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PREFACE

Karl A. GSCHNEIDNER, Jr., LeRoy EYRING, Gerry H. LANDER
and Gregory R. CHOPPIN

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

Sir William Crookes (February 16, 1887)

This volume of the Handbook is the third of a three-volume set of reviews devoted to
the interrelationships, similarities, differences and contrasts of the lanthanide and actinide
series of elements. The idea of these volumes grew out of a conversation between one of
the editors, KAG, and a member of the editorial board, Stefan Hiifner, in early June 1986.
This idea was enthusiastically received by the other editor (LE) and editorial board
members, and also the publishers. Numerous topics and authors were suggested and soon
it was apparent that this special subject was too large to be covered in one or possibly
two volumes, and that the editors (KAG and LE) of this series would need help from
two leading scientists who had considerable experience and knowledge of both series
of elements. Thus, Gerry H. Lander and Gregory R. Choppin were invited to be guest
editors for this special set of volumes on the lanthanides/actinides. After they accepted,
the four editors carefully and critically chose the various topics, and top experts in the
various areas were invited to write reviews keeping in mind that the emphasis was to be
on the interrelationships of the lanthanides and actinides. Now, more than seven years
after Stephen Hiifner’s initial suggestion, the first volume, which is devoted to the physical
aspects, and the second volume, which emphasizes chemical comparisons, are in print.
In this volume additional physical topics are covered.

The observations and comments of Sir William Crookes (as noted above) over 107 years
ago about the lanthanides are even more appropriate to these lanthanide/actinide volumes.
This is especially noteworthy because only two of the actinide series of elements were
then known (Th and U), and the concept of such a series was not to develop for about
50 years. But we hope that the material presented in these three lanthanide/actinide
volumes will shed light on some of the mysteries of yesterday, but as surely as we begin
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to understand them, new ones will arise to continue to haunt us as we move forward and
ever onward.

This volume comprises five chapters on the comparative physics and thermodynamics
of the lanthanide and actinide materials. The first two chapters are concerned with
neutron scattering studies, while the next two are concerned with physical property studies
involving electronic, thermal and magnetic behaviors, and the final chapter covers the
thermodynamic properties of metallic systems.

The lead-off chapter (130) by Holland-Moritz and Lander compares the neutron
inelastic scattering behaviors of the lanthanides and actinides. Neutron inelastic scattering
is useful in probing dynamical processes which occur in solids, especially low energy
elementary excitations. The authors have narrowed their coverage to the anomalous
lanthanides (cerium, samarium, europium, thulium and ytterbium) and primarily uranium
of actinide series elements. The systems covered include: those in which the crystal-field
interaction dominates; systems that magnetically order, but in which the f-d hybridization
is significant; mixed (or intermediate) valent materials which do not exhibit sharp
excitations; and strongly interacting systems such as heavy fermions.

Chapter 131 by Aeppli and Broholm builds on the first chapter in this volume and
concentrates on neutron scattering by heavy fermion single crystal materials. These
compounds include metallic materials with a paramagnetic ground state, superconductors,
metallic and semiconducting antiferromagnets, and nearly insulating paramagnets. The
most important contribution of these single crystal neutron scattering studies has been the
demonstration of strong antiferromagnetic (AFM) correlations in heavy fermion systems.
These strong AFM correlations distinguish the concentrated heavy fermion materials
from their dilute Kondo relatives, and possibly account for the observed metamagnetic
and unconventional superconductivity phenomena.

The chapter by Wachter (132), which is one of the most extensive and comprehensive
ones in the entire Handbook series, reviews intermediate valence and heavy fermions in
a wide variety of lanthanide and actinide compounds, ranging from metallic to insulating
materials. The behaviors of these materials are discussed from the basic idea that a gap
exists between two narrow f-like subbands, i.e. the hybridization gap model, which can
account for the observed physical and electronic properties. As pointed out by Wachter,
heavy fermions are intermediate valence materials by virtue of the fact that they have non-
integral f occupation values. The main difference between normal intermediate valence
materials is that their Fermi energies are in the hybridization gap, while for the heavy
fermion materials the Fermi energy is not in the gap.

In chapter 133 Thompson and Lawrence have focused on two issues on the
high pressure behaviors of anomalous cerium, ytterbium and uranium compounds. The
first is concerned with the degree to which the pressure response of the electrical
resistivity, magnetic susceptibility and heat capacity is similar in the given class of
materials, and how this pressure dependence is related to the Griineisen constant obtained
from ambient pressure measurements. The sccond issue deals with how well this
comparison holds in both anomalous lanthanide and actinide materials. They have shown
that although there is some consistency in their high pressure behaviors to a level of 10—
20%, there are still many issues, e.g. validity of scaling laws, equality of electronic and
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magnetic Griineisen parameters, which are not well established, and this leaves substantial
work for the future.

The last chapter (134) in this volume is an extensive review by Colinet and Pasturel of
the thermodynamic properties of lanthanide and actinide metallic systems. In addition to
compiling useful thermnodynamic data, such as enthalpies, entropies, and free energies of
formation and of mixing, the authors have made an extensive comparative analysis of the
thermodynamic behavior of the rare earths and actinides when alloyed with metallic
elements. They note that when alloyed with non-transition metals, the enthalpies of
formation of uranium alloys are less negative than those of the rare earths while those
of thorium and plutonium are about the same as the latter. For transition metal alloys
the formation enthalpies of thorium and uranium are more negative than those of the
rare earths and plutonium (the latter two are about the same). The anomalous behaviors
of cerium, europium and ytterbium in various compounds and alloys are also discussed
along with the effect of valence state changes found in uranium and plutonium alloys.



Dedicated to
GLENN T. SEABORG

Among the many noteworthy scientific achievements of the 20th century, there are
only a very few that can match the discovery of the actinide elements in its impact on
science and society. The addition of an entire new family of largely man-made elements
to the Periodic Table, and the formulation of the actinide concept have had a profound
influence on the way physicists and chemists think about the electronic structures of the
elements. The new insights arising from studies on the chemistry and physics of the
heaviest elements has had an especially important influence on the way we think about
the more familiar elements of the Periodic Table, in particular, the rare earths. In the
saga of the actinide elements, Glenn Seaborg has been the pivotal figure. The dedication
to Glenn Seaborg of these volumes of the Handbook on the Physics and Chemistry of
Rare Earths, which deal with the relationships of the lanthanide and actinide elements,
is thus a fitting recognition of the exceptionally important contribution that his actinide
element studies have made to many branches of science.

Glenn Seaborg’s scientific career began in the 1930 as a research associate of
G.N. Lewis at the University of California. He early became convinced that the science
of nuclear chemistry, then in its infancy, provided challenging opportunities for scientific
discovery. In the Lawrence Radiation Laboratory, in the course of a few years, he validated
his intuition by the discovery of a host of isotopes, many of which have become important
in research and medicine. Among these are cobalt-60, iodine-131, technetium-99m,
cesium-137, and, of course, the plutonium isotopes. In 1944, he formulated the actinide
concept of heavy-element electronic structure that accurately predicted the existence of
a family of rare carth-like elements at the end of the Periodic Table as it was generally
presented at that time. The actinide concept was the guide to the discovery of the
remaining members of the actinide elements. In addition to the fissile plutonium isotopes,
he and his co-workers over the years discovered no less than nine additional members of
the new rare earth-like family of elements. These discoveries have been of great relevance
not only to purely scientific matters but also to such global problems as nuclear energy
and the control of nuclear weapons.

In addition to his life as an active scientist, Glenn Seaborg has had a distingnished
career in academic and public life. He served at various times as Chancellor of the
University of California at Berkeley, Chairman of the Atomic Energy Commission for
a period of ten years, and Chairman of the Lawrence Hall of Science, to name only a
few of his extra-scientific activities. He was the recipient of a Nobel Prize (1951) for his



X DEDICATION

discoveries in the chemistry of the transuranium elements, and has received encomiums
from most of the scientific societies of the world.

In spite of worldly distractions, Glenn Seaborg has never wavered in his life-long
commitment to science. He continues his research into the chemistry and nuclear
systematics of the actinide elements. Recently, he has focused his attention on the possible
existence of still another family of superheavy elements at the end of the Periodic Table,
and the development of new methods for the synthesis of superheavy elements. The
dedication of these volumes to Glenn Seaborg is not only a testimonial to his scientific
achievements, it is also an appreciation of the example that he continues to set.

1] Katz
December 5, 1991
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Symbols and abbreviations
bam unit of cross section (=10~% cm?), Jox exchange integral
denoted also by b k wavevector of magnetic structure
CF crystal field ky Boltzmann’s constant
167} coefficient of (/,) in the magnetic form g or g, initial neutron wavevector
fznictor ) ] ) ke or k, final neutron wavevector
D stlffr.less c.onstant in the dispersion N, degeneracy of the magnetic ground state
relationship . .
. ) L n; fractional occupation number of the
E, amso‘tropy gap in excitation spectrum magnetic ground state
Ey Fermi level ) ) N(Ep) density of electron states at the Fermi
EiorE, incident neutron energy in experiments level
E final neutron energy P(Q,w,T) spectral function defined in eqgs. (6, 10)
FWHM full :ﬁdth ;t half maximum 4] momentum transfer or scattering vector
(usu y = ) q reduced wavevector in the first Brillojun
f(O) magnetic form factor zone
& Landé g-fac.tor i QE quasielastic contribution to the
n gyromagnetic ratio of the scattering response
nf:utron =191) e classical electron radius
HET high-energy transfer spectrometer at fu reciprocal lattice units
ISIS (Rutherford Laboratory, UK) S©O.0,T ttering function ( | et )
sca 0 . .
HF heavy fermions T( ,w, T) tc ermtg unction (see eq. 1 et seq
HWHM  half-width at half maximum emperature ) A
(usually =17/2) T¢ Cl:jne. temperature (ferromagnetic
ILL Institute Laue-Langevin, Grenoble, ordering)
France Tx Kondo temperature
INE inelastic contribution to the scattering Ty Niel .terx;per ature (antiferromagnetic
ordering
response
IN4 time-of-flight spectrometer using Tyr valence fluctuation temperature
thermal neutrons at ILL t time
IN6 time-of-flight spectrometer using cold Ui(r) single-electron density distribution
neutrons at ILL Z sum over all the states
IMT intermultiplet transitions a ratio n;/N; in Kuramoto—
ISIS spallation neutron source at Miiller-Hartmann theory
RutherfordTAppleton Laboratory B (kg T)
(RAL), Chilton, UK %ourc(T)  bulk susceptibility, see eq. (12)
v intcrmediate valence [=x'(0,0,T)]
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¥(Q, T)  local static susceptibility, see eq. (5) Y Sommerfeld coefficient of electronic
[=x'(@,0, 1] specific heat, in mJmol~! K2
Ao contribution of individual levels to the n Korringa constant in egs. (15,16)
static susceptibility (egs. 5,7) u magnetic moment, in Bohr magnetons
%'(0,w, T) real part of the magnetic susceptibility, (Ug)
see eq. (5) Us Bohr magneton
x"(0,w,T) imaginary or dynamic part of the e orbital component of magnetic moment
magnetic susceptibility, eq. (3) Us spin component of magnetic moment
A position in energy of inelastic line v used to denote valence of the material
A energy differences between states n and g scattering angle (also ¢)
m o o, absorption cross section
&t characteristic energy Ornag total magnetic cross section, eq. (8)
¢ scattering angle (also 0) T time constant of decay to 1/e of
r full width at half maximum (FWHM) relaxation process, eq. (11)
of quasielastic response function, (1 — e #®)~! detailed balance factor (see eq. 3
see eq. (10) et seq.)
I, full width at half maximum at 7'=0K

1. Introduction
1.1. General remarks

Neutron inelastic scattering is a particularly appropriate probe for studying the dynamical
processes in solids. In this chapter we shall be covering the dynamical processes
involving the unpaired f (and possibly d and s) electrons in actinide (5f) and anomalous
lanthanide (4f) systems. The properties of neutron scattering that we make use of are:
(a) the neutron has a magnetic moment that interacts with the unpaired electrons in the
solid, and (b) the energy of thermal (25 meV ~ 295K) neutrons is small; in contrast,
photons of the same wavelength have an energy of 6.8keV. Since this energy of the
neutrons iS comparable to that of elementary excitations in solids, the change in the
neutron energy after an interaction with an elementary excitation is usually large, and
easily measurable. Furthermore, the finite mass of the neutron means that momentum
is involved in any scattering process so neutron experiments probe both energy and
wavevector space simultaneously. In this aspect they are unique.

This chapter will be concerned primarily with neutron inelastic magnetic scattering,
The lanthanides have their 4f wavefunctions well shielded from their nearest neighbors
so that the electronic structure and magnetism of most lanthanide systems are rather well
understood in terms of localized 4f moments (Jensen and Mackintosh 1991). However,
in some cases, notably most compounds of Ce and some of Sm, Eu, Tm, and Yb, they
form a more complex ground state (Wohlleben and Coles 1973). In the case of the four
last elements this complex ground state is a consequence of the two 4f configurations
being close in energy, e.g., Sm?* (4f%) and Sm*' (4f°), so that some combination of
them, or fluctuation between them (intcrmediate valence, IV), is possible. The physics
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of Ce compounds is often different to that of the other anomalous rare-earths, although
it is not possible to make a complete separation. The single 4f electron around the
nucleus in the Ce**: 4f! configuration has a spatial character much more extended than
the other lanthanides. In this respect it is similar to the actinides, where the 5f electrons
are considerably extended spatially (Desclaux and Freeman 1984). As a result, in Ce and
actinide compounds (where we limit our discussion of actinides to U, Np, and Pu) the
f-electron wavefunction may interact not only with the conduction d and s states, but also
with electron wavefunctions from neighboring ions.

Qur discussion will be centered on these anomalous lanthanides and the actinides. For
completeness we shall also discuss certain actinide systems, such as the oxides, which do
not at first glance fit into the above category. However, important work has been done since
the last review (Buyers and Holden 1985) so that this coverage is justified. There is, as yet,
no direct analogy in the actinides of the intermediate-valent systems as proved by neutron
scattering, and other measurements, in the lanthanides. PuTe may be just such a system,
but no inelastic experiments have been reported; we cover this aspect of lanthanides to
show the general progression from localized moment systems to the strong Kondo regime.
In the case of heavy fermions (Stewart 1984) the valence is almost integral, but there is
an interaction between f and conduction-electron states to form a so-called quasi-particle,
and then there are strong interactions between the quasi-particles. It is no coincidence that
heavy fermions are found orly in Ce, U, and Np compounds. A separate chapter (Aeppli
and Broholm 1994) on neutron scattering from single crystals of heavy fermions follows
this chapter.

After a brief review of the neutron formalism, we shall give examples of systems in
which the crystal-field interaction dominates (sections 2,3), then turn to Systems that
order, but in which the f-d hybridization is significant (sect. 4), then cover materials with
intermediate valence (sect. 5), which do not exhibit sharp excitations, and conclude with
strongly interacting systems, such as heavy fermions (sect. 6). The conclusions are given
in sect. 7. Except for the heavy fermions, the rationale for this order is that it corresponds
to increasing hybridization between the 5f and other electron states. We have placed heavy
fermions at the end because they are the most complex materials we will discuss, and,
in addition, the chapter by Aeppli and Broholm (1994) covers them.

1.2. Neutron scattering formalism

Here only those basic neutron scattering facts will be explained that are important
for the later discussion of the experimental data. A more detailed description of the
neutron scattering technique will be found in the books by Bacon (1975), Marshall and
Lovesey (1971), Squires (1978), and Lovesey (1984). A good theoretical overview on the
magnetic relaxation in solids is given by White (1970, second edition 1983).

The interactions between neutrons and the magnetic electrons in materials are rather
small. Cross sections are typically few barns (10~2*cm?). This, together with the relatively
low flux of neutrons available from present day sources, requires the use of large (>5 g)
samples for inelastic scattering investigations on polycrystalline samples. The advantage
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of neutron studies is that they are a microscopic probe, giving exact information on
quantities that can be calculated from first principles.

In addition to the large quantities required, which immediately preciudes any inelastic
studies of transplutonium materials, we should mention another disadvantage that is often
serious in 4f and 5f elements: the problem of absorption resonances. These occur for
particular energies arld isotopes and the neutron is then strongly absorbed to create an
excited state that (usually) decays to give a y-ray. The most abundant isotopes of Eu,
Sm, Gd, Np, and Pu all suffer from high absorption in the energy range of interest in
inelastic studies (1-1000 meV). In some cases other isotopes may be used, but this is
often expensive, and in the case of Np, for example, none exist. In this sense, therefore,
inelastic scattering of f systems is often more complicated than for d based materials, in
which the offending resonances occur in the keV rather than eV range.

The two principal neutron interactions are:

(1) Nuclear interactions between the neutron and the nucleus giving most of the elastic
scattering and the inelastic scattering from the phonon contributions. The phonon
contribution will consists of a number of terms: the normal one-phonon, two-
phonon (multiphonon) contribution from the coherent part of the cross section,
and the density-of-states of the total phonon spectrum as seen by the incoherent
cross section. Naturally, the ratio of these two contributions will depend on the
relative coherent and incoherent cross sections.

(2) Magnetic interactions between the magnetic moment of the neutron and the
unpaired electrons of the system under investigation. The magnetic response
function, which we discuss below in detail, can also contain many contributions. If
the material orders and there are spin waves then scattering from a polycrystalline
material will contain contributions similar to the contributions from phonons
mentioned above. Other contributions can arise from (single-ion) crystal-field or
spin—orbit interactions and relaxation processes are observed by broadening effects
in a generalized S(Q,w). There is no analogy to the nuclear incoherent cross
section in magnetic scattering, as we assume that the moments are equal on
each magnetic ion (recall that the incoherent nuclear cross section arises from the
random distribution of nuclei of different isotopes and thus different scattering
amplitude).

The presence of two major contributions to the scattered intensities immediately poses
the question of how to separate them, particularly as the magnetic contribution, which is
the one we want to study, is usually the weaker of the two. The only unambiguous method
is polarization analysis (Moon et al. 1969), but in practice this technique has two flaws,
namely, the intensity is decreased and the resolution is worse. A few examples of using
this technique will be presented in this chapter; however, for the most part other methods
of separating the nuclear and magnetic parts are used. The reader should be aware that
aspects of some of these methods are controversial.

Whereas in the chapter by Lander (1993) only the spatial component of the magnetic
cross section was discussed, we must now include the dynamics, i.e., the cross section
must be extended to the full double differential cross section. The full information is
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given by the scattering function S(Q,w,T),

dZU kf
dwie  ko@en M
where k; and k¢ are the magnitude of the incident and scattered wavevectors, respectively,
and the momentum transfer @ = kj — ky. We use /2 =1 for convenience in the
formulae. There are three different styles of presenting the scattering law. First, starting
from Fermi’s golden rule and using the well known magnetic interaction potential one can
write the scattering law in terms of a correlation function (see e.g., White 1970, 1983):

1 (gare\> 1 [ 4
S(QwT)=- (=) — / ({M(Q, ) M(—Q, H}); “"dr. 2
2 1 25:] 2r —00
Here gy = —1.91 is the gyromagnetic ratio of the ncutron, r, = 2.82 x 10~ 3cm the

classical electron radius, and pg is the Bohr magneton. The factor (1/2)(gnre)”
is 0.145barn, and gives the relationship between the magnetic moment and the magnetic
cross section. In this form the scattering is given by the Fourier transform of the
temporal correlation function ({M(Q, 0) M(—Q, t)});, which includes an averaging over
the temperature of the sample. Thus eq. (2) has meaning in a conceptual sense.

