that paper dispersion 
was not considered unusual however, since, just as in URh3, dHvA measurements (Arko 
et al. 1976, Arko 1976) indicated a rather normal, transition-metal-like material with 
effective masses again no larger than 5 to 10. More intriguing were the indications of 
periodic ARPES structure (Arko et al. 1990) in the 5f features of the heavy fermion 
material UPt3 measured at 300 K. Although in UPt3 the near-EF 5f feature never showed 
measurable dispersion, its width was resolution-limited (~200 meV) while its intensity 
vanished near the M-point in the hexagonal lattice. Thus knowledge of the existence of 
sharp 5f features having intensities periodic with the inverse lattice in uranium compounds 
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Fig. 45. Wide scan ARPES spectra for 
several uranitma heavy fermions taken at 
l l0eV photon energy and T=20K.  The 
crystallographic directions are known for 
USb 2 and UPt3, but not for others. Note the 
persistent sharp features at E v. Additional 
features are indicated with tic marks and are 
probably 6d-related, except for features near 
-0.5 eV (Arko et al., unpublished). 
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even at 300 K, which corresponds to a temperature as high as 20TK, was available some 
time ago, but this information was mostly overlooked. 

Recently single-crystal uranium compounds have been investigated (Arko et al., 
unpublished) both at the resonant photon energy and at much lower photon energies 
where momentum and energy resolution is substantially better. Resonance spectra o f  some 
of  these compounds are shown in fig. 45, taken at a photon energy hv= l l 0 e V  In all 
cases these are ARPES spectra using a :~ 1 ° aperture in the analyzer, with the crystalline 
direction o f  electron emission corresponding to the c-axis for gPt3 and USb2, while the 
precise direction is unknown for the others. All spectra were taken at temperatures o f  
either 20 K or 80 K. A wealth o f  structure is revealed within the first 1 eV below the 
Fermi energy including a pervasive sharp feature at EF. This feature is much narrower in 
UPt3 than in, e.g., UBel3, whose TK is on the order o f  1 K vs about 15K for UPt3. The 
tic marks indicate the position o f  additional broad features that also resonate along with 
the sharp 5f  feature at EF. In most cases there are two or more additional broad features, 
which makes it difficult to interpret them in term of  the equivalent o f  the f 0  peak in 
Ce compounds. 

15.3. The 5f spectrum 

I f  one performs the usual operation o f  subtracting a spectrum at anti-resonance (92 eV) 
from that at resonance (~  98 eV for the 5d3/2 edge) to obtain the 5f  DOS, one in fact 
obtains the usual broad triangular shape for the subtracted DOS even for a single- 
crystal compound such as USb2 (Arko et al. 1996) which in general shows much 
narrower structure than the other compounds in fig. 45. This is illustrated in fig. 46 
where the difference curve is the result o f  the subtraction. Here the spectra were 
normalized at -5 .5  eV after first subtracting off  the secondary background. Although 
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Fig. 46. Resonance, anti-resonance, and difference 
spectra for USb2(001), taken at 20K in the ARPES 
mode. The nearly complete absence of a DOS in 

~_  the 92 eV spectrum suggests that almost all intensity 
within 0.5eV of E F is 5f-related. A difference 
spectrum of scraped UPt 3 polycrystal is also included 
for comparison. 
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Fig. 47. The figure illustrates how 
different parts of the spectrum resonate 
at different photon energies. The 92 eV 
specmma is common to all subtrac- 
tions, including fig. 46. The negative- 
going DOS in curve C is similar to the 
sharp peak in curve A and is probably 
of 5f character. The remaining features 
are probably 6d-related. 

determining the correct normalization is problematic, different normalizations result in 
only minor changes in the subtracted spectrum. In fig. 46 a 5f  spectrum of  UPt3, obtained 
in polycrystalline samples at room temperature and much poorer resolution, is also 
superimposed for comparison. The width of  the polycrystalline spectrum is broader than 
can be accounted for by the poorer resolution, but the overall shape is qualitatively 
similar. 

What is the likely explanation for the broad nature o f  the 5f  spectrum? The most 
probable explanation seems to be that the intensity below about -0 .5 eV is primarily U-6d- 
related, together with possible surface-related 5f  intensity. Most LDA calculations (Albers 
1985, Albers et al. 1985, 1986, Boring et al. 1985a,b, 1987) indicate that the 5 f D O S  is 
no more than about 0.5 eV wide in heavy fermions, and perhaps somewhat wider in well- 
hybridized materials like URh3. Support for this view comes from intensity changes in the 
vicinity of  the resonant photon energy. In all likelihood the 6d states resonate at photon 
energies somewhat lower than 5f  states. Thus when one looks at intensity variations 
between, say, 107 and 110 eV, the difference spectrum looks entirely different from that 
obtained between 98 and 92 eV. 

It is even more informative to look at intensity variations between 89 and 92 eV. While 
the 5f  anti-resonance (i.e., minimum 5f intensity) is well known to occur at 92 eV it turns 
out that the spectrum at binding energies below -0.5 eV actually increases in intensity as 
the photon energy is raised from 89 eV to 92 eV, while within 0.5 eV of  Ev the spectral 
intensity decreases. This can be seen in spectrum B in fig. 47 where difference spectra 
are plotted for 110 - 107 eV (A), 98 - 92 eV (B) and 92 - 89 eV (C) for the material USb2 
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Fig. 48. Comparison of an angle-resolved 
spectrum at resonance (110 eV) with a spectrum 
at h v - 3 0 e V  in single-crystal USb z. Note the 
improved momentum and energy resolution. The 
sharp near-E v spike at hv=30eV is no more 
than 30 meV FWHM, thus making it the sharpest 
f-electron feature ever observed. A difference 
spectrum of scraped polycrystal UPt 3 is included 
to illustrate previous measurements of 5f-DOS 
width. 

at normal emission and along the c-axis. The most logical explanation for this is that 
the anti-resonance for the 6d states occurs below 92 eV. One may then suppose that the 
resonance energies for the 6d states (i.e., maximum 6d intensity) may likewise be slightly 
lower than 98 eV or 108 eV Thus the negative going feature in difference curve B is most 
likely due to 5f DOS while the positive intensities are most likely related to U 6d DOS. 
Further, based on these assumptions, spectrum A in fig. 47 may be primarily 5f-like since 
at 107 eV the U 6d's may have already peaked and only the 5f's continue to increase. The 
intense feature in curve A within 0.5 eV Of EF corresponds exactly to the negative going 
feature in curve B and it seems eminently reasonable to assign this feature to the 5f-related 
DOS. Some of the smaller peaks in curve A at higher binding energies are again due to 
highly dispersive U 6d bands and result from the fact that this is an ARPES experiment 
where dispersion with photon energy is a factor. Thus it appears that the 5f DOS is pinned 
at EF and is most likely no more than about 0.5 eV wide in USb2. 

It becomes even more informative to look at USb2 at lower photon energies with 
ARPES. This material is an antiferromagnet below 200 K and exhibits a layered tetragonal 
structure which is ideal for ARPES since the two-dimensional nature allows for band 
mapping without the complication from the third dimension. In fig. 48 a spectrum of 
USb2 taken at hv = 30 eV, T = 20 K, resolution of 40 meV, and within 4 ° of  the c-axis, is 
superimposed on a spectrum taken at 110 eV and nominally along the c-axis. The natural 
linewidth of the near-EF peak is now about 30 meV which makes it the sharpest feature 
ever observed in f-electron systems. The two additional peaks in the 30eV spectrum 
correspond closely to the features in the 110 eV spectrum and are probably 6d-derived 
(but not entirely, as we will see below). A difference spectrum for polycrystalline UPt3 
is again superimposed for comparison in order to emphasize the astounding narrowness 
of  the 5f features relative to earlier observations in polycrystalline materials. It is evident 
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that the spectrum obtained at resonance via subtraction must contain numerous features 
not related to 5f structure - primarily 6d electrons. 

15.4. 5f dispersion in USb2 

ARPES data at h v = 3 0 e V  and T = 2 0 K  are shown as a function of angle (Arko et al. 
1997b) along the F-X direction in fig. 49. Two dispersive peaks labeled A and B are 
evident. Both peaks are unambiguously 5f derived based on the photon energy dependence 
of the intensity, but peaks B appear to have substantial 6d admixture, particularly as the 
binding energy increases. The dispersion of peak B is obvious and clearly 5f in nature, 
apparently as large as 600 meV. This represents the first clear and unambiguous evidence 
of 5f dispersion. 