The second, more practical, expression is in terms of the dynamic magnetic suscepti-
bility x"'(Q, w, T). Its connection to the correlation function described by eq. (2) is given
via the fluctuation dissipation theorem,

(o ¢]
. 2
/ {M(Q O)M(~Q. O})y e dt = mXII(Q: w, T), 3)
=00

where 8= (kgT)~! and the term (1 — ¢ #®)~! is the so-called detailed balance factor
which is related to the number of possible states occupied at a certain temperature. Then
eq. (2) can be written as

Vigwre\'1 1,
S(Q w 1) =5 (g:}: ) T ek (@@ T). (4)

By using the Kramers—Kronig relation (@’ = 0) that connects the real ' and imaginary
parts " of the susceptibility, we find

X'(Q w0, T)=70Y  xhn(@ @ =0,T)Prn(Q w,T). (5)

Here

S an@ @' =0,T)=> X%, =x(Q.T)

nm nm
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is the local susceptibility, where the Curie terms are represented by r = m (quasielastic
in nature) and the van Vleck terms by n = m. P(Q, w, T) is any spectral function such
that

+o0
/ PO w Tydw=1. (6)
—o0
Using eq. (5) the above eq. (4) can be rewritten as

S(Q ,T) = —(gN“ T O K@ D Pan(@ 0.1 ™

mm

The strength of thc inelastic magnetic responsc is directly proportional to the static
susceptibility, but only in special cases is it proportional to the localized magnetic moment
(Holland-Moritz 1985). The latter can be extracted only by a complete integration over
the double differential cross section

Omag = 47T /OO S(Q, w, T)dw. (8)

The static susceptibility can be written from egs. (7) and (8) as

O/ 1.82
I T P(Q 0, T do’

Xom(T) = €))

where 27(gnre)* = 1.82. Due to the effects of detailed balance, such an integration can be
performed easily only in the limit of sharp magnctic lines. Assuming &(w — A,,,) for the
spectral function, the integration results in the Curie (n=m) and the van Vleck (n =m)
terms for the static susceptibility with effective moments proportional to the magnetic
cross sections. Here A, is the transition energy from the nth to the mth level and
Ann =0 for n=m. For broad lines, espccially those quasielastic in nature, the integration
must be performed numerically. The resulting cross section usually has a rather large
uncertainty as the shape of the scattering response is unknown for high-energy transfers.
The Lorentzian ansatz is commonly used for the cross section and fits to most data, at
least for low energies,

P(Q,w,T)=l 172

7 (I/272 + w? (10)

Note that the full width at half maximum (FWHM) of this function is I. We shall
retain this nomenclaturc throughout. However, the reader should be aware that the use
of FWHM = 2T also occurs in the literature. The assumption of this form for P(Q,w,T)
implies an exponential form for the decay of the temporal correlations

{M(Q, OYM(—Q, })1 o exp(—|t]/7), (11)
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where 7 is the time constant describing the temporal relaxation. This function has a cusp
at =0, i.e., a discontinuity in the first derivative, and this implies an unphysical behavior
at small ¢. Therefore, the Lorentzian ansatz is invalid for high-energy transfers, and leads
to the unfortunate property that the integral for the total magnetic cross section diverges.
A more realistic assumption is a Gaussian function at small ¢. However, the change from
a Lorentzian at low energies (long ¢) to a Gaussian at high energies (short ) is still unclear,
both theoretically and experimentally. One reasonable assumption is that it is connected
experimentally with the bandwidth of the f electrons. Thus a cut-off energy of ~1.5eV
for 4f electrons may be reasonable (Holland-Moritz 1985).

Moreover the local static susceptibility can be factorized into the bulk susceptibility,
aouk(T) = x*(Q = 0, T), and the magnetic form factor £2(Q):

2@ T) = xou(T) /(D). (12)

We assume in this separation that the spatial and temporal aspects of the fluctuations are
independent. The term f2(Q) is the magnetic form factor and is related to the spatial extent
of unpaired electrons, The form factor can be approximated as f(Q) = (jo) + C; (j2),
where (j;) are Bessel transforms of the single-electron density, U%(r), and C; is a
coefficient normally between 0 (for spin only systems) and ~2. In most cases the form
factor is a monotonically falling function with @, although there are some important
exceptions. For a fuller discussion and complete references, see Lander (1993). Due to
the finite mass of the neutron, investigations at ¢=0 are impossible. If we consider the
electrons contributing to the dynamical susceptibility, which describes the temporal and
spatial behavior of the magnetic response of a solid, x” (@, w, T), then we frequently think
of two types of electron wavefunctions. The first are the “localized” states, or those with
their wavefunction energies near the bottom of the band, e.g., 3d states in Fe and Ni,
4f in Gd, 5f in U, and the second are the conduction electrons, s-like in the transition
metals, and s—d like in f systems. The conduction electrons are almost plane-wave in
nature so that their Fourier transform is a delta function in @-space. A delta function
at §=0 is not observable in conventional neutron scattering. The “localized” states, on
the other hand, have a form factor () that decreases with @ so that it can be observed
in scattering experiments. In a real system, of course, these two types of contribution
interact (indeed this interaction is the basis for much physics in this and other chapters),
but it is still safe to say that the neutrons measure predominantly the localized response
function. In contrast, the de Haas—van Alphen technique measures only the free electron
part of the response function. A further discussion of this point is given by Liu (1989).
The third way to present the scattering law is more applicable when crystal field (CF)
and intermultiplet transitions (IMT) excitations dominate the scattering. It is then
necessary to divide the static susceptibility into Curie-like and van Vleck-like terms,
contributing to the quasielastic and inelastic lines, respectively. The intensities are given
by the matrix elements |{r |/,| m)|* following the diagonalization of the CF Hamiltonian
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(e.g., Hutchings 1964, Birgeneau 1972). This leads to

S(Q. o, T) =} (gnre) %ﬂ};[&f@)]z /

- — exp(— (13)
<2 ol mf %@ﬂm = A T).

nnt

An is again the transition energy from the nth to the mth level and p,, = Z~lexp(— A1),
where Z is the sum over all the states, describes the occupation of the mth level at a
temperature 7. Birgeneau (1972) has given the scattering law for the crystal-field case in
the limit of S-functions

S0 0. 1) = 3@xr L/ @F Y pul A m)P 6@ @~ 4w, 7). (1)

The connection of this formula to egs. (7) and (13) is described in detail by
Holland-Moritz et al. (1982). Note that |(n |J,|m)|* = Lnl 1) m>|2 where .J | is the
perpendicular moment operator used, for example, by Lovesey (1984).

We end with a discussion of the difficult problem of the cross section of unstable f sys-
tems. The observed spectral function is no longer quasielastic at low temperatures for
unstable 4f moments. There are two analytic functions in the literature; one given by
Kuramoto and Miiller-Hartmann (1985) and the other by Zwicknagl et al. (1990). We shall
discuss the first in more detail as it has been used frequently for analyzing low-temperature
neutron spectra. This function has inelastic character and is shown in fig. 1a (solid lines).
The shape is given by two parameters. Firstly, the characteristic temperature Tk, the
Kondo temperature, determines both the inelastic peak position and the width on the
high-energy side. Secondly, a factor a influences the low-energy side of the spectral
function (w <kpT) being responsible for the increasing asymmetry of the spectral
function with decreasing a. This factor is given by the fraction a=ns/N¢. Here, N¢ is the
degeneracy of the magnetic ground state and ¢ is the fractional occupation number of the
magnetic ground state (e.g., of Ce**, Eu*", Sm**, Yb** or of a corresponding CF ground
state). As the minimum degeneracy of a magnetic state is 2 and as n; <1, it follows
that 0 <a <0.5. For a > 0.25 this analytical spectral function can be well approximated
by an inelastic (INE) and a quasiclastic (QE) contribution (dotted and dashed lines in
fig. la, respectively). Applying the argument of Shiba (1975) to this case, the Fermi
liquid theory gives an exact value of y” for w=0, which turns out to be about 20%
larger than that of the analytical function (Kuramoto and Miiller-Hartmann 1985), i.e.,
the QE component is underestimated by the analytical function. Thus, the exact solution
for a=0.5 (doublet ground state) will be compatible with a QE contribution in agreement
with other theories. A recent extension of the NCA theory yields a magnetic response
being also inelastic in nature for a doublet ground state (Anders 1995). For a < 0.15 (high
degeneracy) a description by Lorentzian functions is no longer sufficient at the low-energy
side because of the strong asymmetry of the analytic function. Therefore, a fit with a
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51 Fig. 1. The magnetic scattering law is plotted
for different spectral functions in the limit
of I'— 0K by assuming an incident neutron
energy E;=50meV and an energy resolution
with respect to IN4 at ILL. (a) the full
lines represent the analytic function given
by the theory of Kuramoto. Approximations
to the theoretical function are given by
the dashed lines. For «¢=0.1 the approx-
imation contains only an INE component
(A=10.8meV and I/2=6.9meV), while
for a larger a (0.25 corresponding to a
quartet) the approximation is done by a
QF (I'/2=7.6meV) and INE component
(A=7.8meV and I'/2=9.5meV). The dotted
line indicates the INE component. (b) three
different spectral functions, in addition to
the elastic incoherent peak: a QE line with
I'/2=10meV (full line), an inelastic line
at A=5meV and I'/2=10meV (dashed line)
~-10 -5 0 5 10 15 20 25 30 35 40 45 and the analytic function with k7'y = [0 meV
and a=0.5 (dotted line).
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pure inelastic Lorentzian is definitively poorer (dashed line). Moreover, with increasing
energy transfers this analytic function decreases generally faster than a Lorentzian. In
fact, this is a desirable property of this function, becaunse the integral over S(Q,w,T),
which gives an estimation of the local magnetic moment (see above), converges using
this analytic function, whereas it diverges for a Lorentzian. For more details see Holland-
Moritz et al. (1982) and Holland-Moritz (1985).

If the width of the spectral function becomes larger than the thermal energy, it is almost
impossible to distinguish between different shapes of the spectral function. Figure 1b
shows three examples of spectral functions in the limit 7 — 0: a QE line, an INE line and
the analytical function with a=0.5. The width of the QE as well as that of the INE line
are 10meV. The same value was chosen for kg Tk in the analytic function. The position of
the INE line is 5 meV and hence just half of its width. The intensities are slightly diffcrent,
so that all three different spectral functions display roughly the same energy dependence
at low temperatures. In practice, the always present incoherent elastic scattering with a
width given by the instrumental resolution will smear out the remaining small differences
at Jow energy transfers. Thus, in the energy window w < I' the determination of the true
spectral function is impossible. Even at high-energy transfers the difference between the
Lorentzian and the analytical function will be very small. The above example may be an
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extreme case, but it shows that generally a broad INE line with a position A < I'/2 cannot
be distinguished from a QE line with a slightly larger width. The more A is increased with
respect to I'/2 the more the differences are distinct. As shown in fig. 1a the degeneracy of
the magnetic ground state determines the shape of the analytic function. The higher the
degeneracy, i.e., the smaller «, the larger is the asymmetry of the peak and the sharper
becomes the inelastic’peak. Therefore, if the degeneracy is sufficiently high, the analytic
function will strongly differ from both a QE and an INE line shape.

The static susceptibility x’(Q,0,7) derived from neutron scattering data may be in
disagreement with the direct measurement of the static bulk susceptibility, which, by
definition, corresponds to the Q=0 value, i.e., ¥'(0,0,7). Because of the form factor
discussed earlier, part of the electron wavefunctions (the free-electron part) will contribute
to the bulk susceptibility, but not to the neutron signal at finite Q (see Liu 1989 for a
discussion of this point). In addition, there may be correlations between the localized
part of the response function which cause oscillations in x'(@,0,T) as a function of Q.
We shall give examples of this kind of phenomenon. However, if the bulk susceptibility
coincides with the local susceptibility extracted from neutron scattering data by assuming
just a local free-ion form factor (Stassis et al. 1977), one may conclude that the system
under investigation does not show any important spatial magnetic correlations.

A final word should be said about technique related to the point that we can follow
spatial correlations by their @ dependence. Many of the experiments described in this
chapter have been performed with time-of-flight spectrometers on polycrystalline samples.
The experimental parameters in such an experiment are the scattering angle (noted as
either 0 or ¢) and ¢, the time-of-flight, of the neutron. It is trivial to convert # to energy (w)
knowing the parameters of the instrument, but a constant-|Q] plot (recognizing that only
the modulus of @, not its direction, can be determined with a polycrystalline sample)
requires interpolation of the data since the scattering angle is not simply related to Q.
Only in a few cases, in which extensive angular coverage of the scattered signal has
been measured, have constant-Q plots been made. The situation is simpler for a triple-
axis spectrometer, which operates in a constant-Q mode. However, such an instrument
is inefficient when studying polycrystalline samples, because of its single detector.
With single crystals the full power of the 3-axis instrument comes into play; the only
disadvantage being the preventive amount of experimental time required if anything like
a complete coverage of both Q@ and w space is required. The reader should be aware
of the pros and cons of both types of instruments when consulting this chapter and the
following chapter by Aeppli and Broholm (1994).

2. Stable f electron systems

2.1. General remarks

The crystal field (CF) potential arises from the electrostatic interaction of charges on
neighboring ions with the wavefunction of the unpaired electrons. Thus, the energy
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intervals between CF levels should become larger, as the wave functions of the unpaired
electrons are more spatially extended. The observation with neutrons of CF transitions in
polycrystalline material was reported on CeAs by Rainford et al. (1968) and then on the
Pr pnictides and chalcogenides in 1970 by Turberfield et al. (1970, 1971). These studies
led to the development of the useful formalism given by Birgenean (1972) and noted
here as eq. (13). Since that time a truly enormous number of CF schemes in stable
metallic lanthanide materials have been determined with neutron spectroscopy. Stable
signifying here integral valence, localized, and no, or relatively small, interaction with
the conduction-electron states. CF neutron spectroscopy is established as an important
tool in the study of magnetic materials. The CF interaction often determines whether or
not a material orders magnetically and almost always is an important contributor to any
magnetic anisotropy. The establishment of the CF level structure, and hence the nature of
the ground-state wavefunction, is important for magnetic and thermodynamic properties.
More complete references and further discussion will be found in the article by Fulde
and Loewenhaupt (1986) and the excellent recent book by Jensen and Mackintosh (1991).
Among the most interesting recent work related to stable 4f materials has been that on
lanthanide 1:2:3 systems (derived from the famous YBa,Cu; 07 high-T; superconductor)
and observations on the change in the widths and positions of the peaks as the material
becomes superconducting (e.g., Walter et al. 1988, Osborn and Goremychkin 1991,
Allenspach et al. 1992, Mesot et al. 1992, and references therein).

However, our object in this chapter is to cover unstable f-electron systems so that our
discussion of the above subjects is brief and, at least in 4f materials, we select one or two
examples only. For actinides the situation is more complex, as we shall see below.

2.2. Intermetallic lanthanides

Figure 2 shows some spectra of the intermetallic R, Y;_,Pd3 system (Walter and Holland-
Moritz 1981). These spectra taken at 7=20K show distinct CF excitations. The widths
of these CF transition lines are small, but are somewhat broadened if the concentration
is increased. The temperature dependence of the quasielastic linewidth increases linearly
with temperature as shown in fig. 3 for the example of Dy, and can be described by

F(T):F0+ﬂkBT (15)
with

n=4n(gy — 1)*J(J + DN (Er) ). (16)
Here N(E¥) is the density of electron states at the Fermi level and J¢ is the exchange
integral. The linear term in 7 is in accordance with the Korringa (1950) law, which
was deduced for NMR relaxation processes, but can be applied generally to relaxation

processes governed by temperature. The residual linewidth I'y is due to the spatial
interaction of the electron system. One component, but not necessarily the only one, that
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influences I'y is again the factor N(Ef).J . Therefore I'g increases with 7 as demonstrated
in fig. 3. Usually, the influence of N(Ef) and J., cannot be separated. The data shown
in fig. 2 can be analyzed completely in terms of a CF splitting using the nomenclature
of Lea, Leask and Wolf (1962). A detailed analysis of most R in R,Y;_,Pds is given by
Walter and Holland-Moritz (1981). In some cases application of the theory by Becker,
Fulde and Keller (1977) (BFK-theory) yields better results. This theory takes into account
exchange interactions between the 4f wave function and the conduction electrons, which
result in a small shift of the CF excitations.

2.3. Intermetallic actinides

Because the 5f electrons are more spatially extended and less shielded than the
4f electrons in the lanthanides, we should expect the CF effects in actinides to be larger
than in the lanthanides. Spectroscopic experiments on dilute lanthanide and actinide
ions in ionic hosts (Carnall and Wybourne 1964, Carnall and Crosswhite 1986) show
this to be the case with thc actinide potentials being ~5 times stronger than in the
equivalent f configuration in the lanthanides. These optical experiments, despite their
high resolution (< 1 meV) and enormous energy range (up to at least 2 ¢V) suffer from the
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problem that they are easy to interprct only when the jons are dilute, and they are difficult
to perform on metals (Blumenréder et al. 1988). Neutron experiments are therefore of
considerable value in this field, as they have been in the “normal” 4f systems (see
Fulde and Loewenhaupt 1986 for a review). One difficulty with the larger CF splittings
anticipated in the actinides (perhaps as great as ~500meV) is that at reactor sources the
present limitations of energy transfer are ~100meV. Spallation neutron sources provide
an answcr to this problem in that they have a copious supply of epithermal neutrons,
and the building of time-of-flight spectrometers has meant that large energy transfers
can be obtained at small values of @ (Windsor 1981, Carpenter et al. 1984, Osborn
et al. 1991). Although many efforts have been, and still are being, made to find CF
splittings in actinide intermetallic materials, this has proved a difficult endeavor. Extensive
discussion of these efforts will appear in sections 4-6. We now know that these problems
are not because of inadequacies in neutron technology, but because of the physics, mainly
strong hybridization effects between the localized 5f and 6d-7s conduction electron states
smearing out the CF states.

2.3.1. Crystal-field levels in UPd;

We shall discuss in some detail in sections 4-6 the unsuccessful search for CF levels in a
large number of actinide compounds. There is one exception to this difficulty — UPd;. An
extensive discussion of the properties may be found elsewhere (Buyers and Holden 1985,
pp. 289-296, which also contains much material that is not published elsewhere). In brief,
UPd; exhibits sharp CF excitations, consistent with a J =4, 5f2:*H, configuration for the
U* ion. The crystal structure is hexagonal and analogous to the double-hexagonal close-
packed (DHCP) structure of the rare-earth metals with two sites for the U atom, one
of hexagonal and one of cubic symmetry. Buyers and Holden reported experiments on
single crystals, which allowed the higher energy excitation at ~14 meV to be identified as a
transition between the singlet and doublet states at the hexagonal sites. The lower energy
excitation (~1.6mcV) was associated with the cubic sites. Buyers and Holden (1985)
also reported that a lattice distortion takes place below 6.5 K with wavevector [%,0,0] and
discussed various aspects of the quadrupolar susceptibility, which could give rise to such
distortions.

That UPd; is a localized system is beyond doubt, not only because of the observation
of CF levels, but also because the photoemission experiments of Bacr et al. (1980) reveal
that the 5f peak is ~1eV below Eg. Since these experiments discussed by Buyers and
Holden, a number of other studies have been performed. Johansson et al. (1986) and
Eriksson et al. (1988) performed theoretical studies showing that the localized nature
of UPd; can be understood by the lack of hybridization that occurs. By chance, the spin-
up 5f states lie mainly in the hybridization gap between the 4d and 6d states so there is
little overlap between the 4d and 5f states, and the latter are relatively well localized. For
the alloy systems UPd;—URh; and UPd;—~UPt; the bonding orbital moves up in energy
and the hybridization between the 4d and 5f states increases steadily.
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Using polycrystalline material McEwen et al. (1988) examined the CF transitions
as a function of Pt doping into UPd;. The experiment focussed on the 15mcV
excitation, which by U(Pdg75Pty25); shifts to lower energy (~9meV) and becomes
significantly broader. McEwen et al. (1990) then went on to acquire single crystals
of U(Pd;_.Pt,); with x=0, 0.25, and 0.5, and gave a preliminary report of the changes
in the excitation specfra. The high-energy branch does indeed shift downward in energy
with increased Pt alloying, and the damping becomes more important. In the low-energy
spectra (between 2 and 4 meV) there is a substantial increase in the dispersion of the
mode with substituting 25% Pt. Evidence was presented also for anothcr excitation in the
30 to 32 meV range.