The dispersion of peak A is smaller, but nevertheless definite, as shown in fig. 50 where 
the dispersion becomes more evident as the spectra near F are expanded. The data shown 
here were taken at a photon energy of 35 eV and have been smoothed with a 30meV 
FWHM Gaussian (i.e., smaller width than instrument resolution). The peak normalization 
is arbitrary, chosen primarily to emphasize dispersion. In actual fact, peak A is nearly 
absent near F. Interestingly, band A disperses below Ev as its intensity decreases, which 
is similar to the effect seen in Ce heavy fermions above. 
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Fig. 49. ARPES spectra of  USb2(001) for an- 
alyzer settings within 13 ° of  the F-point (001). 
Feature B contains substantial 5f  character based 
on photon energy dependence and shows 600 meV 
of dispersion, while feature A is almost of purely 
5f character. Note the amplitude effect of  feature A 
similar to that observed in Ce systems (Arko et al. 
1997b). 
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Fig. 50. A near-E~ blowup of feature A in 
USb z ARPES spectra of fig. 49 to emphasize 
dispersion of about 30meV Normalization is 
arbitrary to enable viewing of dispersion (Arko 
et al. 1997b). 

15.5. Temperature dependence 

There can be no doubt that in USb2 the 5f  states are band states, albeit quite narrow. 
The sharp feature at EF is not related to a Kondo resonance as can again be seen from 
the temperature dependence shown in fig. 51 where spectra at hv= l l 0 e V  and T = 2 0 K  
and T = 300 K are shown. Although a good simulation o f  the data is difficult owing to 
the numerous features, the small reduction in the peak amplitude is totally accountable 
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Fig. 51. Temperature dependence of 
USb2(001 ) at h v  = l l0eV The inset 
shows that just as in Ce compounds 
there is an apparent peak shift away 
from E F indicating a broadening 
of the features by about 100meV. 
The temperature dependence is thus 
explained by conventional effects. 
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from the effects of  a 300 K Fermi function combined with 100 meV of phonon broadening 
of the narrow 5f peak (at hv = l l 0 e V  the natural linewidth may be as large as 60meV 
owing to the poorer momentum resolution). The shift of  the 300 K spectrum toward higher 
binding energies, as shown in the inset, is again a clear indication of broadening effects 
as well as an absence of a very intense peak just above EF, just as was shown for the 
case of  CeBel3. It would seem that a strong case can be made for the band nature of  
f-electron features. Although at 20 K we are well below TN = 200 K, this is not the case 
at 300K. Still the peak shifts to higher binding energy. 

15.6. 5f  dispersion in other compounds 

Since USb2 is an antiferromagnet below 200K it leaves some room for argument 
regarding the band nature of  heavy fermions despite the fact that one normally expects a 
magnetic state to exhibit greater localization. The next logical step is to look for evidence 
of dispersion and 5f band states in uranium compounds which, unlike antiferromagnetic 
USb2, are unambiguously heavy fermions - e.g., UPt3. 

We begin by looking at the near-Ev region, in fig. 52, for all the single-crystal uranium 
heavy fermions thus far investigated. In fig. 52 the spectra for UPt3 and USb2 are taken 
with h v = 3 0  eV (along the c-axis) and have been broadened with a 60meV FWHM 
Gaussian in order to approximate the 90 meV resolution of the remaining spectra taken 
at h v ~  l l 0 e V  The precise directions of  electron emission for UBe13, UPd2A13 and 
URu2Si2 are not known. These crystals were small and unoriented, and a cleave was 
effected as the geometry allowed. At this stage of understanding it is in any case not as 
important to nail down the details of the band structure as it is to determine the existence 
of dispersion and its approximate magnitude. A more thorough investigation with oriented 

v 

u> e- 
l -  

e- 
2 

_¢ 

o 
0 

J= 
O. 

C e B e ~  

URu2Si2, h v  = 110 eV 

UPt~, h v  = 30 eV 

USb2, h v  = 30 eV 

I I I I I 1 I 

-0.8 -0.6 -0.4 -0.2 0 

Binding Energy (eV) 

,-,._. 

0.2 

Fig. 52. Expanded view of the near-EF region for 
several uranium heavy fermions. All spectra have been 
appropriately broadened to equal the 90 meV resolution 
ofCeBel3. In many instances, uranium nearEr  features 
tend to be sharper than those for Ce heavy fermions. 
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single crystals and low photon energies is pending. A spectnma of CeBel3 (110) is also 
shown in fig. 52 for purposes of  comparison. 

An obvious fact emerges from fig. 52, namely that uranium heavy fermions display 
sharp structure at EF just as is found in Ce heavy fermions. Indeed, for UPt3 and USb2 
this structure is far narrower than in a typical Ce heavy fermion. It is estimated that the 
natural linewidth of the USb2 feature is of  the order of  30meV vs. about 100meV for 
CeBe13, the latter determined with 56 meV resolution. Thus the myth of 5f DOS being 
much broader than the 4fDOS is dispelled. What does emerge different from 4f, however, 
is that there is more structure associated with 5f spectra, which seems reasonable in view 
of the additional 5f electrons (perhaps as many as three). We have already discussed 
the highly dispersive 5f band in USb2 which in fig. 52 is situated at -0.45 eV A second 
5f peak is also clearly evident in UPt3 at -0.25 eV but is less obvious in the remaining 
spectra. However, it will be noticed that the remaining uranium heavy fermion spectra 
are indeed broader than the near-EF feature in UPt3. In all likelihood both 5f features are 
contained under one broad peak and are not resolved. This assumption is strengthened 
by the observation that in URu2Si2 the maximum of the broad peak occurs at -0.15 eV, 
far below the Fermi energy. It is highly unlikely that a feature this far below EF can be 
responsible for the heavy-fermion behavior. One possible explanation for the broadness is 
disorder. Another plausible explanation is that in URu2Si2 the second band just happens 
to have more intensity than the near-EF band, thus yielding a peak below Ev, while the 
band nearer E F merely contributes a shoulder. Clearly there is extra intensity at EF, but the 
possible observation of a second peak will have to await work at lower photon energies, 
higher resolution and lower temperatures (URu2Si2 was measured at 80 K). Obviously, 
then, the position of the second band varies dramatically from material to material, unlike 
the position of the spin-orbit sideband in Ce compounds. We will see below that this 
position can vary within the same material as a function of direction. 

The assumption of a second band yielding intensity below EF is suggested in UBe13 
where several cleaves of  crystals yielded different results along different directions. In 
fig. 53 spectra are shown from two different cleaves and different photon energies. The 
near-EF peak shows apparent dispersion (about 0.1 eV) as well as a change in width, 
entirely consistent with band effects. The h v  = 115 spectrum was actually obtained with 
better resolution (about 65 meV) than the h v  = 104 spectrum (about 90 meV). It shows a 
clear shoulder at EF indicative of  additional unresolved 5f intensity (i.e., an unresolved 
peak), while in the h v  = 104 spectrum the lower band may have dispersed toward EF 
totally overshadowing the near-Ev feature. These spectra will require further work and 
reproducibility. To date dispersion has not been observed on the same cleaved surface. 

However, consistent with the above interpretation are the data in fig. 54 where UBe13 
was measured along the same direction (unknown) and at the same photon energy, the 
same sample, but with two different acceptance cones of  the emitted electrons. Indeed the 
spectrum with the 4-1 ° aperture is the very same one as the 104 eV spectrum in fig. 53, but 
now extended to higher binding energies. By increasing the analyzer acceptance cone to 
4-4 ° and keeping everything else constant one obtains the spectrum shown as the gray line. 
It must be emphasized that this is not a result of  a change in instrument resolution which 
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Fig. 53. Preliminary data for UBe13 , suggesting 
dispersion in two different cleaves of crystals. 
The resolution for cleave 2 is better than for 
cleave 1 (about 80meV vs. about 90meV). 
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Fig. 54. UBe~3 spectra taken for the same 
cleave and direction but with different accep- 
tance angles (apertures). The 4-4 ° acceptance 
angle results in a broadened near-E F peak 
suggestive of dispersive states, though there 
could be other interpretations of this effect. 
The larger acceptance cone worsens the 
resolution by no more than about 10%. 

changes  by no more  than 3%. The new l ineshape results f rom a m u c h  larger sampling 

o f  the Bri l louin  zone.  This too would  suggest  dispers ion al though it has not  yet  been  

observed  by vary ing  the analyzer  angle. Perhaps l ight polar izat ion effects above and be low 

the measuremen t  plane need  to be considered wi th  the -4-4 ° aperture. 