The same authors have recently focussed their attention on the phase transitions
that occur at low temperature in the parent compound (x=0) UPd;. Thesc transitions
were first reported by Buyers and Holden (1985), and, like these earlier authors,
Steigenberger et al. (1992) report that the transitions are particularly complex. Using
polarization analysis Steigenberger et al. (1992) show that the transition at T; (~7K)
has a structural character, whereas the transition at 7; (~5K) has both structural and
magnetic components. The picture emerging for UPd; is of a quadrupolar phase transition
resulting in 2 modulated lattice distortion with a wavevector of [%,0,0] at Ty, and at T,
an additional distortion sets in when the small magnetic moments on the cubic sites
order. The existence of a magnetic character to the T, phase transition is reflected in
the temperature dependence of the CF excitations at low energy (1-2 meV).

Clearly, much remains to be done in the UPd; and mixed systems. One complication
is the presence of fwo uranium sublattices. The appearance of quadrupolar distor-
tions (McEwen et al. 1993, Zochowski and McEwen 1994) emphasizes their importance
in actinide systems; similar effects occur in the oxides.

2.4. Oxides

The first observation with neutrons of a CF splitting in an f-electron oxide was that
by Kern et al. (1984) on PrQ,. This is a 4f':?Fs, configuration with only two
levels, a doublet I'; and a ground-state quartet I's. The I';I's separation was found to
be 130(5) meV. The material orders at Ty =14 K with a low moment of 0.6(1) ug. The
degeneracy of the ground-state I's is lifted, probably by a quadrupolar interaction, and this
has been seen directly in a low-energy experiment (Kern et al. 1990a). The V4 potential
to the CF was found to be ~57(3) meV.

Attention was then turned to UQ;. The CF level structure was, in fact, estimated
for UO, in a classic paper by Rahman and Runciman (1966) and with V4= —409 meV, the
first excited state (a I'; doublet) was predicted at ~170 meV above the I's triplet ground
state with the second excited state at 624 meV. The first experiments showing two cnergy
levels in the region of 140 to 170 meV were performed at the Intense Pulsed Neutron
Source at Argonne National Laboratory and reported by Kern et al. (1985). The higher
intensity and better resolution at the ISIS source (Rutherford-Appleton Laboratory, UK)
allowed a more detailed study by Amoretti et al. (1989), and we present their data and
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Fig. 4. Neutron spectra of UO, measured at the ISIS spallation source with E;=290meV for different
temperatures. The Néel temperature of UQ, is 30.8 K. The smooth line is the fit to four Gaussian line shapes
and a sloping background. These five components are shown by the dashed lines. (From Amoretti et al. 1989.)

fits in fig. 4. From this and other spectra the values of V4 and V¢ were deduced as —125
and -+25 meV, respectively. These are only ~30% of the values predicted by Rahman and
Runciman (1966) and about twice the values found for PrO,. Despite the larger extent of
the 5f radial wavefunctions, and thus a larger value for the effective electron radius (r),
the screening of the effective charges at the oxygen site is more substantial than first-
principles calculations estimate.

What was not expected in these studies was the extremely well resolved “hyperfine
splitting” of the I's — I'y and I's — I'; transitions and seen in fig. 4. It was known from
diffraction work (Faber and Lander 1976) that below Ty (30.8K) in UO, the oxygen
atoms are displaced from their equilibrium positions and the highly resolved inelastic lines
reflect the destruction of the cubic symmetry around the uranium ions. To understand the
origin of these small energy differences additional terms reflecting the distortion of the
nearest-neighbor oxygen configuration around the uranium atom have to be introduced
into the CF Hamiltonian. These terms must, of course, be consistent with the underlying
symmetry of the magnetic structure, as the material is antiferromagnetic below 30K
(Siemann and Cooper 1979). However, there was some ambiguity over whether the
magnetic structure of UO, was a single- or triple-k one (see Rossat-Mignod et al. 1984
and the chapter by Lander 1993 for a general discussion of these multi-k structures).
Burlet et al. (1986) claimed to have shown that the 3k structure was correct. These
experiments were based on the observation of a null effect when a single crystal was
cooled in a 80kOe magnetic field. In such a situation one can always argue that the
critical field is above that used, so the claim is always somewhat tenuous. In these
circumstances, the fitting of the inelastic spectra was better with the symmetry deduced
from the 3k arrangement, so confirmed that the magnetic structure of UQ, is 3k.

The situation in NpO; is not yet completely clear despite a number of inelastic
scattering experiments (Kern et al. 1988, Fournier et al. 1991, Amoretti et al. 1992).
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The ground state is a Iy quartet, which is separated from the next nearest state (also
a I'g) by ~55meV. The matrix elements for this transition are large, so a clear sharp
transition should be seen, but this is not the case. Probably an interaction occurs
with an optic phonon involving motions of the oxygen atoms and this gives rise to a
g dependence, where ¢ is a vector in the first Brillouin zone of the CF transition. Since
with a polycrystalline sample we measure the density-of-states across the Brillouin zone,
g-dependent effects give rise to a broad peak. The recent inelastic experiments (Amoretti
et al. 1992) have been able to shed further light on a very old riddle of what exactly
happens at the “25K transition” in NpO,. Magnetic and Mossbauer experiments (Friedt
et al. 1985) showed that the material does not order magnetically, and yet a sharp peak
is seen in the specific heat. At low energy (see fig. 5) the use of polarization analysis
has shown that the I's ground state is split into two doublets at 25K with an energy
gap of 7meV, This is very similar to what happens to the I's ground state in PrO, (Kern
et al. 1990a). This splitting is a manifestation of the ordering of the magnetic quadrupoles,
an effect which occurs also in UQ,. In the case of NpO,, due to the special values of V4
and Vg, the dipole ordered moment in the quantization direction is essentially zero. Such
an unusual situation was actually predicted for NpO, by Erdos et al. (1980) and Solt and
Erdos (1980).
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The experiments on PuQ, have required the use of the special 2*2Pu isotope, which
was kindly supplied for the Argonne experiments (Kern et al. 1990b) by Los Alamos
National Laboratory. The initial experiments discovered a broad CF peak at 110meV,
but the sample also contained some impurity with an OH radical which gave a peak
at 90 meV. In PuQ, the ground state is a nonmagnetic I'; singlet, with the first excited
state being a I'y triplet. Although quadrupole ordering cannot effect the I'; singlet, it
lifts the degeneracy of the I'y triplet and hence can split the I';—I'4 transition. Because of
the singlet nature of the ground state in PuO,, and hence the temperature-independence
of the susceptibility (Raphael and Lallement 1968), one can also compare the absolute
value of y with that predicted by the CF parameters. In the case of materials with strong
antiferromagnetic correlations in the ground state such as UO, and NpQ,, this comparison
is more difficult. For PuQO,, the value of y calculated with the ¥, and V4 parameters
consistent with the neutron spectroscopy of all the actinide oxides is almost twice the
observed value. These estimates are, of course based on the assumption of non-interacting
ions (free-ion theory) and clearly this is inappropriate. How exactly to modify the theory
remains a matter of current debate.

To sumrmarize the work on the oxides, two things are clear. First, the values of V4 and
V¢ are consistent for all three materials (Caciuffo et al. 1992), and smaller by a factor of
about three than predicted by Rahman and Runciman (1966). This gives us confidence in
using the Russell-Saunders LS coupling scheme as a good first approximation, although
some caveats need to be attached to this statement — see Kern et al. (1990b) on PuO,.
It is known from the lanthanide series that the CF potentials are larger for ionic-like
materials (e.g., the oxides) than for those containing conduction electrons, because the
latter contribute to the screening. Thus, for conducting actinide systems, where the CF
parameters remain something of an enigma (see below), we know at least from the
oxides the upper limits of V4 and V. Second, in all three oxide materials there is clear
evidence for important effects involving the ordering (cither statically or dynamically)
of the magnetic quadrupoles. It is certainly not coincidental that quadrupole effects are
observed in those actinide systems such as UPd; (see sect. 2.3.1 above) and the oxides, in
which crystal fields are observed and the 5f electrons may be regarded as localized. The
extended and anisotropic nature of the 5f electron wavefunctions is responsible for these
effects, and, along with similar effects seen in some cerium compounds, will require a
more extensive theoretical treatment.

Early experimental work on UQ, showed anomalies in the elastic constants at
temperatures far above Ty (Brandt and Walker 1968) and this was followed by a
theoretical paper by Sasaki and Obota (1970). Further theoretical efforts seem warranted
now that considerably more experimental information is available. Of course, the
quadrupole ordering effects that occur in the oxides are, strictly speaking, cooperative
effects. We should therefore expect to see dispersion in the energy lcvels; this, however,
is not the case in UO, where the levels are extremely sharp in a polycrystalline
sample (fig. 4).
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Fig. 6. Energies of intermultiplet transitions in trivalent lanthanides doped into LaF;. The transitions are labelled
by the final state of the transitions from the ground-state level specified at the bottom of each column. (From
Carnall et al. 1989, modified by Osborn et al. 1991.)

3. Intermultiplet transitions
3.1. Introduction

In conventional neutron spectroscopy of CF levels (Fulde and Loewenhaupt 1986) we are
dealing with transitions within the ground-state ./ multiplet, so-called intramultiplet tran-
sitions. As is well known, J multiplets exist at energies above that of the ground-state
J-multiplet. The value of performing intermultiplet spectroscopy has been demonstrated
by optical results on ionic systems. Well-defined atomic spectra from inter-4f transitions
have been measured up to 6 ¢V in all trivalent lanthanides, except promethium, and these
arc illustrated up to 2¢eV in fig. 6. A complete review of both the experiments (up to
~1990) and theory has recently been given by Osborn et al. (1991) and the reader is
referred to this for more details. In this section we shall summarize the salient points
needed to interpret the experiments.

In both lanthanides and actinides the levcls may be characterized by the notation 251 L.
Spin—orbit transitions are those between levels with the same value of L and S but different
values of J. Since the neutron couples directly to the ./ quantum number, dipole transitions
correspond to AJ=+1. The cross section is finite at @ =0, but for increasing Q falls
as ({jo) — (j2))* in intensity, where the {jo) and (j,) functions are Bessel transforms
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of the single-electron density UZ(r). [Note that this form factor, or O dependence, is
quite different from that of intramultiplet transitions — see the discussion in connection
with eq. (12), and Lander (1993).] These spin—orbit transitions are the most intense
of the intermultiplet transitions, but are still an order of magnitude smaller than most
intramultiplet cross sections. The second type within the general frame of intermultiplet
transitions are Coulomb transitions. In these AL = 0, i.¢., transitions between levels derived
from different Russell-Saunders 251, terms. Their energies, which are large as shown in
fig. 6, depend on the Coulomb repulsion between the electrons in the f shell and are thus
more sensitive to changes in the local environment than the spin—orbit transitions. The
Coulomb transitions are non-dipolar, so that they have zero or very small cross section
at 0 =0, but at finite Q the cross section can often be greater than spin—orbit transitions,
although still substantially below those of intramultiplet transitions.

We have seen in the above discussion the considerable information that can be
obtained by measuring intermultiplet energies; information that cannot be obtained either
reliably or routinely in metallic systems by optical techniques (Giintherodt et al. 1981,
Schoenes 1984, Blumenréder et al. 1988). Not surprisingly, the experimental neutron data
are limited. There is a straightforward reason for this: the energies of these transitions
are far greater than those normally observed (< 100 meV) in neutron inelastic scattering.
Thus, except in the case of Sm and Eu (fig. 6), the experiments have required the
high epithermal flux of spallation sources. All experiments so far, with the exception
of a few early experiments at Argonne National Laboratory (Stirling et al. 1986), have
been performed at ISIS, the world’s premier spallation neutron source at Rutherford—
Appleton Laboratory, UK. The experimental methods, their difficulties and limitations,
are discussed by Osborn et al. (1991). In some cases the successes have been spectacular.
We show in fig. 7 the inelastic scattering from a 100 g sample of thulium metal (Osborn
et al. 1990). Tm has a *Hg ground state; thus we expect two spin—orbit transitions to *Hj
and *Hy states and two Coulomb transitions to *F4 and >F; states. An analysis of these
results shows that neither the spin—orbit nor the Slater integral parameters, which are used
to describe the Coulomb interaction, are much changed from dilute Tm in LaF;. This is
to be expected as the f electrons in Tm are well localized. In contrast, results on Pr metal
(Taylor et al. 1988) did show an appreciable change, particularly in the Slater integrals.
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These changes for Pr may be understood as a consequence of increased hybridization of
the f states in the lighter lanthanides.

3.2. Application to anomalous lanthanides

With respect to the intermultiplet transitions, samarium and europium have particular
interest among the intermediate-valent lanthanide ions. That is because the energy for the
"Fy to 7F; transition within the electronically isostructural Sm?** and Eu®* configuration
is rather low, 36.4meV and 46.5meV, respectively (Martin et al. 1978, Ofelt 1963 and
fig. 6). This may be the origin for the temperature-driven valence change in most of the Sm
and Eu intermediate-valent systems. Unfortunately, the experimental neutron scattering
data on Eu and Sm systems are limited, because the absorption cross section of both
natural samarium and europium are very large. Thus the usc of the more suitable, but
expensive, **Sm and '**Eu isotopes is necessary. The magnetic cross section of the
dipolar Fy —7 F, transition is 7.2barn, and is suitably large for inelastic scattering
experiments. In this section we will discuss only the intermultiplet excitations, while
we refer to sect. 5 for the discussion of the quasielastic magnetic scattering. We shall
discuss these in the order Sm, Eu, and Ce that corresponds to the increasing energy of
the intermultiplet transition.

3.2.1. Samarium systems

Of particular interest is SmS because of its first-order metal-insulator phase transition
at about 6 kbar (Maple and Wohlleben 1971). This phase transition is consistent with
a collapse in the size of the Sm ion, i.e., with a change in the Sm valence. Shapiro
et al. (1975) found a sharp excitation in neutron scattering experiments on a SmS single
crystal at atmospheric pressure. The excitation shows dispersion, i.e., the energy depends
on g. At the zone boundary the energy is about 36.5meV, and it is somewhat lower at the
I-point. This I'-point energy is decreasing from 33.8 meV at room temperature to 31 meV
at liquid nitrogen temperature. At the zone boundary the excitation energy was found
to be almost temperature independent. When applying pressure of about 0.6 GPa the
intermultiplet transition is no longer observable (McWhan et al. 1978), although from
the valence v ~2.6 (Shaburov et al. 1974, Cocy et al. 1976, Rohler 1987) a magnetic
cross section of about 2.8 barn would be expected.

The same valence phase transition can be induced by lattice pressure, e.g., in the system
Sm, Y;_,S. For a Sm concentration of x ~ 0.75 the valence increases with temperature
by about 0.13 as measured by Li;; X-ray absorption. The absolute value seems to depend
on the sample (or on sample preparation for the X-ray absorption experiment), whereas
the relative valence change is constant. Martin et al. (1980) gave a room temperaturc
value of 2.53, Lossau et al. (1988) a value of 2.56 and Ravet and Krill (unpublishcd)
found only 2.44. Surprisingly, in a polycrystalline sample of Sm,Y;_,S the 'Fy —’ F;
transition could be detected at about 30 meV in the whole temperature range from 15K
to 300K (Mook et al. 1978a). They give an upper bound of about 15meV for the intrinsic
width, which seems to be temperature independent. Due to the temperature dependence of
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the valence the intensity decreases with increasing temperature. However, when plotting
the peak intensity this decrease is stronger than expected from the valence change. As
the room temperature valence of Sm in the collapsed phase of SmS is surely larger than
in Sm, Y _,S, the observed rapid decrease in the peak intensity is in agreement with the
fact that this dipolar intermultiplet transition was not observed in the collapsed phase
of SmS.

A more recent experiment, with better energy resolution, by Holland-Moritz et al.
(1988) shows that the behavior of this dipolar intermultiplet transition is more compli-
cated. The excitation is split into four lines, each of which depends on the momentum
transfer . As the sample was polycrystalline, only an analysis with respect to the absolute
value of @ was possible. The width of each line was found to be about 2 meV between 5 K
and 200K, but above 200K the width seems to increase. The absolute Sm valence in this
sample was fixed at room and liquid nitrogen temperature (2.44 and 2.31, respectively) by
Ly edge measurement (Ravet and Krill, unpublished). Using the temperature dependence
measured by Lossau et al. (1988), intensities for the dipolar intermultiplet transition were
calculated. Comparing these intensities with the observed integral intensities, i.e., taking
the width into account, the relative changes as a function of temperature are in good
agreement. However, the absolute experimental value of 3.15barn at 7=5K is less than
the value of 5.1barn calculated from a valence of 2.3. There are two possible origins
for this deviation. The first is the experimental uncertainty in the absorption correction.
The second is based on a more complicated physical behavior of the intermultiplet
transition. The splitting was interpreted as resonant electron—phonon coupling between
optical phonons and a magnetic excitation consisting of the dipolar multiplet transition
modulated by magnetic intersite coupling. The corresponding matrix elements (1 |J 1 | 0)
describing the probability for transitions to the excited ./ =1 multiplet are unknown, and
may be smaller than in the undisturbed case.

SmBg has also been studied by inelastic neutron scattering. Here the Sm ion has
a valence of about 2.53 and 2.6 at liquid helium and room temperature, respectively
(Tarascon et al. 1980). Neutron scattering on this system is extremely difficult, because
the absorption is rather high, even when using the "B and '3*Sm isotopes. In a first
experiment at 7=5K on a polycrystalline sample no intermultiplet transition could be
detected around 30meV (Holland-Moritz and Kasaya 1986). Alekseev et al. (1993a)
have recently reported experiments and suggest that IMT’s from both Sm?" and Sm*'
are present, but are broad. These studies, especially the comparison to LaBg, show that
the existence of optical phonons between 30 and 50meV, and also at high energies up
to 140 meV, makes it difficult to identify the IMT’s unambiguously. The behavior of the
low-energy response will be discussed in sect. 5.

An interesting study has been reported on SmFey;Ti by Moze et al. (1990). This
material has a high Curie temperature of 584 K and the Sm ion experiences a strong
exchange field from the Fe sublattice. Such an exchange field mixes the ground
and excited multiplets, which for the case of trivalent Sm** would be separated by
129 meV (fig. 6). The resulting .J mixing must be taken into account to understand the
magnetization processes, 5o it is of considerable importance to have direct spectroscopic
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Fig. 8. Inelastic neutron-scattering cross section of
SmFe;; Ti at 20K, measured with an incident-beam
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Fig. 9. The isomer shift of Eu as a function of temperature
for several Eu compounds and as function of pressure
for EuNi,P, (adapted from Perscheid et al. 1985). The
valence may be related to the isomer shift so that
in EuPd,Si, the valence changes from v=22 to ~2.85
as 7" is decreased from 200 to 4K.

evidence for the change in intermultiplet splitting that is predicted by the .J mixing. In
fig. 8 we show the data taken on the time-of-flight spectrometer HET at ISIS using
a sample of 72 g containing natural Sm. The peak at ~175meV can be understood
by a complete diagonalization of the Hamiltonian including the strong exchange field.
Other transitions are predicted at 31 and 207 meV. The former is obscured by phonon
effects and the latter is predicted to be some 20 times weaker than the peak in fig. 8.
The observations are important for understanding the exchange effects in lanthanide
intermetallic compounds, and we can anticipate more studies of this sort.

3.2.2. Europium systems

Inelastic neutron scattering data on intermediate-valent Eu are available only for
two systems: EuPd;Si; (Holland-Moritz et al. 1987a) and EuNi;P; (Holland-Moritz

et al. 1989a). Even the best suited Eu isotope, *Eu, has a rather large neutron absorption
so that only small samples (few grams) can be investigated by inelastic neutron scattering.