The intense peak  at - 0 . 6 5  eV in UBe13 is as yet not  total ly understood,  but  it may  be 

related to a surface state o f  5 f - 6 d  nature. It reaches a m a x i m u m  intensi ty at hv = 104 eV, 
or  3 eV lower than the remain ing  5f  structure, consistent  wi th  our  previous  assumptions.  
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Fig. 55. Near-E F ARPES spectra for UPt 3 
showing clear evidence of dispersion. The 
intense peaks may not derive from the 
same band as the weak peaks, as predicted 
by band calculations. Similar data are 
obtained at a measuring temeperature 
of 80K, thus indicating a lack of a 
temperature effect. 

A similar peak is observed in UPd2A13 at about -0 .5 eV and has been attributed 
(Takahashi et al. 1996) to a signature of  the localized nature o f  the 5f's, similar to 
the f 0 peak in Ce heavy fermions. While this feature has not been studied in detail in 
UPd2A13, a similar feature at -0 .5  eV in UPt3 appears to be surface-related, as we will 
see below. But first we continue with possible dispersion o f  the near-Ev peaks. 

UPt3 (001) was studied at lower photon energies, at temperatures o f  2 0 K  and 80K, 
and the results are highly suggestive o f  dispersion o f  the near-EF peak as seen in fig. 55. 
Here the data were taken at 20 K, h v = 30 eV, resolution AE = 40 meV, and different angles 
relative to F, i.e., the surface normal in the Brillouin zone. They were also smoothed 
with a 30 meV FWHM Gaussian to allow a clear overlay o f  data. There is an obvious 
amplitude effect just as in Ce compounds. Note the extremely large intensity reduction in 
the spectrum separated by a mere 5 ° in analyzer angle. The drop in intensity corresponds 
reasonably well with band calculations which show a narrow band, located precisely at 
EF at the Iv-point, dispersing above EF at about 0.3 ~-1, or, just about 5 ° from IV. The 
peak at 2 ° from IV is dispersing toward the Fermi energy. The peaks at 5 ° and 20 ° are then 
due to different bands at slightly higher binding energies. It is not certain that improved 
resolution will be able to separate out the additional bands since the natural linewidths 
may be larger than the band separations, but it is nevertheless an experiment worth doing. 
Data taken at 80 K essentially reproduce the 20 K data. 
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Fig. 56. Wide scan ARPES spectra ofUPt3(001 ) at 
h v  = l l 0 e V  and T=20K.  The fresh cleave (t=0) 
indicates a strong peak at -0.5 eV which is nearly 
of negligible intensity at t = 3 h. This is strongly 
suggestive of a surface-related feature. An LDA 
calculated spectrum (Albers et al.) is superimposed 
for comparison and shows a valley in the -0.5 eV 
region, while the two features near EF, both of 
5f character, are reproduced by LDA. 

15.7. Surface effects 

Finally, in fig. 56 we consider the very intense, clearly 5f-related (based on intensity 
at resonance) feature at -0.5 eV in UPt3. It was first reported by Grassman (1990) 
and assumed to be the equivalent of  the -2  eV peak in Ce heavy fermions. A similar 
interpretation is given by Takahashi et al. (1996) in UPd2A13. Although band calculations 
predict Pt-derived d bands at this energy and momentum in the Brillouin zone, no 5fbands 
are predicted. Indeed, a highly dispersive, most likely 6d-derived, feature exists at a 
binding energy o f - 0 . 5  eV using h v  = 30 eV light, but it is unlikely to be related to the 
peak seen at resonance based on its intensity. The maximum intensity at resonance is 
reached slightly below the resonance energy of the near-EF peak (104 vs 108 eV) which 
would suggest a different origin for this feature. A likely scenario is that this feature is 
surface-related but it has not been determined whether this is a true surface state which 
exists in a gap in the density of states, or is related to the lower coordination number of 
uranium at the surface which would decrease its valence. A large gap in the DOS exists 
at H and L in the Brillouin zone which could accommodate a surface state. 

A standard test for surface sensitivity of  a feature is a slight dosing of the surface with 
an impurity gas. Indeed, the residual gas in the chamber can serve as the dosing gas as 
a function of time. In fig. 56 spectra of UPt3 along (001) are shown immediately after a 
cleave as well as three hours after a cleave, at a photon energy of 108 eV Also shown is 
a density of states calculated for the (001) direction. Note that every calculated peak is 
accounted for in the data except for the -0.5 eV peak. Moreover, note that the calculation 
predicts a deep minimum at this binding energy. Three hours after the sample was cleaved, 
the (001) spectrum was re-measured and the -0.5 eV peak was vastly diminished, a typical 
phenomenon for surface-related features as the sample adsorbs residual chamber gas. The 
remaining structure is much more consistent with the calculated DOS. Further dosing 
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Fig. 57. Oxygen dosing studies on a surface of U B e l 3 .  The fresh cleave again shows a strong feature near 
0.5 eV which diminishes with dosing. The 5f-derived near-E F feature is maintained with dosing and is thus 

likely to be bulk-related. The Be ls peak in the center of the figure is due to second-order light and serves as 
a calibration of the bulk intensity. Note the build-up of the UO 2 intensity with dosing. 
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Fig. 58. Oxygen dosing studies of UPd2A13. In this 
material the -0.5 eV peak is less sensitive to dosing. 
However, by analogy to other uranium heavy fermions 
it is not unreasonable to assign it to a surface feature. 

( intentional)  wi th  up to 1 L o f  oxygen  does not  alter the l ineshape,  but  only diminishes  

all bulk-rela ted intensities. Thus all characterist ics o f  the - 0 . 5  eV peak are consistent  wi th  
this be ing  a surface-related feature. 

There  is then a strong suspicion that features at - - 0 . 5  eV in other  materials  are l ikewise 

surface-related.  A l though  the p r o o f  is not  as comple te  as it is for UPt3, figs. 57 and 58 

show oxygen  dosing dependence  o f  the va lence  bands o f  UBel3  and UPd2A13 respect ively  

which  again suggests surface states. In UBel3 a surface dose o f  0.8 L o f  02 is sufficient 
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to completely eliminate the -0.5 eV feature while the near-Ev peak remains strong. In 
fig. 57 the sharp peak at - 4  eV results from the Be ls core level from second-order light 
and is not to be confused with valence bands. It is seen that the surface-related peak loses 
intensity long before there is any evidence of a build-up of UO2 with its typical 5f state 
at - 2  eV relative to EF. 

For UPd2A13 the situation is not so clear. Although in fig. 58 the -0.5 eV peak 
loses intensity faster than the near-EF peak, there remains some residual intensity even 
after a build-up of UO2. However, when viewed in the context of  other materials it 
seems unreasonable to make an exception for UPdzA13 when other materials so clearly 
show surface effects. Moreover, the -0.5 eV peak in UPd2A13 exhibits about 0.1 eV of 
dispersion near the resonant photon energies which makes it at odds with the concept of  
a localized state. 

To summarize this section, then, a number of  observations are to be emphasized: 
(1) The broad triangular shape of the typical difference spectrum in uranium heavy 

fermions is not entirely due to 5f DOS only, but includes substantial 6d admixture. 
(2) The 5f portion of the DOS appears in all cases to be no more than about 0.5 eV wide, 

very much in keeping with LDA predictions. 
(3) There is strong evidence for dispersion of the (typically) two 5fbands near the Fermi 

energy. The near-Ev peak displays an amplitude effect very similar to that seen in 
Ce compounds. 

(4) A feature at about -0.5 eV is often found in uranium heavy fermions which is most 
likely surface-related, but additional confirmation is needed. 

(5) The 5f features near the Fermi energy are every bit as narrow as those found in 4f  
heavy fermions, and occasionally even narrower. 

(6) There is no evidence for a spin-orbit sideband. 
(7) The temperature dependence in USb2 is consistent with a fully occupied state being 

broadened and cut by a wider Fermi function with increasing temperature inconsistent 
with a KR above 200 K. 

From all the above it would follow that 5f states are not qualitatively different from 
4f states, the primary difference being the lack of a c l e a r f  ° peak and the existence of 
at least two closely spaced bands near the Fermi energy, and possibly more. To be sure, 
the dispersion is larger and more readily observable, but this is a quantitative and not a 
qualitative difference. It is even possible that the -0.5 eV peak in 5f systems may be the 
equivalent of  the -2  eV peak in 4f systems (Grassman 1990). However, inasmuch as there 
is ample evidence that in 5f systems it is surface-related, the suspicion is raised that the 
- 2  eV peak in Ce systems is likewise mostly due to the surface. 

16. Conclusions 

Nearly every recent measurement performed on Ce- or U-based single-crystal heavy 
fermion compounds seems to point to the existence of very narrow f-electron bands 
for a wide range of temperatures. Yb compounds are less clear but are not totally 
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inconsistent with this idea. The clearest evidence for bands is in uranium systems where 
actual dispersive bands have been observed in USb2 and UPt3, as well as suggestions of 
dispersion in UBel3. In Ce compounds dispersion has been observed in CePt2+x, CeSb2, 
nad CeBe13, at temperatures far above TK. The least obvious are Yb compounds where the 
4f PES features for all intents and purposes are indistinguishable from core levels pinned 
at the Fermi energy, but with complications of surface states at lower photon energies. 
Some very recent data on YbCdCm, not included in this chapter, do actually provide 
the first hint of dispersion even in Yb compounds so that it appears that all systems 
may yet show some universal behavior. In all cases the nf is far too low relative to 
SIM predictions. 

By contrast, few systems unambiguously exhibit the behavior predicted by the single- 
impurity model. While it is possible to fit a particular spectrum within NCA by adjusting 
parameters, the lack of systematics with TK is glaring. In particular, there is no clear 
systematic scaling of the near-Ev spectral weight with TK, the width of the f 0  peak 
is approximately constant with TK, there is no temperature dependence which cannot 
be explained by conventional effects of phonon broadening and Fermi function effects 
(here, perhaps, the broadening may be attributed to the PAM), the spin-orbit feature does 
not shift toward EF as TK increases, and no clear-cut observation of a crystal field state 
has been reported despite sufficient resolution. Indeed, the temperature dependence in 
Ce compounds does not provide evidence for the existence of an intense 4f DOS feature 
just above EF, otherwise one would observe a shift of the near-Ev peak toward the 
Fermi energy (vs the observed shift in the opposite direction) as was first predicted 
by Gunnarsson and Sch/Snhammer (1986). In Yb compounds the spectral weight of the 
near-Ev peaks (i.e., the nf) is so totally inconsistent with SIM predictions as to be 
sufficient by itself to seriously question the model. The theory is only valid down to 
nf values of about 0.75, while typical nf's in Yb compounds are measured at 0.65 even 
for TK's of 35 K. If the existence of the Kondo resonance with the stated properties is a 
necessary consequence of the SIM, as appears to be the case, then we must look beyond 
SIM to understand heavy-electron behavior. 

One the other hand, thermodynamic data are in agreement with the predictions of 
SIM. There is a consistent relationship between TK and, say, the peak in the magnetic 
susceptibility, the specific heat ~, and inelastic neutron scattering results. Actually, the 
only important parameter is in fact TK from which all other parameters follow within 
SIM. This has presented a dilemma prior to the emergence of new theories, many of 
which build on the SIM. Any successful theory must simultaneously be able to correctly 
predict the microscopic as well as the macroscopic properties. SIM and its extensions 
appear primarily successful with the latter. Nevertheless, this fact suggests that at some 
level NCA is correct. Electron-electron correlations are indeed important, and formation 
of the singlet state with conduction electrons is not in dispute [except in the model of Liu 
(1993, 1997)]. Somehow this must be reconciled with the existence of bands far above TK 
which are suggested by ARPES measurements. 

Various renormalized band approaches (Zwicknagl 1992, Strange and Newns 1986] 
have succeeded in effectively reproducing the large electron masses in heavy fennions, 
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but they are not in general able to accommodate the numerous magnetic states as well as 
superconductivity within the same model. A very interesting model that has been recently 
proposed is the two-electron band approach of Sheng and Cooper (1995), in which 
correlations are first included explicitly between the f electrons and ligand conduction 
band states (f-1 correlations) while f - f  correlations are treated within an infinite-U 
approximation. While this is quite similar to the SIM approach, it differs in that a 
collective response of the ligand electrons which yields the Kondo resonance is not 
included. Instead, the singlet (or triplet) state is formed as an f-1 pair of electrons which 
then form paired band states. 

The nascent studies of the periodic Anderson lattice model (PAM) do contain some 
of the ingredients crucial to the description of the photoemission spectrum, such as 
substantially more intensity in the f l peaks vs the f 0 peak thus yielding much smaller 
nf values, the formation of dispersive quasiparticle bands, a much slower temperature 
dependence than found in the SIM, broadening wich was initially attributed to phonons, 
and the weak hybridization at EF yielding flat bands at EF while strong hybridization 
away from EF allows f spectral weight to disperse to energies far larger than kB TK (as 
observed). 

It is, of  course, a long road from the first inception of any model to the final detailed 
proof of its applicability. In its early stages it appears to qualitatively fit the ARPES data, 
including the mild temperature dependence. Final p r o o f -  or discarding - of this theory, 
however, will occur only after successful - or unsuccessful - attempts to fit real spectra. 

Note added in proof 

Lawrence and Booth (private communication) now find inconsistencies even between bulk 
properties and the SIM. 
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Appendix 1. Spin-orbit and crystal field split Kondo peaks 

We shall assume that the spin-orbit coupling splits the 14-fold degeneracy of the f level 
into two multiplets; the lowest energy level being thej = ~ multiplet, and thej = 7 multiplet 
at an energy Ef + AEs. o. We also assume that the effect of crystalline electric field is to 
produce a splitting of the six-fold degeneratej = 5 level into three doublets, with energies 
denoted by El, Ef + AE(b) and Ef + z~kE(C), respectively. 

An analysis similar to that discussed in the text yields a set of four spin-compensated 
Kondo states [hua), I I/Jb), [I/fc) , and the spin-orbit split state [!/Zs_o), with binding 
energies 6Ea, 6Eb, 6Ec and 6Es-o, respectively. These binding energies are given by the 
expressions 

W + ~  W + 4  (y'g'Ef - ~ "~ 
W+/~ 1+ 1+ (W +/.0 ex p , 6Ea = 1 + AE(b) ~-~ AE~_o \ 2Z] ] (42a) 

6Eb = 1 W+~t AE(b)[[ 1+ W + ~  1+ W + ~  4 
ae(c)  - ae(b)  aG_o 

x (W +/~) exp (~(Ef  + AE(b) -/~) 
\ 2A J '  

(42b) 

[ W+/~[__. AE(b)W+/~ ] 1 W + # 4 .  AE(c) AEs-o 6Ec= 1-AE(c-~ 1+ + 

x (W + #) exp ( ~(Ef + AE(c)-  #) ) 
2A 

(42c) 

and finally, 

= 1 W + ~ 3/4 _ ~,~) 
~Es-o (W + #) exp ( ~(Ef + AEs-o 6Es-o 

8A J 
(42d) 

It has been assumed that the energy scales obey the chain of inequalities 

A >> AEs_o >> AE(a) >> 6Ea. 

This analysis yields the spectrum shown in fig. 1, which has a peak at the Fermi level, 
which is in fact a tail of the Kondo peak, and several broad features located below the 
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Fermi energy. The latter set of peaks can be categorized as a set of crystal field Kondo 
side bands with excitation energies of 

-AE(b) + ~Eb, --z~(C) + BEe, -AE(c) + AE(b) + 6Ec, (43a,b,c) 

measured from the Fermi level. The widths of these peaks are given by Jr~Eb, 2~6Eo, and 
2jr6Ec respectively. Note these widths are larger than those associated with the Kondo 
peaks above the Fermi level by factors of at least 2, i.e. the degeneracy. In addition to 
these there are three higher-energy spin-orbit Kondo side bands with excitation energies 
of 

-AEs_o + 6Es_o, -AEs_o + AE(b) + 6Es-o, -AEs_o + AE(c) + 6E~_o, (44a,b,c) 

measured from the Fermi energy. These last three peaks are the broadest and have their 
widths given by 6jr6Es_o. The estimates of the widths are found by considering the 
available decay channels times A divided by the wave function renormalization for the 
three excited spin-compensated bound states, ] t/Jb) , I I/Jc) and I kVs_o). 