From lattice parameter (Sampathkumaran et al. 1981), Ly;-edge (Kemly et al. 1985) and

Mossbauer (Perscheid et al. 1985 and references therein) measurements it is well known

that the Eu valence is changing with temperature. Most of the Eu IV systems are close to

divalent at room temperature. With decreasing temperature they shift to trivalent. Figure 9
shows isomer shift data as function of temperature and pressure at 7=4K as measured
by the Mossbauer technique. The isomer shift, in principle, can be related directly to the
valence. EuPd,Si, shows almost the full valence transition from v 2.2 above 7 =200K

to v=2.85 at T=4K. The Eu valence in EuNi;P; reaches only 2.5 at T=4K and at zcro

pressure. The full valence transition can be observed only by applying pressure on the
system at 7=4K shown in the left part of fig. 9.
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From the above valence data it is obvious that EuPd,Si, is the best candidate for
studying the dipolar ’Fy —’ F intermultiplet transition as a function of the valence via
its temperature dependence. Whereas for 7 > 150K no such intermultiplet transition was
found, a peak of magnetic origin was observed at ~38 meV at low temperatures, as shown
in fig. 10. The width of this peak increases with increasing temperature, as shown in
fig. 11. The increase of the width turns out to accelcrate, when the valence decreases
for T > 120K. Already at 7= 150K, i.e., when the valence has reached a value of 2.5, the
width seems to be so large that the intermultiplet transition is no longer readily observable.
This is in agreement with the results on EuNi;P,. On cooling the Eu valence reaches only
a value of 2.5, and thus even at 7 =5K a comparable intermultiplet transition could not
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Fig. 12. Neutron inelastic scattering from CeAl; at 20K, measured at an angle of 5° with an incident neutron
energy of 600 meV on a time-of-flight spectrometer at the Rutherford Laboratory spallation source, ISIS. The
data have been fitted by two Gaussian and a tail of low-energy scattering. (From Osbom et al. 1990.)

be detected in EuNi,P,. This is consistent also with the findings in Sm systems. The
farther the valence is from integral, the broader is the corresponding IMT, and thus the
more difficult to observe.

3.2.3. Cerium systems

Recalling the results for Eu and Sm compounds, it may be understood why no
intermultiplet transition was found for a strong intermediate-valent Ce system like CePd;
(Osborn, unpublished). On the other hand, the *Fs;; —? F;,, intermultiplet transition
could be detected in the heavy-fermion system CeAl; (Osborn et al. 1990) with its
almost integral Ce valency (fig. 12). The excitation is clearly split into two lines separated
by about 30meV. This is a surprising result, because CF splitting energies within
a J multiplet are expected to be in the range of 10meV for intermetallic systems. The
peaks are also some 4 times broader than the experimental resolution of ~12meV. The
origin of this large splitting is still unclear, but one can speculate that the same enhanced
hybridization between 4f and conduction electrons, which is responsible for the Fermi
liquid behavior, could cause the anomalous CF potential. For more theoretical details see,
e.g., Wills and Cooper (1987), Levy and Zhang (1989) and Schrieffer and Wolff (1966).
Recently, Goremychkin and Osborn (1993a) have shown that the intermultiplet transition
decreases in intensity on doping with Y.

3.2.4. Conclusion

There is strong evidence that the observation of intermultiplet transitions is related to the
hybridization strength of the corresponding 4f” configuration. In the case of Ce (Yb) this
can be qualitatively described by the Kondo temperature T’k or by the valence fluctuating
temperature 7'yi. More care is necessary for Eu and Sm. If the valence is close to the 4f°
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configuration (Sm?* or Eu**), the Hund’s rule ground state ’Fy is rather stable, and thus
the intermultiplet transition to the "F state is clearly observable. On the other hand, when
the 4f count is close to the 4f> (Sm**) or to the 4f7 configuration (Eu?") the "F, ground
state of the 4f°configuration is broadened and the "Fy —7 F; intermultiplet transition
is no longer observable. In the latter case one should expect that the Hs, to Hyy,
transition within the 4f> configuration (Sm*") should be detectable at A < 130meV. See,
for example, the discussion with respect to SmFe;;Ti above and fig. 8. A comparable
transition within the 4f7 configuration (Eu?") does not exist because L=0.

Whereas for CeAls the observed spin—orbit splitting is in agreement with the free-ion
calculations, the observed energies for the IV Sm and Eu systems are significantly smaller
than the free-ion values. Interestingly, the spin—orbit coupling constant is smaller for Sm**
than for Sm*": 191 meV and 216 meV, respectively. The 'F; —’ F; transition energy
calculated from the lower value is in rather good agreement with the experimentally
found excitation energies in Sm,Y;_,S and SmS (P=0). However, such an analogy
does not exist for europium: spin—orbit coupling is absent for the Eu?** configuration
because L =0.

3.3. Application to actinides

The energy level splittings in actinides are greater than those in the lanthanides (Carnall
and Wybourne 1964, Carnall and Crosswhite 1986) by a factor of between 2 and 5.
Moreover, the stronger spin—orbit and CF interactions gives rise to a partial break down in
the Russell-Saunders coupling scheme that we have assumed is valid for the lanthanides
in this section. Levels with a given ./ value will now be composed of more than one L and
S value; this is usually referred to as intermediate coupling. When the CF interaction
is also large, even .J is not conserved and ./-mixing appears. Fortunately, despite early
predictions that ./-mixing would be important (Chan and Lam 1974), this has not turned
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out to be the case, mainly because of substantial screening effects which reduce the
size of the CF potential. Intermultiplet transitions will still be present in actinides and
no doubt more will be found in the future. For the moment, however, such transitions
have been seen only in UPd; and UPty (Osborn et al. 1990). Figure 13 shows the
results for these materials. According to spectroscopy of dilute ions in solution, the
first transition in a U*": 5f2 state is the *Hy — 3F, transition (non-dipolar) at ~450 meV
(Osborn et al. 1990). The first dipolar transition *Hy — *Hj is at 690 meV. For a U*: 5f3
state it is the dipolar *Ig/; — *I;1/; at ~500 meV. UPd; is a localized system with the U ion
in a 5f2 state. However, the Slater parameters must be reduced by ~20% to explain the
downward shift from 450 to the observed 385 meV in UPd;. Given the greater spatial
extent of the 5f wavefunctions this is reasonable. The suggestion that the ground state
in UPt; is predominantly 5f% in character also receives support from theory (Johansson
et al. 1986). The observation of a intermultiplet transition 3Hy —3F, in UPts;, albeit
broader and weaker than in the well-localized system UPds;, shows that the Coulomb
repulsion is consistent with a predominantly 5f* configuration. Intermultiplet transitions
were also observed in the heavy-fermion CeAly (Osborn et al. 1990). In this case, intra-
multiplet transitions are also observed, so that this shows directly that the hybridization
is greater in the actinides than in a similar (i.e., heavy-fermion with a large y value)
lanthanide, but not sufficient in UPt; to completely broaden the intermultiplet transition.

The large samples (excess of 60g in all the experiments so far) excludes any
transuranium materials. Furthermore, the large multiphonon background present if any
light atom is used (e.g., oxygen in UQ,, chlorine in UCly, nitrogen in UN, fluorine
in UF,), severely limits the number of samples in which one can anticipate detecting
the weak signals from intermultiplet transitions. The case of Tm (fig. 7) is thus truly
exceptional (!); a large pure sample readily available, no light atoms to contribute a
multiphonon background, sharp levels (i.e., no broadening of levels as, for example, is
seen in both UPd; and UPt;) and relatively large cross sections.

To illustrate the difficulties, we follow the work by Jones et al. (1992) in trying
(unsuccessfully) to find a transition in a 5f system, viz. USb. The sample size was 62 g.
The first transition *Ig/; — *I;y/, is anticipated at ~500 meV, and the second *Ig/,— *Hs/,
at ~870 meV. Incident energies of 800 and 1000 meV were used in an attempt to find the
first transition, but no measurable signal was seen for Q values between ~6 and 9 A=,
Jones et al. (1992) pointed out the increased difficulties anticipated in a 5f> system with
respect to seeing transitions as compared to either actinide 5f? or lanthanide 4f> systems.
These comparisons are illustrated in fig. 14. (a) shows that at O ~ 8 A~ the 5f transition
is weaker by almost an factor of two than that in 5f2. Similarly, as shown in fig. 14b,
the maximum (for Q >0) in the scattering cross section for the 4f> analogue Nd*" is
at a higher Q value than that for U'; this is because the 4f wavefunctions are more
localized than their 5f counterparts. Recall that experimentally the difficulty is always
to get to small Q because of the so-called kinematic restrictions (Loewenhaupt 1985,
Osborn et al. 1991), so that the expcrimments on lanthanides are always easier than those
on actinides.
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3.4. Conclusions

Although the observations of intermultiplet transitions in some systems, e.g. Tm (fig. 7),
have been an experimental tour de force, the mew scientific content has not been
overwhelming. Part of the difficulty lies in the fact that only a relatively few systems
have been studied so that we lack systematic information on, for example, the changes
in the Slater integrals for the 4f series. The experimental difficulties of absorption
(particularly for Eu and Sm) and the kinematic restrictions on studies above 100 meV
will always remain, so this field is not one that will develop rapidly. Nevertheless the
potential information available from studying systems such as CeAl; and even Ce metal
would seem worth the necessary effort. Further perspectives can be found in Osborn
et al. (1991).

For the actinides we point out the promise, so far unfulfilled, of important information
on the interactions between 5f electrons on the same atom. Further efforts at ISIS
will hopefully provide progress, but it appears that we may need a new generation of
spallation sources to make major advances. The kinematical constraints (i.e., having to
keep Q small, while transferring a large energy) are more restrictive in the actinides than
in the lanthanides. There is also the possibility that resonant magnetic X-ray scattering,
which is particularly strong from actinides at the M edges (McWhan et al. 1990), will
make contributions in the region of inelastic scattering above ~500meV (Lander and
Stirling 1992).
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4. Ordered magnetic systems with large moments
4.1. General remarks

We concentrate in this section on materials that order magnetically, the magnetic
response from paramagnets will be discussed in sect. 5. We distinguish between systems
that have reasonably large moments (c.g., USb with 2.8 up) and heavy-fermion type
materials (sect. 6) that have momecnts usually much less than 1pg. Most of the
experiments described in this section involvc single crystals. We shall discuss a series
of compounds whose magnetic properties often resemble those of localized f-electron
systems, such as UQ,, for cxample. However, on closer examination, especially of the
density of states (by photoemission), or of the neutron inelastic response function, it
becomes clear that a localizcd-type f-electron model will not explain the experimental
results. In general, as we shall see, the results are more inconsistent for the actinides than
for the lanthanides.

4.2. Lanthanide compounds with the NaCl crystal structure

Thesc materials have been of intercst for many years because of their unusual properties.
In the last decade rcasonably large crystals have bccome available by using the
“mineralization technique” (Spirlet and Vogt 1984), so that many different neutron
inclastic experiments have been performed. Although TmSe orders with a moment of
about 2 up (Bjerrum-Moller et al. 1977), we shall discuss the Tm compounds with the
NaCl-type structure in sect. 5 in conncction with effects of intermediate valence (IV).

The magnetic structures of these compounds are often complex (Rossat-Mignod
et al. 1984, Lander 1993). Although the magnetic structure defines the position of the
lowest cnergy in the excitation spectrum, the shape of the magnon dispersion curves are
not usually sensitive to the cxact magnetic structure.

4.2.1. Cerium systems

Intercstingly, CeAs and CeSb were two of the first 4f materials to be examined (in
polycrystalline form) by neutron inelastic scattering, by Rainford ct al. (1968). Soon
after, Birgeneau et al. (1973) showed that thc crystal-field (CF) splittings within the
4fs/, manifold for the Ce monopnictides are much less than expected from extrapolation
from other lanthanidc monopnictides. For cubic materials the sixfold degenerate 2Fs,
multiplct is split into a I's quartet and a I'; doublet. In all the Ce monopnictides the I'; is
the ground state but the I'g state lies between 1 and 10 meV above in energy, whereas an
extrapolation from other lanthanides would expect this energy difference to be between 20
and 30 meV. This reduction in the CF splitting has been explained theoretically both by
Takahashi and Kasuya (1985) and by Wills and Cooper (1987). In the first case the authors
placc more emphasis on the coupling between the f and pnictogen p states, whereas the
latter emphasize the hybridization between the f and band states.
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Fig. 15. Dispersion curves of magnetic excitations of CeAs as deconvoluted to give the spectra for a single AF-1
z domain. The solid lines represent the theoretical dispersion curves. (From Hilg and Furrer 1986.)

The excitation spectra, measured on single crystals, of CeAs, CeSb, and CeBi have all
been reported. All order with single k magnetic structures with either the type I (CeAs)
or type IA (CeSb, CeBi) being stable at low temperature. The ordering temperatures
are below 30K so that the exchange effects are small, and the total dispersion is less
than 2 meV.

The data for CeAs (Hilg et al. 1983, Hilg and Furrer 1986) are shown in fig. 15. The
anisotropy gap is small (< 0.03 meV). The polarization of all the observed excitations is
transverse, as expected for a conventional spin-wave excitation. The dispersion is seen
to be almost quadratic; whereas in a normal antiferromagnet one anticipates a linear
dispersion as a function of ¢. Hilg and Furrer (1986) have shown that this quadratic
behavior is a consequence of the anisotropic exchange interactions. In fact the solid lines
in fig. 15 are the result of a calculation including these anisotropic exchange interactions.
We noted in connection with the magnetic critical scattering (Lander 1993, sect. 5) that the
J# component of the exchange for z-domain i.e., (001) planes coupled ferromagnetically
and with the magnetic moment parallel to [001] was much greater than /** or.J*?, and the
interpretation of the inelastic spectrum is also consistent with the dominance of the J#
component. The small anisotropy gap in CeAs suggests that it is an almost ideal S=1/2
antiferromagnet.

The excitation behavior of CeSb has been measured by Rossat-Mignod et al. (1985a,b)
and Hilg et al. (1985, 1987) and Hilg and Furrer (1986). CeBi has been investigated by
Rossat-Mignod et al. (1983, 1985b). We show the spectra for CeSb and CeBi in fig. 16.
The spectra as shown come from the three different domains, but for a single-domain state,
e.g., K.(k=[001]), only a single mode is observed, which corresponds to a transverse
excitation, and no other mode has been detected up to 25 meV energy transfer. Excitations
of wavevectors perpendicular to the ferromagnetic planes are dispersionless, whereas for
a wavevector within the (001) ferromagnetic planes a dispersion exists with a minimum at
the zone boundary X-point. Both systems would, in fact, like to order with a simple type I
magnetic structure consisting of a plane stacking +—+—, but higher-order interactions
favor more complex magnetic structures.

Although Hilg and Furrer (1986) have succeeded in “fitting” the data with a
model Hamiltonian including bilinear and higher-order anisotropic interactions, these
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parameter “fits” must be regarded as phenomenological, as the authors themselves admit.
A basic difficulty is that the magnetic interactions appear to have planar rather than
the cubic symmetry of the crystal structure. This is exactly the problem that arises in
explaining the magnetic critical effects, so that there is a close relationship between
these two phenomena, as we would expect. This planar symmetry is a signature of the
hybridization process, as discussed by Wills and Cooper (1987), and we shall find it even
stronger in the uranium compounds.

Neutron inelastic experiments have also been reported by Rossat-Mignod et al. (1985b)
on CeSb;_,Te, solid solutions. The CF splitting between the I'; ground state and
Iy excited state initially rises for small x, reaches a maximum (of ~8meV) at x=0.5
and then decreases to ~3meV for CeTe. However, the small CF splitting in Te makes
it difficult to explain the susceptibility and resistivity as measured at low temperature
in CeTe (and other Ce chalcogenides). For these materials, which have small moments
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and low-ordering temperatures, Kondo-like fluctuations have been proposed. It is unclear
how these will affect the excitation spectra.

Recently, some inelastic scattering experiments have been reported on CeSe by Donni
et al. (1992a, 1993). CeSe orders with a type II structure with & = (4, 1, 1) and a very
small moment of ~0.2 ug. The result of an analysis similar to that performed by Hilg
and Furrer (1986) is that the strength of the longitudinal nearest-neighbor coupling for a
spin configuration parallel to the bond axis is at least one order of magnitude larger than
the transverse coupling. This is similar to what is found in the Ce monopnictides. The
excitation spectrum shows a gap of ~0.3meV at L(3, 1, 1), but there is also a minimum
of almost the same magnitude at the X(1,1,0) point. This shows the effect of competing
interactions.

4.2.2. Ytterbium systems

The Yb monopnictides YbX (X =N, P, As, and Sb), which have the NaCl crystal structure,
have only recently been synthesized in single crystal form (Dénni et al. 1990a). Tt is
found that the Yb ions have a 3+ valence. the CF interaction produces a I'¢ doublet as the
ground state, an excited I'y quartet above (by at least 13 meV in practice) and a further I';
doublet at even higher energy. The I's ground state should support a moment of 1.33 pig,
but the moment in all the Yb monopnictides is considerably lower than this value,
ranging from 0.4 to 1 pg. There have been a number of CF investigations (Donni et al.
1990b, Kohgi et al. 1990a, Ohoyama et al. 1992) and some evidence was presented for a
possible interaction between the CF levels and the phonons; this would especially involve
the I's quartet, which is susceptible to such effects. Recent single-crystal experiments
(Dénni et al. 1992b) on YbAs are too complex to interpret unambiguously because of
the many domains present (the ordering wavevector is k= [1,(),—%]), but suggest that the
dispersion of the excitation as determined by bilinear exchange interactions is larger
than that arising from the molecular field. The authors then conclude that due to
Kondo hybridization in YbAs the onset of long-range magnetic ordering is suppressed.
Experimentally, 7y for YbAs is found to be ~0.6 mK, and all the other monopnictides also
order below 1K, which is not expected on the basis of exchange interactions extrapolated
from neighboring lanthanides. YbAs was also examined by Oyamada et al. (1990), who
found a type-III ordering with the moments perpendicular to the propagation direction.
In the studies of Oyamada et al. (1990) and Dénni et al. (1992b) there is evidence for an
unusual type of ordering in which the AF order coexists over ~0.2 K with paramagnetic
behavior. One would normally associate such effects with inhomogeneities in the sample,
but Dénni et al. (1992b) point out that the effects are reproducible on a number of samples.
Further work is clearly required.

Yb, which has a doublet ground state, as found in Ce, is also anomalous. However,
the exact nature of the hybridization (or Kondo mechanism) is not yet clear, and because
of the low-ordering temperature and complex magnetic structure, we are unlikely to see
clear excitation spectra in the near future.
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4.3. Actinide compounds with the NaCl crystal structure

The review by Buyers and Holden (1985) discusses at length the neutron inelastic
experiments performed on UN, UAs, USb, US, and UTe. We shall recapitulate and then
review the work that has been done since the chapter by Buyers and Holden. Table 1
gives details of the actinide NaCl structure compounds that have been examined in single
crystal form with inelastic neutron scattering. More details of the magnetic structure,
etc., may be found in the literature (Rossat-Mignod et al. 1984, Burlet et al. 1986, 1988,
Lander 1993).
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Figure 17 is used to illustrate one aspect of the interesting physics of these systems. The
main point of this figure is that at small U-U separation both the moment and the ordering
temperature are small. In the case of the U compounds the figure shows that the moment
scales almost linearly with the U-U distance. This trend is also present in Np compounds
with the NaCl structure, but not so clear for Pu compounds. Many cfforts have been
made to understand the dependence of the ordered moment on the U-U separation. The
accepted view of the electronic structure at this time is to start with a 5f3 configuration for
both the monopnictides and monochalcogenides, add a crystal-field interaction to give a
I's quartet as the ground state, and then switch on hybridization effects. It is the role of the
latter that is still difficult to quantify. The results of neutron inelastic scattering have been
central to the development of the hybridization model. However, the role of the crystal
field is less clear. Wedgwood (1974) was the first to search for CF energy splittings with
neutron spectroscopy using polycrystalline samplcs. He found no evidence for crystal-
field excitations. Indirect evidence for a I's CF ground state was found in the form-
factor measurements on USb by Lander et al. (1976). A more recent neutron inelastic
scattering experiment by Osborn et al. (1988) at the ISIS spallation source (Rutherford
Laboratory, UK) on both USb and UTe has provided no evidence for CF transitions up to
200meV. Thus, although there is little doubt that CF interactions exist, and are even quite
strong (indirect evidence suggests the multiplet splittings are between 30 and 70meV),
they are strongly damped and are not readily visible as is the case in 4f and insulating 5f
compounds. This would seem to eliminate explanations based on sharp CF levels, such as
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Table 1
Properties of single crystals of the rocksalt structure that have been examined by neutron inelastic scattering
Compound a, Ty (K) Tc (K) k ordering Uy E, Comment® Ref.
(300K) (T =0) (meV)?
UN 4.89 53 (001) 1k type I 0.75 ~16  broad 1,2
UAs 5779 124 (001) 1k type 1 1.7
62 (00l 2k type 1A 225 ~0?  broad 3,4
Ush 6.191 212 (001) 3k type 1 2.85 6.5(2) sharp 5-7
us 5.489 170 0 ferro 1.70 ~40  broad 2
USe 5.750 160 0 ferro 2.0 ~38  broad 2,8
UTe 6.155 104 0 ferro 225 14.8(3) sharp, 2,9
but...
USbysTe,, 6.180 204.5 (00~04) 3k type (inc) unknown
155 0 ferro 2.8 30(2) sharp 10
NpSb 6.254 202 (001) 3k type 1 25 - unknown 11
PuSb 6.240 85 (000.13) 1k, Inc.
70 0 ferro 0.74 18.5(3) sharp 12

*® E, is the anisotropy gap.
® Comments refer to whether the excitations are broad or sharp, see text.
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proposed by Holden et al. (1987) and Hilg and Furrer (1986). The difficulty at this time is
that the “hybridization models”, at least for the actinides, are rather qualitative in nature,
although steady progress is being made, see Hu et al. (1989) and Hu and Cooper (1990).