Since all of these f photo-emission peaks are side bands of the basic Kondo peak, they 
are all proportional to the weight of the f 0  component in the ground state [ t/-ta). That 
is, the Kondo peaks represent processes whereby a single electron is added to the f level 
(for Uff ~ oc this requires the presence of an unoccupied f orbital in the initial state), 
the intensities of the side bands are all proportional to (1 -nf) .  As the peaks do not have 
simple Lorentzian forms, they are asymmetric: the total intensities are not straightforward 
to estimate. However, by assuming a Lorentzian shape, we have the estimates of the 
integrated intensities of the crystal field split Kondo side bands given by the expressions 

1 - n f  [•Eb 1 ~ ~)Ea ~] 
2 ] ~ a  2 + l tan-1 (45a) 

Jr \ Jr6E6 J ] ' 

2 L6Ea 4 + tan-1 \2jr6Eo J A ' (45b) 

2 AE(b) 4 + ~ t a n  \ ~ j j .  (45c) 

The last intensity is considerably smaller than the first two intensities as it has a value 

1 (2Jr6Ec) 3 
1 ~ ( 1 - n f )  \ A E ( b ) J  ' (46) 

which is much smaller than the background terms that are neglected by our analysis. 
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The three 

1 - n f  [6Es_o 2 4 t (  46Ea ~1 
8 ] 6Ea 3 + ~ t a n -  \3sr6Es.oJ .  ' 

2 4 1 (4AE(D) ~1 
+ ~ t a n -  

3 \ 3 :r6Es_o J J 

1 - n f  [ 6Es-o 2 4 1 { 4AE(c) ~l  
8 /AE(c) 3 + ~ t a n -  \3 s r6Es_oJJ  (47c) 

1 - nf [ 6Es-o 
8 [ AE(b) 

spin-orbit split Kondo side bands have intensities that are estimated to be 

(47a) 

(47b) 

The last two intensities are negligible, for reasons similar to those for the intensity given 
in eq. (46). 

The approximate spectrum, based on the assumed Lorentzian forms with the expres- 
sions given above, and the more accurate numerical results are shown in fig. 2. 

Appendix  2. Effects of  finite C o u l o m b  interact ion strengths,  Uff 

When the Coulomb interaction between the f electrons is still considered to be a large 
but finite value, then higher-order configurations such as (4t") 2 and (4f) 3 should also be 
taken into consideration. The effect of including the (4f) 2 configuration in the variational 
basis has been evaluated in the infinite-degeneracy limit, Nf ---+ oc, however, the effects 
of the (4f) n configurations which should be comparable have been excluded. To the extent 
that finite Uff corrections turn out to be sizeable, then the assumption that the (4f) 3 and 
higher configurations may be neglected should be critically re-examined. Crystal field and 
spin-orbit splittings can be incorporated into the analysis via trivial modifications if the 
effect of the scattering due to inter-particle spin-orbit interactions, within the manifold 
of (4f) 2 configurations, is neglected. 

A2.1. The ground state 

The ground state is assumed to lay in the space spanned by the normalized basis states, 

I ~/'°) : H d+a,k 10), (48a) 
a,k; e(k)<g 

I{a}k) = [N{a}]-~/2~-~.f+da,k Iq~o); ae{a}, (48b) 
c¢ 

= rN N 1-1/2  ~ + + ]{a}k,{[3}k'} I_ {~2} {/3}] Z_.,fad~,kf~d~,k'l~o}; ae{a},fie{fi},  
a,fi 

(48c) 
where Nfa} is the degeneracy of the {a} spin--orbit/crystal field split multiplet which has 
the single particle energy, Ef + AE({a}). 
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In the extended basis set, the ground state ]gtg) is written in the form 

ItI-tg)=R-l ( ]cI)°)+ Z {a}k,{fi}k' ~-~ b{a}k'{f3}k'l{a}k'{fi}k~)) ' 

(49) 
in which the last summation is restricted such that it does not count the contribution from 
any one state twice, by requiring that e(k) > e(k'). The wave fimction renormalization is 
denoted by R, and is given by 

~2= lq- ~ la{~12+ ~ Ib4~}<~>~,l 2. (5o) 
{a}k {a}k,f~}k' 

The variational equations for the non-zero ground state amplitudes [with e(k) and e(k') 
</~] are given by 

(ee + ~ ( { a } )  - e(k) - Aug) a{~}k 

{~},k' 

(2El + Uf~ + AE({a}) + AE({/3}) - e(k) - e(k') - AEg) b{a}k,{/J}k, 

= - N ~ }  V(k')a{a}k- ~ V(k)a{[3}k,, 

(51a) 

(51b) 

where the ground state energy is defined as Eg=E0+AEg, in which the last term 
represents the effects of the hybridization. We have also used the limit N{a} --+ oo, for 
the degeneracies of all the manifolds. The above equations can be combined to yield the 
integral equation for the amplitude a{a}k of the (401 configuration in the ground state, 

(El + AE({a}) - e(k) - AEg - Ffa}k) afa}k 

- ~ V(k) 

[1 - v/N{13} V*(k')a{13}k' ] 
Z Ufr + 2Er + AE({a}) + AE({fi}) - e(k) - e(k') - AEg X 

{fi},U; e(k') </~ 
(52a) 

where 

F{a}k = 
{/~},k'; e(k') <** 

N<~} IV(k312 
Uf~ + 2Ef + AE({a}) + AE({/3}) - e(k) - e(k') - AEg" 

(52b) 
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The hybridization-induced binding energy AEg is to be evaluated self-consistently from 
the equation 

AEg : Z ~ V*(k)a{,~},k. (53) 
{~},k 

Since the integral equation (52) is not separable, it ought to be solved numerically. An 
approximate solution is found by a decoupling procedure, valid whenever the Coulomb 
interaction strength is greater than the occupied conduction band width, 

Uff + 2El - A E g  - e(k') - # >> (W + #). 

This approximation is completely inappropriate for systems such as CeA13, where the 
occupied portion of the A1 conduction band which hybridizes with the f orbitals is 
expected to have a width of the order of 10eV, and Ufr is at most 6 or 7eV The 
approximation is best for Ce transition metal alloys, where the occupied portion of the 
transition metal d band is expected to be 2 or 3 eV, leading to an expansion parameter in 

2 to½. the range of 
In the limit U f f + E f - e ( k / ) - / ~ > >  (W+/0, the denominator of the second term in 

the square brackets of eq. (52a) can be approximated by a value independent of 
AE({a}) - e(k) according to 

V*(k 1) a{fl}k, 

E Uff + 2El + AE({a}) + AE({/3}) - e(k) - e(k') - AEg 
{/3},k'; e(k') < # 

V*(k') a{fi}k, (54) 

Z U~- + 2El + AE({/3}) - /~ - e(k') - AEg" 
{~},k'; e(k') < 

The resulting approximate equation is separable, and has a solution given by the 
expression 

V(k) c 
= , (55a) 

a{a}k Ef + AE({a}) - e(k) - AEg - F{a}k 

where the constant C is given by 

NV@ ~ V*(U) a{[3}k, 
C = 1 - E Uff + 2Ef + AE({/3}) - p - e(k t) - z ~ k E g "  (55b) 

{~},k'; e(k') <~ 

Without further loss of accuracy, the same approximation made above can be used to 
together with eq. (53) to simplify the above expression to 

- . ~r/~,~, V(k)  Uff + Ef  + F - # - AEg 
a{a}k  

Uf f  + E f  + 2 F -  ~ 
1 (56a) 

x 
E f  + A E ( { a } )  - e ( k  ) - L~kEg - I ' { a } k  " 
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Likewise in neglecting the k and {a} dependence of F{a},k, one finds the binding energy 
AEg from the transcendental equation 

-AEg = 
Uff + Ef + F -  ~ -  AEg 

Uff + Ef + 2 F -  f~ 

N{et} IV(~)l  2 
V" × 

{a},k; e(k) < 

(56b) 

Due to the Fermi energy cut-off, the right-hand side of the above equation diverges 
logarithmically at the points where 

E f  + ~ ( { a } )  - / 2  - A E g  - / "  = 0. 

Hence in the Kondo limit, when E f  lies far below the Fermi energy, there is at least one 
solution of the above equation with 

A E g  = A E { a  } = E f  + A E ( { a } )  - ~ - F -- ~){a}. 