We mentioned earlier the central importance of the excitation spectra in developing this
hybridization model. In fact the single most important fact to emerge from the inelastic
studies of the U compounds is that at small U-U separation no well-defined magnetic
excitations are seen.

Thus, referring to fig. 17, the excitation spectra are broad in UN, UAs, US, and USe,
whereas they become well defined in USb and UTe, which have the larger U-U distance.
These results are reviewed by Buyers and Holden (1985) but are not yet quantitatively
understood. Unquestionably they arc the most interesting in the study of these NaCl
structure materials. It is, of course, normal in a paramagnetic system to have a wide
(in energy) relaxation spectrum, but quite unusual in a material that orders with a well-
defined magnetic moment. Moreover, consistent with the large anisotropy of these actinide
compounds, we find a large anisotropy gap in the excitation spectrum. Qualitatively, at
least for the ferromagnets, the value of this anisotropy gap (£4) is consistent with bulk
anisotropy measured by other techniques (see Lander et al. 1991a for a review).
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Fig. 18. Contours of constant magnetic neutron scattering intensity in UN at 4.2 K. (From Holden et al. 1982.)
(1THz=4.12 meV)

4.3.1. Uranium antiferromagnets

The first detailed experiments were performed on single crystals of UN (Holden et al.
1982, 1984). The anisotropy gap is ~16 meV at [1,1,0], the magnetic ordering wavevector.
This coincides with the frequency of the phonons at the X point [1,1,0] although no
interaction between the two has yet been found. No sharp excitations are seen. Contours
of constant magnetic neutron intensity are shown in fig. 18.

Studies of both polycrystalline (Loewenhaupt et al. 1982), and single crystals (Stirling
et al. 1980, 1983) have been performed on UAs. No sharp excitations have been seen.
The absence of an anisotropy gap in UAs is most unusual. Buyers and Holden (1985)
have pointed out that because the magnetic structure is a 2k-type IA at low temperature
a number of domains are possible and the resulting spectra may be more complicated than
if a single domain could be examined. The work on polycrystalline samples (Loewenhaupt
et al. 1982) also shows a broad distribution of magnetic scattering centered about £ =0
(i.e., Ea = 0) and extending to ~40meV. Above Ty the fitted Lorentzian spectral function
had a half-width of I'/2=17.3meV, and this gradually decreased to ~8meV at low
temperature. Experiments on large single crystals of UAs would still be of interest.

Because some of the best crystals can be produced, and it has a large magnetic
moment and type I ordering, USb has been a favorite for inelastic studies. The ecarly
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work (Lander et al. 1979, Lander and Stirling 1980) showed that sharp excitations
did exist in USb, but reported that they were predominantly longitudinal in nature.
However, Jensen and Bak (1981) pointed out that if the structure was 3k, as suggested
by uniaxial stress measurements (Rossat-Mignod et al. 1980) and the absence of a
measurable lattice distortion (Knott et al. 1980), then the observed polarization of the
excitations could be understood as transverse excitations in a 3k structure, in which the
moments are along (111) directions. (A more complete discussion of the static aspects of
multi-k structures is given by Lander 1993.) Hilg and Furrer (1986), using a much
better crystal, produced the complete excitation spectrum at 10K and this is shown in
fig. 19. The excitation spectrum is similar to that of CeAs (fig. 15) in that it is split into
two modes at the X point, but the anisotropy gap (Ea) is much larger in USb and the
dispersion is also greater. The latter, of course, is a reflection of the stronger exchange
and ordering temperature in USb (Tn=213K) as compared to CeAs (T'n =8K). Hilg
and Furrer (1986) have fit the USb excitation spectrum with a model including strong
higher-order magnetic interactions. Whereas this model is useful at low temperatures,
it is difficult to see how it can explain some of the temperature dependent effects even
in USb (see below) or the broad featureless spectrum found in UN or UAs.

More recently, USb has been re-examined by Hagen et al. (1988) with particular
emphasis on the temperature dependence effects and the critical regime. It was known
from the earlier work that the energy of the magnetic excitation at the X point
corresponded to that of the acoustic phonon, a situation similar to that found in UN,
and that the dispersion appeared to increase with temperature. Both of these are unusual
effects. Although the magnon and phonon frequencies at the X point are apparently
the same, no evidence has yet been found for any interaction (to obtain such evidence
probably requires using polarized neutrons and polarization analysis). However, the
T dependence does show some unusual effects, and the spin-wave peak frequency
and damping parameter as measured by Hagen et al. (1988) are shown in fig. 20.
The initial rise of the frequency and the dispersion are evident for temperatures up
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to ~100K. Above 100K the excitation rapidly broadens and softens. One would have
expected 7w~ 160K (fig. 20a), but in fact the ordered (elastic) signal disappears
unambiguously at 212 K, so that the “transition” at ~160 K is at T~ 0.75 T'y. There has
been some indication from muon spectroscopy (Asch et al. 1990) that some “transition”
occurs in USb around 150K, but the exact nature is still elusive.

Single crystals of UP or UBi of sufficient size for neutron inelastic scattering have not
been grown.

4.3.2. Uranium ferromagnets

Single crystals of the monochalcogenides US, USe and UTe were all examined by the
group at Chalk River National Laboratory in Canada, and much of this is reviewed by
Buyers and Holden (1985). Since that time, it was realized that more information could be
obtained if the crystal was a single domain. Experiments on single-domain ferromagnets,
in which all the magnetic moments are parallel, have been performed on UTe, USbg gTeq
and PuSb, at the Institut Laue-Langevin in Grenoble.

For US and USe no sharp excitations have been found. A number of experimental scans
were presented by Buyers and Holden (1985), but are all somewhat similar to those shown
in fig. 21. The peak in the USe spectra at 6 THz (=25 meV) is the optic phonon. There
is a further broad peak at [220], which is assumed to be magnetic. On going from [220]
to [440] the square of the magnetic form factor drops from ~0.51 to ~0.07, thus rendering
the magnetic scattering invisible at [440]. The excitation is very broad in USe, and a
similar situation exists in US. In this latter material the excitation is so broad (see lower
panel of fig. 21) that it is even difficult to define Ej.

UTe was also examined at Chalk River (Buyers et al. 1983, Buyers and Holden 1985),
and relatively sharp cxcitations were found at the zone center (I' point) with E =
14.4meV. Away from this point the situation was unclear. Some of these ambiguities
were resolved by Lander et al. (1991b) by working on a single-domain sample. This
latter state is produced simply by cooling in a modest (1 < H <4kOe) magnetic field;
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Fig. 21. Neutron scattering measurements
at the wavevectors [220] and [440], cor-
responding to g=0, for USe. The left-
hand scale gives the observed counts, the
right-hand scale gives the susceptibility in
#/THz. 1THz=4.12 meV. Solid lines are
guides to the eye. The dashed line in the
middle panel represents a fit to a model.
The lower panel gives the derived dynamical
susceptibility for US at g=0, and the dashed
line is a fit to the sum of two Lorentzians.
(From Holden et al. 1986.)

Fig. 22. Dispersion curve for UTe along
the g, (parallel to the moment) and g,
(perpendicular to the moment) directions
at 5K. The narrow hatched area shows
the optic-phonon frcquency. The different
symbols correspond to different spec-
trometer conditions. The wide hatched
area on the left-hand side corresponds
to the region where the specific peak
positions are uncertain. (From Lander et
al. 1991b.)

the field may then be removed and, provided the sample is not warmed above T, it
stays in a single-domain state. The resulting dispersion curve is shown in fig. 22. The
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anisotropy gap £, (=14.8meV) is in excellent agreement with earlier work. However,
S(g,w) is anisotropic; parallel to the moment direction from I to L in the Brillouin zone
the excitation is well defined with a relationship

E=E\+ D¢,

with E5 = 14.8(3)meV and D =40(4) meV Az, whereas in the perpendicular direction
for ¢ > 0.3 reciprocal lattice units (rlu) the excitation becomes difficult to observe. This is
a most unusual phenomenon, and has not previously been observed in cubic ferromagnets.
Hu et al. (1989) claim that this is direct evidence for anisotropic hybridization of the same
sort that establishes the anisotropy in the critical scattering from antiferromagnets (Lander
1993). The anisotropy in the excitation spectrum depending on whether g || g or ¢ L p
explains the difficulty the earlier workers had with multidomain samples, where there is
no single direction parallel to g. Such problems do not, of course, affect the measurement
of Ea, so this quantity was measured correctly.

UTe is thus a most interesting material in that it lies on the border line between
the broad inelastic features found in UN, UAs, US and USe, and the resolution-limited
(at least at low T') excitations of USb. This point was further amplified when the line
widths werc examined at low temperature and found to be considerably wider than the
resolution (=3.9meV or equivalently 0.94 THz). The additional width at 5K is plotted
as a function of wavevector in fig. 23. This should be contrasted with fig. 20 for UShb,
in which, at low temperature, the excitation width is resolution limited. The additional
width in UTe is assumed to arise from interactions between almost localized 5f and band
states.

UTe is also known to have phonon anomalies connected with a negative Poisson ratio,
see Buyers and Holden (1985). Schoenes ct al. (1984) proposed on the basis of transport
measurements that UTe was a Kondo system with a large value of the Kondo temperature.
Similarly, the photoemission experiments of Reihl et al. (1981) were interpreted as
showing a strong resonance occurring between the 5f and 6d band states. It is perhaps
not surprising then that the neutron inelastic scattering gives such unusual results.
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Recently, some experiments have been reported by Langridge et al. (1992) on a single
crystal of USbg ¢ Teg 2, which becomes AF at 7y =2 190K and then becomes ferromagnetic
at Tc=155K. Preliminary measurements in the ferromagnetic regime at 5K show
a dispersion curve (at small ¢ values) similar to UTe but with £4 much increased
to ~30 meV. Intuitively, one might anticipate this lying between those of USb and UTe,
but this is not the case; it is larger than both the end members of the solid solution.

4.3.3. Transuranium materials

Crystals for neutron inelastic scattering must be at least 100 to 300mm?, so that
the production of such crystals for work on transuranium compounds represents a
formidable task. Indeed, except for the actinide oxides (sect. 2) no such experiments
even on polycrystalline samples have been performed. On the other hand, we know that
concentrating on uranium will give us only a part of the total picture. A good example
of the need for systematic studies in the actinides is provided by the neutron form
factor work determining the ratio of the orbital to spin magnetic moments, see sect. 3 of
Lander (1993). Although the biggest reduction of u;/ug from the free-ion value is found
in uranium compounds, we would be unable to draw any definitive conclusion without a
study including Np, Pu and Am compounds. So, although we anticipate the vast majority
of neutron studies to be performed on U compounds, it is important that at least a few
be attempted on transuranium compounds. At the Institute for Transuranium Elements
in Karlsruhe special equipment exists to grow such crystals, especially of the rocksalt
structure (Spirlet and Vogt 1984).

Reasonably large crystals have been grown of NpSb. Experiments were performed
to measure the critical magnetic scattering (Jones et al. 1991), but attempts to find the
inelastic excitation spectrum were unsuccessful. This could be due to the high absorption
(162b at thermal energies of 25 meV) of the only available isotope *’Np. New attempts
are scheduled on “plate-like” crystals of NpTe and NpBi.

A successful effort was, however, mounted on a plutonium compound, PuSh (Lander
et al. 1986). Because the most common isotope 2**Pu has an enormous capture (and
fission) cross section (total ~1000b) for thermal neutrons, it is useful only for small
crystals used in diffraction experiments. A crystal was therefore made at Karlsruhe
of the rare 2*?Pu (thermal absorption 18.5b) isotope, which was kindly loaned by the
US Department of Energy.

The ground state of PuSb is known to be a I's quartet from the polarized-neutron
measurements (Lander et al. 1984) so that the principal excitation is expected to be
transverse |5/2) to [3/2) within the I's ground state. PuSb is a ferromagnet at low
temperature (Burlet et al. 1984), so that, as with the experiments on UTe, it proved
possible to obtain a single-domain crystal. The geometry of the experiment is shown
in fig. 24 (left-hand side). The scattering function is written as S**(Q,w), where we can
conveniently break down the directional aspect into components along the three cubic
directions. We neglect non-diagonal terms. Recalling that the neutrons are sensitive only
to components perpendicular to the momentum transfer @, we can readily understand
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the significance of the scans shown at right in fig. 24. Restricting our consideration to
transverse components, i.e., longitudinal components such as $%(g) = 0, is an assumption
verified by the observed intensities. For §¢=[0,0,2+¢q] we will observe transverse
components S[0,0,q4] +5°7{0,0,q], which must be equivalent by symmetry, whereas
for ¢ =[2+4,0,0] we observe only $7{q,0,0]. The frequencies of these two components
are the same as shown in fig. 24(right), and the change in intensity by a factor of two
confirms that we have produced a single domain. (It is only for a single-domain state
that the intensity difference is a factor of two.) However, for @=[g,0,2] we observe
both $*[¢,0,0] and $*’[¢,0,0}. The new mode at 14.4 meV (at the X point) in fig. 24 (right)
corresponds to transverse fluctuations of a mode that is propagating along the moment
direction. At the I'-point E, =18.5(3)meV, but the presence of an excitation at lower
frequency at the X point shows that PuSb would prefer to form a simple +—+— type 1
antiferromagnetic structure.

The dispersion curves are illustrated in fig. 25. Banerjea and Cooper (1986) have
made considerable progress in understanding this excitation spectrum in terms of their
hybridization model. There are still some discrepancies, e.g., the observed dispersion is
less than expected for a ferromagnet ordering at 86 K, and the dispersion in the theoretical
fits is bound to reflect that fact. Nor does the theory convincingly reproduce the low-lying
mode at the X point.
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Note the superficial similarities between the excitation spectra of CeSb, CeBi (fig. 16)
and PuSb (fig. 25). On closer examination, however, it must be remembered that
the Ce compounds are antiferromagnets so that a minimum at the X point (g=1) is
anticipated. Furthermore, it is the mode that is transverse to the moment direction
that has the minimum at X. E, is smaller by a factor of ~6 for the Ce compounds
compared with PuSb, but the dispersion is similar, despite a factor of ~4 in the
ordering temperatures. Clearly, more experiments and theory are required before the
complex polarization dependence of the excitations in such systems as UTe and PuSb
are understood.

4.3.4. Remarks on damping of excitations

As indicated earlier, perhaps the major puzzle in the actinide rocksalt compounds, all of
which have well-defined static magnetic properties, is the fact that in most compounds
the excitations are broad and well-defined spin waves do not exist. Moreover, in the
few materials in which sharp excitations are seen (USb, UTe and PuSb), there are
unusual “broadening effects” that appear when the temperature is raised. Buyers and
Holden (1985) have considered possible damping from a number of sources. First, they
consider mechanisms arising from phonons. Although such interactions undoubtedly
play a role in the actinide oxides, it seems unlikely that their contribution is of major
importance for the compounds discussed in this section. Apart from the oxides (sect. 2.3),
there are no examples of strong magnon—phonon coupling as found, for example, in
CeAl, (Loewenhaupt et al. 1979a, 1987), and treated theoretically by Thalmeier and
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Fulde (1982). Second, they consider clectronic damping between localized 5f states
and d band states. Their model assumes isotropic interactions, whereas we know that
the mechanism is anisotropic. It thus seems more appropriate to follow the approach
of Cooper and his colleagues (Cooper et al. 1985, Hu et al. 1989, Cooper et al. 1992).
Another interesting idea is due to Edwards (1984) and has been presented in a slightly
different form by Brooks (unpublished). This is due to the inapplicability of the Wigner—
Eckart theorem when orbital moments exist in itinerant systems. The orbital part of the
magnetic moment operator does not commute with the one-electron Hamiltonian. For
strong spin—orbit coupling the spins are hindered as they rotate. In this picture there are
single-particle transitions between several one-electron bands. The addition of exchange
enthancement to this picture then gives the broadened excitation spectra seen in neutron
scattering.

At this time most of thesc ideas cannot be tested because they have not been carried
through to make quantitative comparison with experiment. The work of Cooper and his
colleagues is an exception. It is now generally accepted that the damping is a signature
of the strong interaction between almost localized 5f electrons and the s—d band states.
This has no close analogy in the 4f series. As soon as such an interaction occurs in
cerium compounds, for example, the magnetic ordering is almost always destroyed. It
is the stronger exchange interaction that give these actinide compounds the ability to
order magnetically, even at high temperature, and sustain the strong 5f-band electron
interactions. The fact that these effects have been found so far only in the rocksalt-type
compounds is, in our view, simply due to the fact that large crystals of other systems have
not been available for neutron experiments. Thus, we regard this field as a promising one
for future work.

4.4, Compounds with other crystal structures

Recalling that this section is devoted to systems that order with large (or relatively
large) moments, and excludes heavy-fermion materials, there are very few experiments on
actinide materials apart from the oxides and NaCl-structure compounds. There are good
reasons for this. The normally high ordering temperatures of U and Np compounds imply
a large cxchange interaction,; this, in turn, implies considerable dispersion in the excitation
spectrum. (It is intercsting to note in passing that the experiments on PuSb discussed
in the previous paragraph do not follow this assumption!) Under these conditions,
neutron inelastic experiments on polycrystalline samples would be expected to give little
information. Single crystals are required and they have simply not been produced except
in the NaCl-structure compounds and a selection of heavy fermions.

It is worth making a cautionary remark at this stage. Early neutron experimenters
were, of course, cxpecting that metallic actinide compounds would exhibit crystal-ficld
splittings when viewed with neutron scattering. This attitude comes from a simple
extrapolation of the situation found in lanthanides, where this technique has been such
a considerable success (Fulde and Loewenhaupt 1986). Indeed, the first experiments on
actinidc rocksalt materials by Wedgwood (1974), in which he claimed to see nothing
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but broad magnetic scattering in UN, US etc. were initially treated with scepticism.
Claims of CF transitions were made in a number of materials, but closer examination
with better instrumentation has shown that these “peaks” in the inelastic spectrum
almost always come from phonons. A good example is UPbs, where Murasik and
Zolnierek (1980) claimed an inelastic CF transition at ~12meV, corresponding to the
transition between I's and I'; states in the U*:3H, multiplet. However, a recent study
(all on polycrystalline samples, no single crystals have yet been reported) by Marshall
et al. (1992a) using time-of-flight techniques with a much more extensive Q coverage
than in the earlier studies has shown that no sharp excitations exist below ~60 meV. UPb,
orders at 7 =32K with a moment of 1.7 ug. The magnetic scattering may be fit to a
quasielastic Lorentzian but the half-width I'/2 varies across the zone from about 8 meV
at small Q to a maximum of almost 20meV at the Q corresponding to the first Bragg
peak. One may note, as the authors themselves do, that single crystals are needed to
extend this work, but the absence of peaks due to dispersionless CF interactions is
established.

Recently, CF transitions have been reported in the antiferromagnetic tetragonal
system UPt;Si; by Steeman et al. (1988). It remains to be seen whether these
CF transitions stand up to the test of time, and this material is completely localized as
in the case of UPd; (see sect. 2.2.2), or if they are later assigned to phonons. We do not
believe that one experiment with a triple-axis spectrometer and a polycrystalline sample
is sufficiently definite. The Q dependence of phonons with such a technique is by no
means straightforward, especially at small Q.

A discussion of a few other Ce and Yb compounds that fall into the category covered
in this section can be found in the recent work by Loewenhaupt and Fischer (1993), and
will not be repeated here.

With respect to the systems of the CeM, X, type (X=Ge or Si), discussed in sections 5
and 6, and to the intermediate-valent compound YbAgCu, presented in sect. 5, we
mention the studies of the temperature dependence of the quasielastic linewidth of systems
with the same structure, but which order magnetically. For the Ce compounds these
are CeRh;ySiz, CeAu,Siz, CeAgySip, CeRuyGe,, CeAu,Gey and CeAg,Ge,, and for the
YD systems YbAuCuys and YbPdCus. More data on these systems are listed in table 3 in
sect. 6. The temperature dependence of the quasielastic linewidth for CeAu, Si, is added
to fig. 57, and that for the Yb compounds to fig. 37. Although the temperature dependence
of the QE line linewidth of CeAg;Ge, behaves anomalously (non-linear with T), we
include it here instead of in sect. 6. This is because the full ordered moment of 1.85 g is
developed (with respect to the CF ground state), and the QE linewidth is small (0.5 meV
at 150K) as determined by Loidl et al. (1992).

Comparisons between these lanthanide and actinide compounds are clearly difficult.
For materials that order below 10K the exchange interactions are weak. The Kondo
temperatures, which reflect the strength of the antiferromagnetic interaction developing
between the f states and the band states, are normally of the same magnitude, so that
it is the interplay between these two that normally determines the physics. On the other
hand, exchange interactions are much greater (by at least an order of magnitude for U
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and Np compounds) and the hybridization effects are also greater and more complex; in
part because more than one electron (or one hole in the case of Yb) are present.

5. Paramagnetic systems without sharp CF-excitations

In this section we will discuss systems that do not show distinct CF-excitations. This
group of 4f materials are called intermediate-valent (IV) systems, and are discussed in
detail by Loewenhaupt and Fischer (1993). Here we will give a survey and cover recent
work. The most important data are summarized in table 2. Concerning the 5f materials,
studies have been performed only on compounds containing uranium. Sharp CF levels
are reported for UPd; (sect. 2.3.1). None of the systems discussed in this section order
magnetically, with the exception of TmSe. Ordering in this compound probably occurs
because both valence states, divalent and trivalent, are magnetic. Such a situation is also
true for PrgOq;, in which no magnetic order has been reported to our knowledge. We
discuss TmSe here because it is characterized by a wide structureless response in the
neutron inelastic scattering. This latter feature 18 common to IV compounds.

5.1. Lanthanide systems

Systems that exhibit intermediate valency behave in a completely different way to stable
lanthanides (sect. 2). In materials that exhibit intermediate valency the Coulomb exchange
interaction is more than an order of magnitude larger than the direct magnetic dipole
interactions. One has to distinguish the following classes:
(1) Lanthanides fluctuating between a nonmagnetic (/=0) and a magnetic (J >0)
Hund’s rule ground state, where the magnetic component can be classified:
(a) L= 0: Eu?*(pure spin state) (b) L = 0 : Ce**, Sm*", Yb*".

(2) Lanthanides fluctuating between two magnetic Hund’s rule ground states: Pr and
Tm.

With respect to these different types of fluctuating 4f states we will discuss the
compounds below in this (at first sight somewhat confusing) order, viz. Eu, Ce, Sm,
Yb, Pr, Tm. Usually IV systems do not change their valence drastically as a function
of temperature, i.e., the hybridization strength of IV systems is usually independent
of temperature, in contrast to Kondo and heavy-fermion systems, but there are a few
exceptions. One group consists of the Sm and Eu systems, where the valence change
is probably forced by the rather close-lying (in energy) first excited multiplet level (see
sects. 3.2.1 and 3.2.2). The other prominent example is Ce metal.

The static magnetic susceptibility of intermediate-valent systems is not Curie-like.
Below a certain temperature the susceptibility is essentially independent of temperature,
and has a low value for 7 — 0, as shown for CePd; in fig. 26. A consequence of this
electronic state is a broad excitation in the neutron inelastic scattering. Following eq. (9)
the integration over the quasielastic line of ~20 meV width (dashed line in fig. 26) gives
a result in rough agreement with the bulk susceptibility. For many systems the static
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susceptibility shows even a maximum at a certain temperature 7', as can be seen, for
example, at 7'~ 150K in CePd; (fig. 26). This maximum, in most cases, reflects the
change of a broad quasielastic magnetic response at temperatures larger than 7 max into a
broad inelastic response at low temperatures. The larger the absolute decrease of the static
susceptibility below Tmax, the lower is the magnetic intensity at low-energy transfer at
low temperatures. A sharp decrease in the low-energy response may be caused also by the
appearance of a “gap” in the energy spectrum, as was proposed for YbAl; (Murani 1985),
for Ce3BisPt; (Severing et al. 1991), and for CeNiSn (Mason et al. 1992). The position
of the inelastic excitation is usually larger than the QE width at high temperatures.
This behavior is discussed by many theoretical and experimental studies. For theory see
e.g., Fedro and Sinha (1981), Mazzaferro et al. (1981), Schlottmann (1982, 1984a,b),
Gunnarsson and Schonhammer (1985), Bickers et al. (1987), Kojima et al. (1984),
Kuramoto and Kojima (1984), Kuramoto and Miiller-Hartmann (1985), Kuramoto (1986);
for experiments see tables 2 and 6, and for a review Holland-Moritz (1993). This inelastic
response can be demonstrated unambiguously if no CF splitting is expected, i.c., on
predominantly divalent Eu systems.

5.1.1. Europium systems

As already mentioned in sect. 3, natural Eu has a large neutron absorption cross
section, which makes the use of '3 Eu isotopes necessary for inelastic neutron scattering
investigations with cold or even thermal neutrons. Therefore, inelastic neutron scattering
data are only available for two systems: EuPd;Si; (Holland-Moritz et al. 1987a) and
EuNi,P; (Holland-Moritz et al. 1989a). Even the isotopically enriched samples have a
rather large neutron absorption, so that only small samples (few grams) can be investigated
by neutron inelastic scattering. The advantage of Eu compared to Sm (see below) is the
large magnetic cross section of the Eu?" configuration (=220 barn). Moreover, Eu has
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Relaxation data as determined by neutron scattering for strongly unstable 4f systems. The Sommerfeld

coefficient for the electronic contribution to the specific heat and some magnetic data are also given®

System Bulk data Neutron data
Specific heat Susceptibility High temperature Low temperature
y Ref. Xpur-o  Tmax Ref. T(K) Iqe/2 Ref. T (K) A(meV) I'y/2 Ref.
(;2e) (2o (K) (mev) (meV)
v-Ce 300 16.5 1
a-Ce 12.8 2 05tP 2 8 2300 500 3
Ceg14Thy 56 17.4¢ 4 054 VT 5 200 16.0 6 10 139.0 87.0 6
CeBey; 115 7 217 140 8 300 17.0 9
CePd, (p.cry) 39 10,11 1.45°% 130 12 300 19.0 9 5 55.0 240 12
(s.cry.) 10 - 30 I3
10 10.0 15.0 13
CePd, 35 AL s 100 14 28 14 5 350 ~150 15
CePd,Ag 5 25.0 ~50 15
CePd,B, ¢ 230 16 24 - 17 250 35 18 170 - 23 18
250 1.0 18 10 - 0.1 18
CeSn, 53-68 7,19 1.85% 130 20 300 23.0 9 5 40.0 140 20
CeSn, 5Ing 5 33 60 21,22 5 18.0 23
CeSn, ,5Ing 45 190 19 5.4 38 21,22 5 13.0 23
CeSn,ln 8.0 25 21,22 5 9.0 23
Ce,Bi,Pt, 33 24 2.0° 80 25 150 ~200 25 2 20.0 asym. 25
CeNiSn (s.cry) 200 26 50 12¢ 27 1.4 2.1 05 28
CeNi, Ge, 300 29 200 6.0 29 5 - 38 29
CePt,Si, 86 30 355 55 30 100 10,0 31 5 - 150 31
Smy 75 Y05 10.0f VT 32 250 75 33
SmBg 3.2° 50 34 5 150 <20 35
5 21.0 Q-dep. 35
EuPd,Si, 300 VT 36 250 25 36 5 78 ~30.0 36
EuNi,P, 450" 30 37 270 6.0 38 5 9.2 1.8 38
TmSe 300 72 39 5 - 05 39
5 10.0 2.0 39,40
TmSeygsTey 15 250 58 39 5 - 05 39
5 7.8 1.8 39
TmY o955€,95 150 82 39 15 - 30 39
15 11.5 30 39
TmLag5Sey o5 220 44 39 5 - 0.5 39
5 2.6 1.0 39
TmTe (28 kbar) 300 10.5 41
YbAl, 16.8 42 041 850 43 20 180.0 95 44

continued on next page
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Table 2, continued

System Bulk data Neutron data
Specific heat Susceptibility High temperature Low temperature
y Ref. Xpur=0 Tomax Ref. T(K) Ig/2 Ref. T (K) A(meV) I'/2 Ref.
( ﬁf ) ( H)_T_zlemu y (K (meV) (meV)
YbAl, 45 45 465 125 43 6 32.0 0.5 46

46.0 400 46

YbCuAl 260 47 250 28 43 250 96 48 5 100 36 48
YbCu,Si, (CF) 135 49 157  45h 51,52 300 53 9 5 - 35 9
(here’) 50,51 300 20.0 5 35 3.0
5 ~20  ~100
(17 kbar,CF) 300 3.1 41
YbPd,Si, 203 52 182 30 53 250 130 54 5 210 120 54
5 47 38 54
YbAgCu, 245 55 250 30 55 250 76 56 15 39 61 56
YbInCu, 50 57 91 VI 58 5 400 180 58

continued on next page

the important property of exhibiting no CF splittings, because the Eu?* configuration
with J=S=1, is a pure spin state, and the Eu’* configuration is nonmagnetic because
of J=0. We have already discussed the intermultiplet transition J=0--.J =1 observed
below 7 =150K. Here we will concentrate on the consequences of this valence change
on the behavior of the Hund’s rule ground state.

The neutron scattering results of EuPd,Si; are summarized in fig. 27. Above 200K
the quasielastic linewidth is about 2.5 meV and nearly temperature independent. As the
valence increases below T'=140K the quasiclastic magnetic linewidth increases rapidly.
Both the increase of the valence (decrease of local magnetic moment) and the increase
of the linewidth result in a magnetic scattering intensity at 5 K being hard to detect; only
rough estimates can be given for the width of the magnetic line. No information on the
shape (quasielastic or inelastic?) can be extracted from these data.

For studying the low-temperature response of an intermediate-valent rare-earth ion with
no orbital moment, EuNi,P, is more suitable than EuPd,Si,, because in the latter the
valence transition is not completed when decreasing the temperature to 7 — 0K; v=2.5
for T — 0 (see fig. 9). The temperature dependence of the quasielastic magnetic linewidth
extracted from neutron inelastic scattering measurements is also shown in fig. 27. It is
almost temperature independent above 7 =100K and decreases below that temperature to
a value of about 2meV at 7=5K. This decrease of the QE linewidth is connected with
the appearance of an inelastic excitation line. Figure 28 shows some constant-Q spectra
of EuNi,P;, as a function of temperature. The position of the excitation line is shifted
from A=9.2meV at T=5K to A=8.4meV at T=30K and A=7.5meV at T=50K.
This excitation is no longer visible for 7> 100K and completely merged with the
QE component in one broad QE line. The intensity of the inelastic excitation is increasing,



NEUTRON INELASTIC SCATTERING 49

Table 2, notes

2 Unless specifically stated, the parameters are all based on experiments with polycrystalline samples. VT means
that a maximum in the static susceptibility cannot be observed because of a temperature-driven valence
transition. In some cases the low-temperature magnetic response was fitted only by a quasielastic Lorentzian —
this is then given in the column I'y/2.

® Extrapolated value without tail.
¢ Value for Cey¢Thy,.

4 x=0.35 for y and )X,, x=0.32 for neutron data. Note that in this material the authors state that two quasielastic

lines are present.
® Tmax is found only for H || a.
f Value for Smy,,Yo2S.

¢ ?: no decision can be made about QE or INE.

b T is found only for H L ¢ (Currat et al. 1989).
¥ (here): In addition to the published values for YbCu,Si,, obtained from a CF analysis (CF), we give values
from an analysis similar to that performed on YbPd,Si, (see text).
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Fig. 27. The QF linewidth of Eu IV compounds as function of
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at the expense of the quasielastic linc, with decreasing temperature. As mentioned
above, Eu cannot exhibit any CF splitting. Therefore, this observation is direct proof
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that the magnetic scattering response of an intermediate-valent ion becomes an inelastic
contribution at low temperatures, as was predicted by theories (Fedro and Sinha 1981,
Mazzaferro et al. 1981, Schlottmann 1982, 1984a,b, Gunnarsson and Schonhammer 1985,
Bickers et al. 1987, Kojima et al. 1984, Kuramoto and Kojima 1984, Kuramoto and
Miiller-Hartmann 1985, Kuramoto 1986).

The low-temperature response is presented in fig. 29 as a function of Q. The intensity
of the inelastic excitation decreases with increasing Q) much faster than the free-ion form
factor of the Eu?* configuration. The analytic formula given by Kuramoto and Miiller-
Hartmann (1985) was applied to the low-temperature spectra of EuNi,P,. At high O the
fit is reasonably good except at low frequencies, which can be understood by thc
underestimation of y”(w = 0) mentioned above, compared to the exact solution. However,
at low Q the fits with the analytic function are unacceptable. This is probably due to the
calculations being restricted to single-ion behavior and neglecting spatial correlations. The
full lines shown in figs. 28 and 29 are simple descriptions of the magnetic response by
quasielastic (QE) and inclastic (INE) Lorentzians. Nevertheless, this description should
not be understood as a two level system, but only as an approximation to the real spectral
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function for a hybridizated ground state at low temperatures. This spectral function should
be similar to that given by Kuramoto and Miiller-Hartmann (1985), which is adequate at
high @, but the modified spectral function should also describe the Q dependence of the
magnetic scattering. In this connection experiments on single crystals (when available)
to measure the real Q dependence will be important.

5.1.2. Cerium systems

The properties of cerium differ from that of the other IV 4f ions, because the 4f wave
function has just changed from delocalized character in Ba to localized in Ln (Goppert-
Mayer 1941). Thus the localized electron state of the 4f! configuration is unstable due
to a double well potential as suggested by Bauchspiess et al. (1981). These authors
used this model to explain the difference in the behavior of a series of Ce and Yb
systems. Whereas Yb compounds have valences close to both extreme integral valences
(e.g., Yb**Pd; and Yb?*Se), CeO, and CeFy4, in which the Ce ion is expected to be
tetravalent, show a distinct double structure in the Ly X-ray absorption spectra, see also
Rohler (1987).

This has to be remembered in context with cerium metal, the only Ln metal that
undergoes a first-order phase transition with a remarkable change of atomic volume.
Despite a considerable effort, there is still not complete agreement on the exact nature of
this phase transition in cerium. Some have argued that it represents a change of valence,
whereas an alternative explanation is that it is a Mott transition in which the 4f electron
changes its nature from localized (in the y-phase) to itinerant (in the a-phase). A more
complete survey of the theoretical situation is given by Johansson and Brooks (1993).
By lowering the temperature at atmospheric pressure the transition of the y-phase to the
collapsed a-phase is possible only by passing through the 3-phase. This complication by
the B-phase can be avoided by applying external pressure or introducing lattice pressure
by alloying with thorium. Shapiro et al. (1977) performed inelastic scattering experiments
with thermal neutrons on Ce,Th;_, alloys. They found that at low temperatures Ce in
Ce(74Thg 26 behaves like a-Ce, i.e., a small magnetic cross scction spread over a large
energy range. The full excitation spectrum could not be observed at that time due to
limitations of the incident energy. Using epithermal neutrons from Argonne’s spallation
source, Loong et al. (1987) were able to confirm the early results and to detect the
complete magnetic response at low temperatures on the same material. Figure 30 shows
spectra between 100 and 300K observed with £;=300meV and the spectrum at 10K
taken with E; = 1200 meV. The data at 10K could be fitted best by an inelastic Lorentzian
centered at 139 meV, with a width of 87 meV. CF effects are negligible. Even at high
temperatures, i.e., for y-Ce, CF excitations cannot be observed because the magnetic
response is strongly broadened due to thermally driven interactions, The quasielastic
width at 200K is given as about 16 meV, which is in agreement with measurements by
Stassis et al. (1979a) on elementary y-Ce at room temperature.

The vy — a collapse can be shifted to lower temperatures by additional substitution
of Ce by La, c.g., Cegg_yLa,Thy;. This system does not show a sharp y — a transition,
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Fig. 30. Background corrected spectra of Ceg,-
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however, with decreasing temperature an increase of the valence occurs at about 50K.
Therefore, whereas a distinct CF excitation is still visible at T=35K, it is smeared
out by hybridization effects at 52K (Grier et al. 1980, 1981). Moreover, the peak
position is shifted to higher energies when the temperature is lowered. This behavior
may be understood by considering the two extremes; the intermediate-valent Ce (a-Ce)
at low temperatures described in this section, and the almost stable Ce (y-Ce) at high
temperatures.

There are only a few inelastic experiments done as function of pressure. This is due to
two disadvantages: only small samples can be used in a pressure cell, which will decrease
the sample signal, and, in addition, the large mass of the pressure cell gives additional
background scattering. One of these difficult experiments was performed by Rainford
et al. (1977) on cerium metal at room temperature. They found magnetic scattering for
v-Ce at atmospheric pressure which could be described by just one QE line of 10 meV
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width, This value is somewhat less than found by Stassis et al. (1979a). At 8kbar, ic.,
for a-Ce, the magnetic response is decreased due to an increase of the width to 14 meV.
The analysis of Rainford et al. (1977) may be questioned because of uncertainties in the
phonon correction.

Fillion et al. (1985) investigated the a-phase of cerium at low temperature. To avoid the
problems with the B-phase they applied pressure on the sample, cooled it down in liquid
nitrogen, released the pressure, and removed the sample from the pressure cell keeping
it at liquid nitrogen temperature. The sample was then cooled to 8 K. At this temperature
the experiment was performed with polarized neutrons. Almost no magnetic scattering is
detected up to an energy transfer of about 200 meV, but the authors claim that there is an
inelastic response centered on ~230 meV. In addition, their fit contains a weak and broad
quasielastic line.

All experiments on Ce show that the cross section at low temperature is small and
spread over a large energy width. Unfortunately, this does not help decide whether the
Yy — o transition involves a valence change, or a delocalization of the 4f electron. The
experimental results are consistent with either interpretation in the first approximation.
What is needed is more complete calculations so that they can be compared to the neutron
results.

There are also two experiments dealing with liguid cerium. The first performed by
Millhouse and Furrer (1975) at a triple-axis machine and at a fixed @ =2.5 A~ shows
two excitations at ~3 and 7 meV, which were suggested to arise from the crystal field.
However, this structure could not be confirmed by an experiment on a time-of-flight
spectrometer by Rainford and Nguyen (1979). The latter present angles only up to 25°,
i.e., this corresponds to an upper limit of ¢=1.3 A-latan energy transfer of 8 meV. This
value of @ is below the position of the first maximum in S(Q) of liquid cerium, and the
scattering should be dominated by magnetic contributions. The earlier work of Millhouse
and Furrer (1975) probably corresponds to phonon scattering.