Whenever 

= + a e ( { a } )  - . -  < <  

the binding energy of the spin-compensated state 5(a} can be written as 

5{a} ~ (W + it) H 1 + AE({fi)-~--z~E({a)) 

( Yc(Uff + EF + 2 F -  ~)(Ef + AE({a}) - I~- F) ) 
x exp (Uff - AE({a}) + 2F)N{a}A ' 

(57) 

where A = ~ k  ]V(k)126(/~- e(k)) is the hybridization times the conduction band 
density of states at the Fermi level. The binding energies 6{a} are closely related to 
the Kondo temperatures of the {a} spin-compensated states. Taking into consideration 
the approximation made in decoupling the integral equation, one finds A >> F, and the 
exponent in 6{a} can be recognized to be the inverse product of the Schrieffer-Wolf 
exchange interaction between the local moment and the conduction electrons, and the 
conduction band density of states. 
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A2.2. The resolvent 

The photoemission spectrum is given by the expression 

1 
I(co) = ~ Z ~ Im( (tpg f+'[ m) (m Ig(ho))l n) (n f~l ~Pg)), (58) 

~ , a  / m~/7 

where g(z)=(z-Eg+H) -~. The matrix elements of the resolvent or Green's function 
(m [g(z)[ n) are evaluated in the sub-space spanned by the states 

ira) c {Ik{a}*) ,  Ik{a}*, {fll}kl>, Ik{a} * , {/31}kl, {f12}k2)}, (59a) 

where 

]k{a}*> ~ [N{a}] -1/2 Z dak le°>' (59b) 
a ~ {a} 

[k{aI*,{/3 ,}kl)  ----- [N{a}] 1/2 ~ dot I{/~l}kl), (59c) 

[k{a}*,{[31}kb{[32}k2) = [N{a}] -1/2 S dak]{[31}kl,{[32}k2). (59d) 
c {0} 

The matrix elements of g(z) satisfy the equations 

(m I(z - H + Eg)l n) (n [g(z)l m') = 6m,m', (60) 
n 

which can be reduced to a closed set of coupled integral equations, such as 

[z - AEg - e(k)] (k {a}* Ig(z)l k' {a'}*) 

+ ~ N ~  g*(k~) (k {a}*, {/3~ } kl [g(z)l k' {a'}*) (6la) 
{~},k 

= 6{~,{a,} 6(k - k'), 

[z - AEg - e(k) - e(k,) + Ef + AE({/~ })] (k { a }*, {/3~ } k l [g(z)] k' { a'}* ) 

+ N ~  g(k~) (k {a}* Ig(z)[ k' {a'}*) 
(61b) 

÷ Z N ~  V*(k2) <k {a}*, {/31 } kl, {/~2} k2 [g(z)[ k' {a'}*} 
{~},k 
= 0~ 
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[z - AEg - e(k) - e(kl) - e(k2) + Uff + 2Ef + AE({~I }) + AE({/32})] 

X <k {a}*,  {fil} kl, {~2} k2 Ig(z)l k' {a'}*} 

+ X v / ~ ; V ( k 2 ) < k  {O~}*, {ill} kl Ig(z)l k' {a'}*} 

+ N ~  V(kl)(k {a}*, {/32} k2 Ig(z)l k' {a'}*} 

=0.  

(61c) 

The other matrix dements needed for the calculation of  the spectra, 

<m Ig(z)l k' {a'}*, {G} k'~>, 

satisfy similar equations. Equations (6 l b) and (6 lc) can be combined to yield an integral 
equation, 

[z - AEg - e(k) - e(kl) + Ef + AE({fil }) - r{~}k(z - e(k))] 

× <k {a}*, {/%} k~ Ig(z)l k' {a'}*} 

q- N ~  V(kl) <k {a}* Ix(z) l k' {a'}*} 

V*(k2) <k {a}*,  {/32} k2 [g(z)l kt {at}*) K-" 

V ~  {/j) V(kl) ~ 2 - AEg - e(k) - e(kl) - e(k2) -k Uff q- 2Ef + zXE({/3, }) + AE({fia}) 
I 

{5},k 
= 0, 

(62a) 
in which F{~}k(z- e(k)) is the obvious generalization of the definition of F{~}k, given 
by 

F{t3}k (z - e(k)) 

= E N{e} [ V(k2)]2 
z - e(k) - AEg + Uff + 2Ef + AE({fil }) + AE({fi2}) - e(ki) - e(ka)" 

{/3},~; e(k) </~ 
(62b) 

The resulting set of  equations, (61a, 62a,b), is not separable, but exactly like the integral 
equation for a{a}k, they can be reduced to separable equations if  the third term ofeq. (62a) 
is decoupled according to the approximation 

V*(k2) <k {a}*, {/~2) k2 ]g(z)l kt {at}*} 
N ~  V(kl) Z z - A E g  - e ( k )  - e(kl) - e(k2) + Uff + 2El + AE({fil))  + AE({fi2}) 

{fl},k 

Nv@T} V*(k2) {k {a}*, {fi2} k2 Ig(z)l k' {a')*} 

{t~},k 
(63) 
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As previously mentioned, this approximation is expected to be reasonable if  

(W +/~) << Uff + 2El + z - A E g  - e(k) - 2/*. 

The approximate solution for the matrix elements of  (k {a}* ]g(z)l k '  {a '}*)  are given 
by the expressions 

[z -- AEg - e(k)  - A {z - e(k)  - F ( z  - e(k))} C(z - e(k))] (k  {a}* ]g(z)l k '  {a '}* > 

= 6{a),{~,} 6 ( k  - k'), 
(64a) 

where 

N{p} ] V(R/)I 2 (64b) 
A {z - e(k)} = ~ z - AEg - e(k)  - e(k ' )  + Er + AE({fi}) 

{/3}k, 

and 

gf f  + E f  + F(x)  - [1 
C(x)  = Uff + Ef  + 2r(x) - A ( x )  - t~ (64c) 

The real part o f  the denominator of  the resolvent <k {a}* [g(z)r k { a } * )  has zeroes at 
the energies related to the solutions of  eq. (56b), such as z = e(k)  + AEg - AE{a}. The 
derivatives of  the real part o f  the denominator at these zeros are given by 

A'(x)(1 - .F'(x))(Un. + Er + F(x) - AE{c,} - #)2 + F'(x)AE{~,}(Ue + Ef - 2AE{~}) 
Z{~} = 1 - 

(U~ + E~ + 2r(x))(u~ + E~ + 2r(x)) 
(65) 

where the prime indicates a derivative, and the functions A(x )  and F(x)  are evaluated 
at x = AEg - ekE{a }. These are the wave-function renormalizations ~2 of  the approximate 
eigenstates [gt{a}) , given by eq. (50). The magnitude of  the derivative A '  is large, as 
it is greater than N { a } A / ~ 6 { a } .  As expected, these are simply related to the amplitudes 
of  the vacuum, ]q)o), in the states ] t/.t{~}). The imaginary part o f  the denominator has 
discontinuous steps of  N{a}z l  located at 

z = e(k)  + AEg - Ef  - AE({a})  + F + #. (66) 

Thus, only the first zero, located at z = e(k),  within -6g  o f  the Fermi level represents 
a bound state or simple pole of  (k  {a}* Ig(z)] k {a}*),  within this infinite-Nf approxi- 
mation. The other zeroes merely represent resonances, although the large value of  the 
wave-function renormalization near the zeroes of  the real part does have the effect o f  
dramatically reducing the width of  the resonances. 



376 A.J. ARKO et al. 

The Green's function (k {a}*, {fi, } k, Ig(z)l k' {a'}*, {/3'~ } kl) is given by the expres- 
sion 

[g -- AEg - e(k) - e(kl) + Ef  + z~({ /~  1 }) - F] <k {(~}* , {/31 } kl  [g(z)l k' {¢,'}*, {/3 i } I(1} 
= 6{~},{~,} 5(k - k') 

x (5{~},{/~,} 6(kl - k~l) 

z 

\ 

+ IN{~} v*(,~)r(~ - e(k)) I 
y{~,} v(1,1) ) 

z -  A £ g  - e (k )  - e (U , )  -F Ef '+ A E ( { / ~  } )  - F ' 

where the T matrix is given by 

T ( x )  = 1 4- x 4- gff + 2Ef - 2y - AEg ] 

Uff  + E f  + F ( x )  - 
× 

(67a) 

(x - AEg)(Uff + Ef + 2r(x) - a ( x )  - Ix) - A ( x ) ( U f f  + E f  + r ( x )  - l J )  
(67b) 

In addition to the simple pole at z = e ( k )  stemming from the analytic structure of 
(k {a}* Ig(z)] k {a}*), the T matrix has another isolated pole located at 

z - e ( k )  - # + Uff + 2Ef - z~kEg = 0 ,  

which will be discussed below. 