CePdj; is the most appropriate compound to demonstrate the principal behavior of the
inelastic magnetic response by an intermediate-valent lanthanide ion. It has been studied
extensively by several experimental methods (Gardner et al. 1972, Aarts et al. 1985
and references therein). The specific heat y-value is about 40 mJmol~! K=2 (Hutchins
et al. 1972, Besnus et al. 1983). The neutron inelastic-scattering response at 7=145K
is shown in fig. 31 (Holland-Moritz et al. 1977, 1982). The magnetic spectrum does not
contain any sharp peaks, which could be attributed to CF excitations, but the magnetic
signal is spread over a wide energy range. The magnetic character of this scattering
was proven by two findings. First, the phonon scattering contribution is rather small
as demonstrated by the comparison to the diamagnetic reference compound YPd; in
fig. 31 (lower part). Sccond, the @ dependence of the scattering intensity in the energy
window between —1 and —6 meV (Holland-Moritz et al. 1982) is consistent with a
magnetic free-ion form factor of Ce®* (Stassis et al. 1977).

The energy dependence of the quasielastic scattering may best be analyzed in tecms of a
single Lorentzian. The temperature dependence of this linewidth is shown in fig. 32 (solid
circles). The lower solid line represents qualitatively the Korringa behavior of a stable
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Fig. 31. Background corrected neutron
inelastic scattering spectrum of CePd,
and its diamagnetic reference compound
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Fig. 32. The quasielastic linewidth of CePd,
and Smy5Y,,55 as function of temperature.
Data taken from Holland-Moritz et al. (1982)
(solid circles), Galera et al. (1987) (open cir-
cles), and Weber et al. (1989a) (solid squares).
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lower limit of I'/2 expected from the cold
neutron scattering experiment. The thick solid
line represents I'/2=k,T and the solid line at
the bottom the Korringa behavior.



NEUTRON INELASTIC SCATTERING 55

lanthanide ion shown in detail in fig. 3. In contrast, the quasielastic linewidth of CePds
is almost temperature independent and larger by a factor of at least 20 (7'=300K). This
implies that below a certain characteristic temperature the width becomes larger than
the thermal energy kg7, indicated in fig. 32 by the crossing point of I'gg(T)/2 with the
bold line representing I'(T)/2=kgT. If CF transitions are hidden underneath this broad
magnetic response, the energy must be smaller than 15 meV, yielding a lower limit of the
QOF linewidth of about 13 meV (Holland-Moritz et al. 1982). The intensity obtained from
a single QF line is in good agreement with the static bulk susceptibility (see fig. 26).
The values by Galera et al. (1987) are somewhat smaller than those by Holland-Moritz
et al. This is probably due to slightly different samples, because the bulk measurement
performed on the sample used by Galera et al. (1987) is again in excellent agreement
with their neutron data. In fig. 26 two susceptibility values extracted from form factor
measurements by Stassis et al. (1982) are added. They do not coincide exactly with the
bulk and inelastic neutron measurement, but they demonstrate that the low-temperature
upturn in the bulk susceptibility is an intrinsic feature of CePd3 (compare also CeSns:
Murani 1983a,b, Stassis et al. 1979b,c). This upturn in the susceptibility is interpreted
as due to an admixture of a 5d component to the local 4f form factor (see also Lander
1993). The total integrated magnetic cross section extracted from egs. (7) and (8) with
a cut-off energy of 2 eV (Holland-Moritz et al. 1982) yields a valence which is in rather
good agreement with the Lyj-edge results (Bauchspiess et al. 1981).

Due to the use of cold neutrons, E¢ =~ 3.5meV, the above experiments cannot give
information about the linewidth at low temperatures. They only provide lower limits of the
linewidth if one quasielastic line is assumed. This information is indicated by the dashed
arrow in fig. 32. Using thermal neutrons Galera et al. (1985, 1987) were successful in
obtaining more detailed information. Both experiments with polarized and unpolarized
neutrons show clearly the existence of a broad inelastic excitation. Their results, presented
in fig. 33, show that the magnetic response changes its shape from a pure quasielastic
one at 7=280K to a dominant inelastic feature centered around 60 meV at 7=5.5K.
It is a quite general property (see table 2, above) that the position of the inelastic line
at low temperature is at a greater energy than the width of the quasielastic line at
high temperature. A residual weak quasielastic component seems to exist as well. The
quasielastic linewidths of Galera et al. (1985, 1987) are added to fig. 32 (open circles).

Later, additional experiments were performed on the alloy CePd;_.Ag, by Severing
and Murani (1990). These confirmed the earlier results on CePds. With increasing Ag con-
centration the high-energy peak becomes narrow and shifts to lower energies (A=25meV
for CePd,Ag). Moreover, a second inelastic feature at ~10meV and a quasielastic line
with I' =2 meV become apparent. The authors interpret the low-energy pcak as a CF
transition I's — I'7, which is related to an Ag-rich neighborhood of Ce, whereas the high-
energy peak arises from the Pd-rich neighborhood. An analysis within the model of
Jaccarino and Walker (1965) suggests that only 1-2 ncighboring Ag atoms are sufficient
to drive Ce into a trivalent state (Severing, private communication). This CF splitting
of ~10meV is consistent with the fact that an unresolvable CF transition may be hidden
in the spectra of CePds at T > 120K (see above). The magnitude of the CF splitting also
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agrees well with the systematics of the RPd; series (Walter and Holland-Moritz 1981).
The high-energy excitation at low temperatures, which shifts from 60meV in CePd;
to 25meV in CePdyAg, cannot be understood in terms of a CF excitation. A similar
change from the structureless response in CePd; to a crystal-field excitation spectrum
was observed by Culverhouse et al. (1992) by alloying CePd; with boron.

An experiment on single-crystal CePd; has also been conducted by Shapiro et al.
(1989). One of their spectra, obtained with a @ vector close to the almost forbidden Bragg
point [011] at 7=10K is shown in fig. 34. This exhibits a clear low-energy structure that
is compatible with a rather narrow quasielastic line of ~3 meV width. This increases to an
approximately constant value of ~6meV for temperatures above 70K. It is immediately
clear that these results are in disagreement with the results reported earlier by using
polycrystalline materials. Moreover, there is a further significant intensity above the
phonon peak in the spectrum at 10K, which has been interpreted by Shapiro et al. (1989)
as an inelastic line with I'/2~15meV and centered at ~12 meV. Whereas the width
is almost independent of temperature, the position changes to ~16 meV above 40K.
The discrepancy at low energy between the experiments on a single crystal and on
polycrystalline material are not easy to reconcile. As the experiments on polycrystalline
material are an average across the complete Brillouin zone, the only explanation seems
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to be that the OF response seen by Shapiro et al. (1989) is limited to a small part of
the Brillouin zone. Clearly, it will be important to resolve this discrepancy in one of the
most studied IV systems, and it does emphasize, again, the importance in many cases of
trying also to perform experiments with both techniques, provided large single crystals
are available.

Another compound that has been studied extensively with unpolarized neutrons
(Holland-Moritz et al. 1982, Murani 1983a,b) and with polarized neutrons (Capellmann
et al. 1985) is CeSns, in which y is ~60mJmol'K~2, and in which an inelastic
response at ~40meV is found. On alloying with indium to give the compositions
CeSn;_,In,, Murani (1987a) showed that the peak scaled with the T'p,x, the maximum
in the susceptibility. Doping with In also increases y to a value of ~300 mJmol 'K~2
by x=1.1 and Murani points out that the form of the observed spectra can be
reasonably well accounted for by the analytic formula proposed by Kuramoto and Miiller-
Hartmann (1985).

Two other CeM, X, compounds are worth mentioning here, because they behave from
the point of view of neutron inelastic scattering like unstable 4f systems; CePt,Si, (Grier
et al. 1988) and CeNi, Ge, (Knopp et al. 1988). This is particularly surprising for CePt, Si,
because a valence of 3.0 is reported for cerium (Rohler 1987). Grier et al. (1988)
have fitted their spectra with a quasielastic line of width ~10meV at 100K, increasing
to 15meV at 5K. This increase may again be an indication for an inelastic feature
appearing in the magnetic low-temperature response. On the other hand, for CeNi,Ge;
a valence of 3.07 is reported (Rohler 1987). The spectra obtained with £;=3.1 and
12.5meV are fitted with a quasielastic line, giving a linewidth of ~4meV at low
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temperatures, increasing slightly to ~6 meV at 200 K. This is quite similar to that found
in YbCu,Si; (see below). However, the experiments on CeNi,Ge, by Knopp et al. (1988)
do not give information on whether a high-energy excitation exists, as is the case
for YbCu;Si; and YbPd,Si; discussed below. CeNi,Si; may also behave in a similar
fashion as Ljj-edge measurements give a valence of ~3.15, but no neutron inelastic
experiments have been reported.

An important problem in all this work on unstable f systems is the exact shape
of the magnetic frequency response at low energy and at low temperature. We have
already discussed this in sect. 1.2, and it becomes of much interest if the possibility
of a “gap” in the spectrum occurs. This means, of course, that the response is zero
up to some finite frequency, and then is positive definite. In most systems a clear
decision about the existence of a gap in the magnetic excitation spectrum is difficult.
However, recent inelastic neutron scattering by Severing et al. (1991) on cubic Ce;BisPt;,
which is a semiconductor at low temperatures, clearly shows such a gap-like behavior.
Up to an energy transfer of 12meV no magnetic scattering could be detected. This is
especially demonstrated by the data taken with E;=17meV (fig. 35). Above 12meV
a rapid increase of the magnetic contribution is observed, which reaches its maximum
value at about 20meV. The decrease of the scattering at higher energies is much
more gradual, resulting in a strongly asymmetric structure. For 7 > 150K the magnetic
response is again compatible with a single broad quasielastic line with a linewidth
of ~20meV.

Mason et al. (1992) have found a similar situation in orthorhombic CeNiSn, which
is also a semiconductor at 5 K. They used a single crystal in their neutron studies and
found that a gap occurs in the magnetic excitation spectrum only close to the (0,0,1)
reciprocal lattice point (top frame of fig. 36). Since this corresponds to a position
forbidden by the crystal symmetry, it suggests that the correlations are predominantly
antiferromagnetic. Away from this point, e.g. (1.2,0,0), only weak, essentially isotropic,
quasielastic scattering was found (lower frame of fig. 36). As observed in Ce3;BiyPts
the gap character vanishes quickly with increasing temperature in CeNiSn. Work has
been reported on polycrystalline samples of CeNiSn by Kohgi et al. (1992, 1993),
who presented spectra up to an energy transfer of 60 meV. At about 20K the magnetic
response is broad and quasielastic, in agreement with the work of Mason et al. (1992).
At 3K their spectrum differs from that observed at certain reciprocal lattice points with
a single crystal, but even in a polycrystalline sample an inelastic excitation was observed
with an energy of about 4 meV instead of the 2.5meV found by Mason et al. (1992).
No CF transitions were seen at higher energy.

Semiconducting behavior seems to be a requirement for the direct observation of a
hybridization gap in the magnetic excitation spectrum. If this f-d hybridization gap is
responsible for the semiconducting nature, then the Fermi level must fall into the gap. In
this situation no low-lying empty states of f character exist so that quasielastic magnetic
scattering is forbidden. A hybridization “gap” is therefore observed. An indication for
such a gap will also be found, of course, in the magnetic susceptibility. For Ce;BisPt3
the susceptibility drops by a factor of two below ~80K, indicating a drastic decrease in
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population of the magnetic states at low energy. Such a decrease is consistent with the

observations in fig. 35.

5.1.3. Samarium systems

SmS is particularly interesting because of its first-order metal-insulator phase transition
at about 6 kbar (Maple and Wohlleben 1971), and the fact that it was the first f material to
be identified as having a valence transition. This phase transition may be understood as a
sudden change in the size of the Sm ion, i.e., with a change in the Sm valence. By alloying
with Y the lattice pressure in (Sm,Y)S can be arranged so that this change in valence
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can be observed also by varying the temperature. In contrast to Ce, this drastic valence
change is probably caused by the rather low energy of the first excited Hund’s rule state.
Nevertheless, there are only few neutron scattering experiments on Sm IV systems. One
reason for the lack of neutron data is the low magnetic cross section of the J =5/2 Hund’s
rule ground state (Sm*"). Because of the g; factor (2/7 for Sm**) this cross section is
just a ninth of that of Ce3* (g;=6/7). Moreover, the neutron absorption cross section of
natural Sm is very high. Therefore, all neutron scattering experiments must be performed
on samples with enriched !**Sm isotopes, and only small samples can be used due
to the unavoidable contamination by strongly absorbing isotopes. The only successful
measurement of the QE linewidth was performed on Smg 75Y(25S (Weber et al. 1989a)
using the time-of-flight spectrometer IN6 at the high-flux-reactor in Grenoble (ILL). The
result is comparable to that of CePd; and is included in fig. 32. The width is smaller by
a factor of about 3 compared to CePd;, which facilitated the detection for this very low
cross section of only 0.2 barn (in contrast ¢y, ~ 2.7 barn for CePd;). As the neutron flux
on sample, at a thermal beam (such as IN4), is smaller by at least one order of magnitude
compared to that available from a cold-beam spectrometer (such as IN6), low-temperature
data with thermal neutrons (£ > 12 meV) are of rather poor quality. Our knowledge of
the magnetic response at low temperatures is therefore relatively uncertain. There is no
sharp magnetic excitation, which should be expected for a simple CF splitting, but there
are again indications that the magnetic response becomes inelastic, as happens in CePds.
CF effects do not appear to play an important role in Sm IV systems. The behavior of
the intermultiplet transition is discussed in sect. 3.

Due to the large absorption of SmBs (to reduce absorption, isotopes of both
species, 1**Sm and !'B, must be used) inelastic scattering measurements with cold
neutrons, as done on Smyg7sYg2sS, were impossible. The data taken with thermal
neutrons do not contain information about quasielastic magnetic scattering, but show
unusual inelastic magnetic excitations at low temperatures which vanish rapidly with
increasing ( (Holland-Moritz and Kasaya 1986). Alekseev (1993), and Alekseev
et al. (1992, 1993a,b) have performed experiments on single crystals and polycrystalline
material. They confirmed the unusual Q-dependence, and suggested that the magnetic
excitation may be influenced by interactions with acoustic phonons.

5.1.4. Ytterbium systems

We will start our discussion of the Yb systems with the cubic system YbAgCuy.
This I'V system was studied within the series YbMCuy with M=Pd, Au and Ag (Severing
et al. 1990a) and In (Severing et al. 1990b). Whereas the two former compounds show
distinct CF excitations, the magnetic scattering of YbAgCuy appears over a large energy
range, and no sharp CF excitations are visible. The QE width is about 8 meV at 7=250K,
a factor of 4 larger than in the isostructural compounds with M =Pd, Au (see fig. 37). It
decreases with decreasing temperaturc, but there is a cross-over point at about 7=75K.
When the spectra at temperatures 7 < 75K are fitted with a single QF linc the fits get
worse (see dashed line in fig. 38) and the widths derived from the best fit are increasing
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with decreasing temperature. The spectra below T =75K are much better described with
a single inelastic line (solid line in fig. 38) and the temperature dependence of this
inelastic linewidth (open circles in fig. 37) fits better to the high-temperature behavior
of the OF linewidth. This finding is compatible with that described for Ce systems and
its behavior is intermediate between that of CePd; (fig. 32) and CeRu,Si; (see sect. 6).
As visible from fig. 38 the total magnetic intensity does not change significantly
with temperature and is close to the full moment of Yb**. From this one can exclude
a further inelastic line at energies larger than 30 meV which could have been missed
using E;=40meV. The authors state that a CF explanation for the inelastic excitation at
low temperatures cannot be ruled out completely. However, a CF analysis yielded three
unusual properties. First, the QF linewidth is of the same magnitude as the inelastic one;
second, the resulting CF parameter W is about 2.5 times larger than in the isostructural
systems assuming the same x parameter; and, third, the CF splitting energy shifts towards
lower energies with incrcasing temperature, i.e., it is no longer temperature independent
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as in stable 4f systems (compare sect. 2). The last point, the change with temperature,
may be due to effects such as those discussed by Becker et al. (1977).

Another interesting compound of the YbMCuy type has M=1In. To date this is the only
known Yb system in which a valence phase transition occurs as a function of temperature.
Above 45K Yb is trivalent, i.¢., similar to M= Au and Pd, whereas below 45 K the valence
starts to decrease into an intermediate valent state. Inelastic neutron scattering data by
Severing et al. (1990b) are compatible with CF excitations for 7 >45K. Below 45K
these CF transitions vanish and a broad inelastic excitation appears around 40 meV, see
fig. 39. The intensity above 45 K is in good agreement with the full Yb*" moment, whereas
the intensity of the magnetic spectrum at low temperatures has not yet been reliably
estimated. Experiments with higher incident energies are required to characterize the total
response function.

Many intermediate-valent Yb systems studied by inelastic magnetic neutron scattering
are of lower crystal symmetry than cubic (e.g., YbPd,Si;, YbCuAl). This anisotropy
complicates the situation, and might result in a wrong interpretation of the data when
polycrystalline samples are used. We start our discussion with YbPd,Si,. This system
was investigated intensively by Weber et al. (1989b) with three different incident energies:
Ei=3.1meV for temperatures larger than 50K, and E;=12.5 and 50meV for low
temperature. The comparison to the nonmagnetic reference compound LaPd;Si; shows
clearly the existence of a broad magnetic feature at high temperatures, which could be well
described by just one quasielastic line of 12 meV width. This QF width decreases with
decreasing temperature to a value of about 8 meV at 7 =50K (fig. 40), as proven by using
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two different incident energies, 3.1 meV and 12.5 meV. Whereas at 7=30K the magnetic
response as measured with E;=12.5meV appears to be purely quasielastic in character,
it has changed its character to an inelastic excitation at about 4.7meV at 7=5K. This
may be seen more clearly by the low-energy spectra shown in fig. 41. An additional very
small quasielastic line with an almost temperature independent width is associated with
an impurity phase, and seen only when low-energy incident neutrons are used as shown
in fig. 41. Although this behavior looks qualitatively quite similar to that of YbAgCuy,
there are some significant differences. First, the decrease of the linewidth when lowering
the temperature is stronger in YbPd,;Si; than in YbAgCu,. Moreover, the temperature
dependence of the linewidth in YbPd,Si, is not linear, but is more compatible with a
square-root dependence, which is used to describe the lanthanide behavior in Kondo
or heavy-fermion systems (see sect. 6). The most obvious difference, however, is the
existence of a second broad inelastic excitation line at about 21 meV. This was readily
observable in the spectra taken with £;=50meV and at T < 50K (fig. 42). All linewidth
data are summarized in fig. 40.

The authors state that simple single-ion CF theory cannot cxplain the observed
temperature dependence of the excitation spectra. They suggest a dependence of the
dynamic spin behavior on the crystallographic direction, for example, a higher fluctuation
rate in the a—b plane than in the ¢ direction. That such a behavior is realistic is
shown by the anisotropy in the static magnetic susceptibility found by using single
crystals of several materials, e.g., YbCu,Si; or URu, Si; (see below). Unfortunately such
data do not exist for YbPd,Si,. Comparing the sum of magnetic neutron scattering
intensities (local static susceptibility), excluding the impurity phase, with the static bulk
susceptibility (@=0) as measured by Sampathkumaran et al. (1984) the agreement is
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excellent (Weber et al. 1989b). The total magnetic cross section, which cannot be extracted
exactly due to the uncertainties in the cut-off energy (see sect. 1), is in rough agreement
with a valence of v~2.9.

There were two early experiments on two similar Yb systems using E;~ 3.5meV
and E;=~ 12.5meV neutrons: hexagonal YbCuAl (Mattens et al. 1980) and tetrago-
nal YbCu,Si, (Holland-Moritz et al. 1978). Both systems show broad magnetic scattering
even at low temperatures. At this early stage of investigations it was thought that the
magnetic response of IV systems was purely quasielastic at low temperatures so that
in both these works the data were analyzed in this way. Later, both groups performed
additional experiments using £; =50meV, which resulted in additional information.