A2.3. T h e  s p e c t r u m  

In the energy range g -  he) < 6 g ,  the imaginary part of the denominator of 

(k {a)* Ig(z)l k {a}*} 

vanishes and g ( h e ) )  only has a simple pole at he)= e (k ) ,  with residue ~ 2. This leads 
to the photoemission spectrum, within the energy range 6g below ~t, being given by the 
expression 

I (~) : w= ~ z~'6@e)- e(t,)) 
{a},k 

a{~)k  - a{~}k  N X / ~  V * ( k ' ) a { ~ } k ,  

Uf f  + 2 E l  - Z ~ E g  - e ( M )  - t 2 
x 

{~}k, 

- ~  v ( l , )  Z u ~  + 2E~ - ~ - e(k')  - e(k)  
{~}k, 

(68) 
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in accord with the expression given by Gunnarsson and Schrnhammer. This expression 
can be further simplified, by using the same approximation used in decoupling the integral 
equations for both the ground state and the resolvent g ( z ) ,  leading to 

I((o) = R 4 ~ \ ~ j  
{a} 

(69) 

where he)= e (k ) .  Thus, within this restricted energy range, the effect of including the 
large Coulomb interaction U~ is to renormalize the intensity by a constant multiplicative 
factor, and also to add a constant value to the energy-dependent (401 amplitude. This can 
be further reduced to 

i((a) 

(70) 

Uff + Ef ~ N{n}A 
{~} 

An estimate of the size of the finite Ufr corrections can be found, for systems with 
small b e as compared to AE({a}) and W+g, by considering the point of maximum 
intensity he)=#. At the Fermi energy, the second term in the amplitude with {a}=g 
can be recognized as being smaller than the first term by a factor with magnitude less 
than 14A/Jr(Uff + Ef-  #). Since, as has been emphasized previously, the approximations 
made in the above theory require that Uff + E f  - ~ >> (W + #),  these corrections are only 
reasonable when they are small. A rough analysis of  the effects of including the (41) ~ 
configurations shows that they are needed if the (402 corrections are sizeable, as they 
appear to be of order (A/Jr(Uff + E f ) ) " - I N ! / ( N -  n + 1)!(n-  1)!. Furthermore, the finite 
Uff (4t) 2 corrections are smaller than the estimate of the size by which the Ufr --+ e~ limit 
of the above theory violates Luttinger's theorem, since these corrections can be shown to 
be of order 14A/:r(W + #). 

The resolvent has another isolated pole at z - e ( k )  - ~ - AEg + Uff + 2El = 0, which 
has a finite residue, when 2 E f - 2 # +  Uff ¢0. This may lead to structure in the 
spectrum at energies he) ~ -(Uff + Ef - #). However, since the theory does require that 
Uff + E l  - # >> (W + #), this occurs far from the energies where the theory is applicable. 
The other significant contribution to the spectrum comes from the finite, continuous 
imaginary part of the resolvent in the energy range - rg  > z - e ( k )  > - ( W  + #) .  The 
integration in the spectral density stemming from this continuous contribution is evaluated 
numerically. The resonances due to the Kondo side bands appear at energies given by 
he) ,-~ -AE({a})  + 6{a}. Most of the intensity in the spectrum occurs in the main peak, 
of halfwidth NfA, which is located at energies near h e ) = E l -  #. 
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lutetium paradox 236 

magnetic phase diagram 
- D y  150, 151 

- (Rj _xYx)C% 228, 236 
Tb 129, 150 

magnetic phase transitions 
R a n d R  R' 94-96 

pressure dependence 94-96, 102 

RCo 2 
collinear noncollinear 249, 250, 252 
field-induced 225 
first-order 226, 233,235-237, 239 

- - first-second order borderline 228, 233-239 
- second-order 227, 233, 235-237, 239 

- - spin-flip 247-249 
- - under pressure 231,232 
magnetic scattering 8, 23 
- interference with charge scattering 9 

nonresonant 9 
- ratio to charge scattering 9 
magnetic structure 
- of Dy 53, 55, 136 
- of rio 17-43 
magnetic viscosity 130 
magnetic volume effects 224, 233 
magnetic wave vector 162 
magnetic X-ray scattering 1-81 
magnetization, RC% compounds 

high-field 204, 206, 218, 223, 239, 245, 253, 
258 

process 223 
RC% 226-239 
spontaneous 206, 255 

magnetocrystalline anisotropy 152, 156, 165 
magnetoelastic 

contribution 142 
- coupling 138, 156 
- coupling constants 126, 153 
- energy 113, 141 
- interaction 141 
magnetoresistance 243 
- high-field 214 
magnetostriction 157 
- constant 166 
- deformation 116, 140, 142, 156 
- strains 146 
magnetovolume effects 107, 112 
mechanical energy 130 
mechanical stress 140, 154 
mechanostriction 140 

mechanism 156 
metamagnetic transitions 
- above ordering temperature 239 
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metamagnetic  transitions (cont 'd)  

Ce(Col xNix)5 258 

condition 182, 185, 194, 204, 213, 230, 232 
- correlation with susceptibili ty max imum 

206-208 

critical concentration 221 ,252  

- critical field 195, 208, 219, 247, 253 

- elastic effects 191,219 

- (Er, Lu)Co2 223 

- (Er,Y)Co2 223 
- field effects 188, 193 

- (Gd,Y)Co2 223 
- Lu(Col _xAl~)z 206 

- molecular-field effects 221 ,248  

- (Nd 1 _xYx)Co2 224 

- new approach 187 

- pressure effects 189, 211 ,257 ,  258 

- RCo 2 200-205,  220-243 

- RCo 3 243-254 

- RCo5 254-260 

- R(Co,M)2 205-220 

- -  S o ( C o  I _xAl~)2 206 
- spin-fluctuation effects 193, 194 

- various temperatures 204, 247, 254 

volume effect 187, 210, 211 

- weakly-complete saturated ferromagnetic 

245 
- weakly strongly ferromagnetic 186 

- YCo 3 244-247,  2 5 1 2 5 4  

- Y(eo j  _xAl~)2 206 

Y C % H  x 247-249 

( Y l  _ xGdx)(Coo.915Aioo85)2 223 
- ( Y l -  xNd~)C°3 system 253 

(Y0.7s Tm0.25 )(Co0.88A10.12 )2 225 
minus domains 157 

mixed valence 319 
molecular  field 198, 222, 223, 225 

- coefficients 196 

- theory 90 

M6ssbauer effect 

- G d  120 

- HoFe 2 163 

NCA, see  non-crossing approximation 

Nd 58, 59, 80, 168, 169 

(Nd,Dy)Co 2 229, 230 

Nd2BaNiO 5 80 

NdCo 5 166 

Nd2CuO 4 80 
Nd 3In 102 

Nd2Ni 7 106 
NdNi2B2 C 80 

(Ndl xY~)Co2 224 
N~el temperature 247 

neutron diffraction of  R 115, 161 

Ni3Ga 208 
non-crossing approximation (NCA) 280, 290 

Nozi~res exhaustion principle 282, 305 

order-parameter critical exponent 40 
oxygen dosing 

in CSb 2 342 

in CeBel3 341 

- in CeCu2Si 2 342 

- in gBe13 363 

- in UPd2A13 363 

- in YbCu2Si 2 340 

PES (photoelectron spectroscopy) 265 377 

- background 318, 322, 325, 326 

- difference curves 313 

- difference spectra 354 

- integrated intensity 318 

- spectrum predicted by N C A  290 

surface features 319, 324, 339 

- temperature dependence 327-330 

- - in USb2 357 

- - in YbAgCu 4 327-329 

- - in YbA13 327, 328 

- in YbCu2Si 2 327 329 

t ime dependent, in UPt 3 362 
paramagnetic Curie temperature, RCo 2 202 

paramagnetic indirect exchange integral 92 

paramagnetic susceptibili ty 

- field dependence 185 
- high-temperature 202 

- LuCo 2 200 
- Pauli 184 

ScCo 2 200 
- spin-fluctuation effects 193 

T2-1aw 203 
- temperature dependence 184, 193, 206 

-- YCo 2 200 
paramagnetic transition 90 

paraprocess 119, 130 

P ~ C o  109 
Pd-Fe 107, 109 

Pd-Ni  109 
periodic Anderson model  (PAM) 296 
periodic magnetic structure of  Ho 159 



SUBJECT INDEX 411 

periodic PES amplitude modulation 343049 
- in CeBe~3 347 
- inCePt 2+x ( 0 < x < l )  343 

in CeSb 2 346 
phonon broadening 331 
- in CeBel3 334 
- in Yb metal 332 
- simulated temperature dependence 333 
phonon operators 123 
phonon scattering 124 
phonon-phouon interactions 167 
photoelectron spectroscopy, s e e  PES 
pinning sites 139 
plus domains 157 
polarization 16 

analyser 23 
- vector 123 
polarized conduction electron 124 
potential barriers 139 
Pr 168, 169 
(Pr, Dy)Co 2 229, 230 
pressure, s e e  static pressure 
Pt-Co 107, 109 
Pt-Fe 107 
PtFe 109 

quasiparticle formation 296 

(Ri,Rj)Co z 197 
R-Co 107, 109, 121, 163, 166 
R-Fe 107, 109, 163 
R-R' alloys, s e e  intra rare earth alloys 
RAg 103 
RAu 103 
RCo 2 110, 201,202, 226-239 
- first-order transition 226-239 
- second-order tt-ansition 226-239 
RCo 3 243 
RCo 5 167, 254 
R(Co,Si)2 236 
R(Co 1 _xAl~)z 232 239 
R(Co 1 _xCux)2 237 
R(Co 1 xSix) 2 217, 236, 239 
RCo2alloys Laves phase compounds 

- invariable d-electron concentration 
RCo2 Laves phase compounds 

- invariable crystal unit cell 215 
- magnetic R 220 
- multi-4f sublattice 197 
RCu 103 

218 

RCu2 103 
RFe 2 163, 165 
R2Fc17 112, 113 
R2In 103 
Rfln 103 
R K K Y ,  s e e  Ruderman-KJttel Kasuya-Yosida 
RNi 2 109 
RNi 3 109 
RzNi 7 109 
RsSi 4 103 
Rajan formula 314 
relaxation processes 139 
resistivity, RCo2 226 
resonance-antiresonance difference 313, 

353-356 
resonant 

- branching ratios 78 
- harmonics 12, 38, 57 
- magnetic scattering 10 
Ruderman Kittel-Kasuya-Yosida (RKKY) model 

91, 92, 95, 98, 99 
Ruderman Kittel function 93, 103 

SIM, s e e  single-impurity Anderson model 
s~l model 108, 110 
s- f  coupling constant 98, 99, 103 
s- f  exchange interaction 114, 117, 124 
sample quality 309-313 
- CeCu2Si 2 310 
- CePt2+ x 310, 311 
- effect on Kondo resonance 310 
- YbCu2Si 2 311 
Sc 136, 168, 169 
ScCo 2 201,202 
scaling with T K 313-318 
scattering from a helix 13 
screening 282, 289, 297 
second-order adiabatic elastic constants 167 
second-order phase transitions 111, 129, 144, 

146 
- GdCo 2 226, 227 
- TbCo 2 226, 227 
second-order spin-reorientation transition, RC% 

167 
separation of orbit and spin 15 
shear attenuation coefficient 134, 158 
shear elastic constant 147 
shear moduli 
- RCo 2 232 
- RFe2 165 
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single-impurity Anderson model (SIM) 
single-ion anisotropy 94 
Sm 58, 61, 80 
SmFe 2 164, 165 
SmNizB2C 80 
sound attenuation 122-129, 149 
sound wave 123, 146, 153 
specific heat, RCo 2 226, 231 
spectral weight ratio 318 
spin fluctuations 128, 191-195 

quenching 205, 214, 243 
spin reorientation 158, 166 

- transition 100, 156, 163 
spin rotations 154 
spin slip 25, 26, 159 

model 29, 138 
structures 29, 159, 161, 162 

- transition 161 
- wave vector 26 
spin-lattice 

- coupling 122 
- interaction 122, 134 
- relaxation 134 
spin-orbit sidebands 292 
- dispersion 346 
spin-phonun interaction 124, 127, 134 
spiral antiferromagnet 142, 149 
spiral domains 135, 147 
static pressure, effect of  

- on magnetic phase transitions 90-115 
- on magnetization 119-122 
- on spin structures 115-118 
Stoner 
- criterion 182 
- e n h a n e e m e n t  factor 184, 203 

model 181 
strain tensor 167 
sub-surface 320 
sub-surface layer 320 
supercommensurate structure 159 
superlattices 74-77 
- Gd/Y 74, 75 
- Ho/Er 75, 77 
surface atom core-level shift 337 
susceptibility maximum 193, 201 

271 Tb-Ho 132 
TbAg 102 
TbA12 102 
TbCo 2 107, 166, 226 
TbC% 166 
TbC%. 1 255 
Tb(Col _ xAlx)2 110 
TbCu 102 
TbCu2 102 
Tbl_xDyx 96, 114, 131, 132, 136, 138, 151, 152, 

164 
TbFe2 163-165 
Tb~ xGd x 100, 154 
Tbo.sHoo. 5 136 
TbxHo 1 _xCo 2 227, 236 
Tb2In 102 

Tbo.675 Lu0.3z 5 96 
TbNi 3 106 
TbzNi 7 106 
Tb 1 xYx 96, 114 
TbxY 1_xCo2 227, 235 
temperature dependence of  Kondo resonance, see 

under  Kundo resonance 

Th0.92Co5.16 255 
ThCo 5 254, 255 
YhzCo 7 254 
thermal expansion, RCo 2 226-239 
thermodynamic coefficients 129, 130, 141 
third-order adiabatic constants 168 
Thomson scattering 6 
TiBe 2 208 
time dependence 350 
Tm 53-57, 80, 168, 169 
TmA12 102 
TmCo 3 250 
TmSe 71 
transitions, metamagnetic 200-260 

ultrasound attenuation 122 139 

valence transitions 338 
volume 
- compressibility 91 

magnetostriction 210 
- - coupling constant 126 

Tb 13, 53, 80, 95, 99, 100, 113-115, 118, 127, 
132, 144, 145, 147, 15~152,  162, 164, 168, 
169 

Tb-Dy 138, 162 

weak itinerant ferromagnets 121 
Wohlfarth-Rhodes-Shimizu (WRS) model 

XY universality class 43 

182 
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X-ray scattering 1-81, 159 
- interference term 9 
X-ray scattering cross-section 
- classical representation 7 
- dipolar transitions 12 
- non-resonant regime 6 

quadrupolar transitions 12 
- resonant regime 10 

Y 117, 132, 136, 163, 164, 168, 169 
Y-Fe 121 
Y-Ni 121 
YCo2 109, 201,202, 204 
YCo 3 244, 247 
YCo 5 166 
Y(Co,Ni)3 244 
Y(Co 1 _xAlx) 2 190, 205, 208, 210, 214, 239 
Y(CoxAlyCu~) 2 191,218 
Y(Co l_xCux)2 219, 237 
Y(C% _xFe~)2 219 
Y(Col _ xNix)2 220 
Y(COl_xSix)2 217, 239 
YCo3H x 247 
- [3-phase 247 

- y-phase 247 
YFe 2 106, 121, 163, 165 
YFe 3 121 
Y2FeI7 106, 113, 121 
Y6Fe23 106, 121 
Y(Fe,Co)3 244 
Y(Fe,Ni)3 244 
(Yl xGd~)Co3 251 
(3/1 xLax)Co2 219 
(Y1 xLu.)(Co~-xAlx)2 213, 216 
YNi 3 106, 109, 121 
Y2Ni 7 106, 109, 121 
Y2Nil7 106 
Yamada's theory 192 
YbAgCu 4 327 
YbA13 319 
Young's modulus 130, 139, 144, 162-166 
- anomaly 141 
- R 139, 164 
- R - R '  164 
- RCo 2 166, 232 
- RFe 2 165 

ZrCo 2 202 
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