In fig. 43 the width found for YbCuAl by an analysis with just one quasielastic line is
plotted as a function of temperature (circles) together with the relaxation rates extracted
from NMR data (open circles, MacLaughlin et al. 1982). Whereas the NMR rate shows a
strong increase below 7=40K, this increase is much smaller for the relaxation rates
extracted from the neutron scattering data. With new experiments, and an improved
analysis, Murani et al. (1985) showed the existence of at least two inelastic magnetic
excitations in YbCuAl. They added to fig. 43 the quantity yw,/x"(wy), where y is
the static bulk susceptibility, represented by x'(@, w’ =0, T) in eq. (5), wy is the peak
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position in the neutron spectra and y”(wy) is the value of the dynamic susceptibility
at the peak position. Assuming a Lorentzian shape, and a free-ion Yb** form factor,
this quantity should be identical with the linewidth extracted from egs. (5) and (10). As
shown for CeRu,;Si; and YbAgCuy, the interpretation in terms of an inelastic line in
general yields widths somewhat smaller than the quasielastic one. However, in this case
xwy/x" (wy,) is even larger than the OF linewidth, but coincides quite well with the NMR
relaxation rate. This indicates that either the line is no longer of Lorentzian shape or that
spatial correlations may be present at low temperatures.

Holland-Moritz et al. (1982) reported a crystal-field analysis of their data on YbCu,Si,.
They performed this analysis because the simple picture of just one quasielastic line in the
whole temperature range led to contradictions, especially at low temperature. Although
the data analysis was consistent, questions on the derived CF scheme have been raised
by Tomala et al. (1990), after a Mossbauer study. The temperature dependence of the
Yb quadrupole moment could not be explained by the set of CF parameters given by
Holland-Moritz et al. (1982). Instead, another CF scheme based on theoretical treatments
of Zevin et al. (198R), is favored. However, with the interpretation of the YbPd,Si,
spectra in mind, an analogous interpretation of the YbCu,Si, might be possible. This
would lead to a quasielastic width of about 20meV at room temperature, decreasing to a
value of about 5meV at T'=35 K. The full temperature dependence is shown in fig. 44. As
in YbPd;Si,, a strong inelastic magnetic cxcitation exists at about 23 meV with a width
of about 10meV, which covers all CF excitations of the earlier interpretation, Whether
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the low-energy response, which is characterized in fig. 45 by just one quasielastic width,
is really of quasielastic or of inelastic nature, cannot be decided easily. There is also
the possibility of strong @ dependent effects in YbCu,Si,, which are not easy to address
with polycrystalline samples. In YbCu,Si, such a behavior is suggested by the anisotropy
in the static susceptibility measured on a single crystal. The susceptibility is smaller
for H L c than for H || ¢ (Shimizu et al. 1985, Currat et al. 1989). From these observations
we can propose that the low-energy response is associated with the susceptibility parallel
to the ¢ axis, and the high-energy response to that in the basal plane.

To test these ideas, Currat et al. (1989) performed neutron inelastic scattering
experiments on a single crystal of YbCu,Si, using the triple axis spectrometer IN8 at
the ILL. This is one of the few inelastic neutron scattering experiments on a single
crystal of a strongly interacting 4f system with a crystal symmetry lower than cubic.
Unfortunately, the resolution was insufficient to draw conclusions about any possible low-
energy response around 4 meV (~1 THz). At low energies there are only small differences
between the spectra taken at different @, in disagreement with the strong dependence
proposed by Zwicknagl et al. (1990). Qualitatively the two peaks at about 16 meV
(~4 THz) and 32meV (~8 THz) are consistent with the work done on polycrystalline
samples.

Attempts were made by Walter et al. (1992) to study YbCu,Si, under pressure. There
is some indication that at P =17 kbar more scattering is seen at ~15 meV, which would be
consistent with the earlier CF interpretation, but these experiments are difficult because
of the large amount of scattering from the pressure cell.

The interpretation of the low-temperature response obtained on Yb samples is clearly
still complex. In low-symmetry structures the dependence on crystallographic direction
implies that the crystal-field interactions must be important, although bearing in mind the
physics of cerium and uranium systems discussed in sect. 4, the effects of hybridization
will have to be incorporated into any comparison between theory and the neutron results.
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It will be nccessary also to characterize the low-energy response of the single crystal
of YbCu,Si,, for example with a cold-source triple-axis spectrometer, as has been done
for a number of heavy-fermion systems (see sect. 6).

Whereas the former Yb systems show a rather strong temperature dependence in
the static susceptibility with a maximum at about 40K, i.e., a Curie-like behavior for
temperatures = 60K, YbAl; shows a rather flat behavior (Klaasse et al. 1977) with a less
pronounced maximum at about 150 K. As this behavior is quite similar to that of CePd;,
one would expect for this cubic Yb compound a broad quasielastic response at high
temperatures and a structureless broad inelastic excitation for 7 — 0K. Surprisingly, a
complicated magnetic response with many details was reported. Murani (1985) used
incident energies of E;=50meV and 115 meV and states that there is a low level of
magnetic scattering below 30meV, and then a sharp increase in magnetic scattering,
peaking at ~32meV. Using cold neutrons (£;=3.1meV), Walter et al. (1991) found a
fourth inelastic excitation line at about 12meV, and at a temperature of 50K. A recent
work by Murani (1994) includes also data with £;=3.1 meV using the IN6 spectrometer
with the same experimental set-up as done by Walter et al. (1991). Surprisingly, the
spectra, especially those of LuAls;, look very different. As commented by Holland-
Moritz and Walter (1994), the origin for this lies in the shape of the sample: Murani
(1994) used a powdered sample, while Walter et al. (1991) used a bulk polycrystalline
LuAl; sample yielding drastically different nuclear cross sections for both elastic and
inelastic scattering (last partly due to enhanced double scattering). The error in the
analysis by Walter et al. (1991) was to estimate the inelastic nuclear scattering for
a powdered YbAl; sample by comparison with the inelastic nuclear scattering of a
bulk LuAl; sample. Both groups agree now in the picturc of only one quasielastic line
for T 2 120K, which changes below this temperature continuously to a striking gap-
like inelastic feature at liquid helium temperature. This inelastic response is strongly
asymmetric, increasing rapidly between 30 and 32 meV and decreasing slowly to higher
energies. There is also a fine structure in the magnetic response above 32 meV. For more
details see Murani (1994).

Many intermediate-valent Yb systems exist showing an even smaller susceptibil-
ity than YbAl;, e.g., YbAlL, YbCuy, YbZn, or YbGa, (Klaasse et al. 1977). All
these systems have valences significantly smaller than 2.8 and susceptibilities smaller
than 0.5x1073 emw/mol for low temperature. As the temperature increases, so does
the susceptibility, attaining a maximum at high temperatures, which frequently required
experiments up to 1000 K. YbAL shows a maximum at 900 K. In the magnetic response
one would, therefore, expect a broad inelastic excitation at high energies. This was
estimated to be outside the range of spectrometers at reactors; however, a recent
experiment at the ISIS spallation source by Murani et al. (1992) was successful. Figure 46
shows a low-temperature spectrum of YbAl, with a broad inelastic excitation centered
at ~180meV and with a width of ~90 meV. This spectrum was then analyzed in terms of
the expression given by Kuramoto and Miiller-Hartmann (1985) and gave a characteristic
energy £ = 155 meV =~ Tk and a degencracy of the ground state Nt = 9. From this, using
the literature value for the electronic specific coefficient, y, together with the Fermi-liquid
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relation linking y and &¢ (see sect. 7) the authors find that the Yb ion in YbAl, is close to
trivalent. However, the Fermi-liquid relation between y(0) and &¢ suggests a valence closer
to 2.4, as extracted from the Lj; measurements by Bauchspiess et al. (1981), and Réhler
(1987). One reason for this discrepancy is linked to the fact (Newns and Hewson 1980)
that the Wilson ratio, x(0)y, is unusually low for YbAl,. This is discussed further in
sect. 7.

5.1.5. Thulium systems

There are only two intermediate-valent Tm systems in the literature. First, TmSe
which orders antiferromagnetically below 3.5K with an ordered moment of ~2.5 ug
(Bjerrum-Mgller et al. 1977), but is strongly intermediate valent at atmospheric pressure
(v =2.58, Launois et al. 1980). Second, TmTe which is almost divalent at atmospheric
pressure, but is driven into an intermediate valent state by applying external pressure
(Wohlleben et al. 1972). The first compound was investigated intensively by various
techniques. Neutron inelastic scattering measurements were performed as a function of
temperature on both TmSe and TmTe. TmTe was also investigated at P =20 kbar and
room temperature (Walter et al. 1992). In addition to the compound TmSe, the two diluted
systems Tmggs Yo,95Se and Tmg gsLag 95Se, as well as the alloy TmSep g5 Tey 15, have been
investigated (Holland-Moritz 1983). Qualitatively, all these systems with intermediate-
valent Tm behave similarly. Therefore, we will concentrate just on the compound TmSe
(Loewenhaupt and Holland-Moritz 1978, 1979, Holland-Moritz and Loewenhaupt 1979,
Shapiro and Grier 1982, Holland-Moritz 1983). The results are summarized in fig. 47.
The quasielastic linewidths is almost temperature independent between 300K and 120K
but decreases rapidly below 7=120K. At T=5K the linewidth is about 0.4 meV; the
material orders at T~ 3.5K. Associated with the decrease of the QE linewidth, an
inelastic response appears, whose position shifts from 6.5meV at T=75K to 10meV
at 2 K shown by the squares in fig. 47. The data in fig. 47 are obtained from measurements
on polycrystalline material (Loewenhaupt and Holland-Moritz 1978, 1979). Comparing
the quasielastic width and the inelastic excitation encrgy with those of the other
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Tm systems they depend monotonously on the lattice parameter, i.e., with increasing
volume available for the valence-fluctuating Tm ion both the quasielastic width and the
inelastic excitation energy decrease (Holland-Moritz 1983).

The existence of the inelastic excitation was also confirmed by Shapiro and Grier (1982)
by an experiment on a single crystal. This work shows elegantly that the existence
of this inelastic excitation depends strongly on the stoichiometry. A sample with a
room-temperature lattice constant of about 5.71 A is thought to be stoichiometric (e.g.,
Kébler et al. 1981). In fig. 48 spectra of two samples with different lattice constants
are compared. The upper spectrum is from a sample with a room-temperature lattice
parameter of 5.714 A close to stoichiometry and shows the inelastic excitation at 10 meV,
whereas the lower spectrum is from a sample with a lattice constant of 5.69 A at room
temperature, and the inelastic structure is almost vanished. This gives an explanation
why Furrer et al. (1981) could not confirm the existence of the inelastic excitation by
measuring on a single crystal.

TmSe was for a long time the only I'V system for which such an inelastic excitation was
found at low temperatures. Thus the existence of that excitation was thought to be a special
property of Tm, because both mixing Tm valences states are magnetic. Several models
were developed to understand this. Fedro and Sinha (1981) suggested an excitation across
a hybridization gap. This was experimentally supported by the strong Q-dependence of
the intensity found for the inelastic excitation by Shapiro and Grier (1982). The existence
of this excitation for diluted Tm systems (Holland-Moritz and Prager 1983, Holland-
Moritz 1983) seems to favor single-ion models such as that of Mazzaferro et al. (1981)
or Schlottmann (1984b). However, provided the excitation involves only a 4f electron and
a conduction-band state, it is not necessary that the ion be concentrated for dispersion
to arise. The latter may simply be a consequence of the g dependence of the conduction
band. The presence of this excitation in dilute systems does rule out cooperative effects
involving more than one 4f site, but does not necessarily exclude the presence of a
hybridization gap. More recently, similar excitations were detected in several systems
(see above), in which one of the mixing Hund’s rule ground states is nonmagnetic. The
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only distinct difference between Tm and the other strongly intermediate-valent lanthanides
seems to be the much smaller OF and INE linewidth at low tempcratures observed in Tm
systems. Therefore, the narrowing effect may be just a consequence of both the valence
states, which arc involved in the mixing process, being magnetic.

This 10meV excitation remains almost unaffected by the magnetic order below Ty =
3.2K (Holland-Moritz and Loewenhaupt 1979, Shapiro and Grier 1982). However, the
quasielastic scattering vanishes below the Néel temperature and an inelastic magnon-
like excitation at about 1 meV is observed (Loewenhaupt and Holland-Moritz 1978). An
investigation as a function of magnetic field by Loewenhaupt and Bjerrum-Mgller (1981)
shows a strong field dependence of this magnon-like excitation, from which a doublet
ground state was deduced for the paramagnetic regime (see also the work by Loewenhaupt
and Fischer 1993).
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TmTe was investigated at room temperature and at ambient and 28kbar pressure
(Walter et al. 1992). This is one of the few inelastic neutron scattering experiments
involving pressure. The results are shown in fig. 49. The comparison of the ambient
pressure (upper frame) spectrum with that at 28 kbar (lower frame) shows an increase of
the quasielastic linewidth with increasing pressure. The ambient pressure spectrum was
analyzed in terms of a CF splitting, in agreement with the interpretation of measurements
on a larger sample without the pressure cell. The QF linewidth is I'/2=0.8 meV. The
spectrum at 28 kbar is quite similar to that found for TmSe, and was therefore analyzed
with a single broad QF line, yiclding a width of 10.5 meV, which can be compared to
the ~7 meV found for TmSe. This pressure dependence, as well as that of YbCu, Siy, can
be understood with the theory of Kuramoto and Miiller-Hartmann (1981), which is valid
only in the high-temperature limit.

5.1.6. Praseodymium systems

Attempts have been made to force praseodymium, which follows cerium in the lanthanide
series, into an intermediate valent state. Since all intermetallic systems have a Pr ion
with a valence close to three, pressure was applied to some of these systems, but
all efforts have failed. Enhanced hybridization, however, was found in insulating Pr
systems containing oxygen. Within the RBa;Cu;0;.s series, which usually exhibit
high-temperature superconductivity, the suppression of superconductivity in PrBa,CuQO,
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(a semiconductor) is probably caused by such enhanced hybridization effects (Walter
et al. 1988, Skanthakumar et al. 1990, Soderholm et al. 1990, Jostarndt et al. 1992).
The only other unstable Pr moments were found in the oxides. For PrO, a valence of
about 3.4 is reported by Dexpert et al. (1987) from Ly edge measurements. PrgOy;
has the same cubic crystal structure (CaF, type) as PrO,. In spite of the empty oxygen
sites in PrgOq;, the lattice constant (a = 5.465 A) is about 1.3% larger compared with
stoichiometric PrO;, (a=5.3938 A). This indicates that the Pr valence is shifted towards
trivalency. Indeed Bauchspiess (1982) reports a valence of 3.17 for Pr¢O1;. These valence
states have been determined by measurements of the position of the Ly edge (compare
Rohler 1987). An alternative method is from electron spectroscopy, but caution is required
in interpreting the results from this latter method (Baer and Schneider 1987).

Neutron inelastic scattering on PrO, (sect. 2.2.1) were performed by Kern et al. (1984,
1990a). They report a CF splitting of 130meV and magnetic ordering, but do not
mention any broad magnetic component as would be expected for a Pr ion with a
valence of 3.4. They interpret their data in terms of CF splitting of a tetravalent Pr
ion, a 4f' configuration. Recently published neutron scattering spectra on the naturally
formed PrgOr; are shown in fig. 50 (Holland-Moritz 1992). The spectra exhibit two
quite different magnetic responses, very narrow inelastic excitations and a rather broad
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weak feature. The narrow component was interpreted as CF excitations due to trivalent
Pr ions surrounded by only seven oxygen atoms. The broad component behaves like a
response of a valence fluctuating ion. This response is quasielastic in character at high
temperatures but becomes inelastic at low temperatures, as discussed above for many
other intermediate-valent systems. Thus the magnetic scattering response of PrsOy; is
interpreted as a static thixture of two valence states, one of which is fluctuating in valence.
The valence-fluctuating Pr ion sits on a site with a fully occupied eightfold oxygen
coordination, i.e., comparable to PrO, itself, but with a slightly larger Pr—O distance. An
approximate valence of 3.66 was extracted for these ions from the neutron intensities,
which is slightly greater than the valence of 3.4 given by Dexpert et al. (1987) for
stoichiometric PrO;. The new experiments (Holland-Moritz 1992) have not been extended
in energy to search for any excitation at 130meV in PrsQy;, as was found by Kern
et al. (1984) in PrO,. However, the Jahn-Teller splitting of the I'y ground-state quartet
as found at ~5meV by Kern et al. (1990a) in PrO, is clearly rot seen in the PrgOyy
spectra (fig. 50). The excitations in this figure have a small temperature dependence
only, whereas the excitation in PrO, at S5meV has essentially disappeared by 80 K. The
difference between PrO, and PrsO;; is quite remarkable, and shows the sensitivity to
stoichiometry.

5.2. Actinide systems

As already indicated in the previous sections, we anticipate that the actinides should
show a larger f-d hybridization than the lanthanides. Surprisingly, therefore, for the
few U compounds which fit into this class of material, showing no structure in the
magnetic response function, the susceptibility is more temperature dependent than found,
for instance, in CePds.

Only two U compounds have been examined in detail in this category: UAl, and
USn3. The first studies of these were published some years ago (Horn et al. 1978,
Loewenhaupt et al. 1979b). More recently, both have been re-examined. These new
experiments confirm the existence of a broad quasielastic response in both systems.
For UAl, (Loong et al. 1986) fig. 51 shows the quasielastic linewidth as a function
of temperature. At low temperature the new and old results coincide, whereas at room
temperature the old data give a linewidth that is too large, probably due to the uncertainties
in the correction for phonons.

Figure 52 shows some spectra from USn; (Loewenhaupt and Loong 1990) as a function
of Q at low temperature. Data taken with thermal neutrons (£;=12.5meV) and cold
neutrons (3.1meV) are plotted on one graph in the upper three frames. The spectrum
at the bottom (E; =50 meV) demonstrates the increase in the phonon contribution in the
inelastic spectrum with increasing incident energy. This increase is due to additional
multiple scattering processes as observed generally when using higher incident energies.
There are two parts to the inelastic magnetic response; one is very broad and indicated by
a solid line, the other is at much lower energies and indicated by the cross hatching. This
last contribution is inelastic at low temperature, but rapidly merges into a quasielastic
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Fig. 52. Background corrected neutron spectra for USn,
as a function of temperature obtained with £;=12.5 meV
and with E;=3.1 meV (upper three frames). The full line
represents the results of a fit and the cross-hatched area,
the low-energy magnetic response. The spectrum in the
lower frame is taken with E;=50meV. The hatched area
represents phonon and multiple inelastic scattering. (From
Loewenhaupt and Loong 1990.)
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line with increasing temperature. Its origin is still unclear. The linewidth of the broad
quasiclastic part is plotted versus temperature in fig. 53. The values extracted with an even
higher incident energy are shown as the squares; the use of three different instruments in
this study gives considerable confidence in the results.

The intensity, i.e., the static single-site (local) susceptibility varies with Q. In fig. 54
Loewenhaupt and Loong (1990) compare the local susceptibility as deduced from
different Q values with the values obtained in the bulk. For all Q the local (neutrons)
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Fig. 54. Comparison of the local static susceptibility
(as derived from neutron measurements) with the bulk
susceptibility. Samples used: Loewenhaupt and Loong
(1990) (dashed curve), Lin et al. (1985) (dotted curve),
Buschow and van Daal (1972) (dashed—dotted curve). The 1k i
solid curves passing through the neutron data are a guide to
the eye. The estimated absolute uncertainty for the neutron .
data is ~10%, whereas the relative uncertainty between data 0 100 200 300
at a given temperature is ~5%. (From Loewenhaupt and T(K)

Loong 1990.)

value is smaller than the bulk value. This suggests that ferromagnetic corrclations occur
in USns, and it is these that cause ¥*(Q = 0, T) = Xpui to be greater than the susceptibility
at finite Q as measured by the neutrons. Further O-dependent effects have been reported
by Marshall et al. (1992b) in a study of the solid solutions USn3_,In,. The Q-averaged
linewidths of these authors are more than a factor of 2 greater than those reported by
Loewenhaupt and Loong (1990). Therc is some concern over the corrections for phonons
in this more recent work as only one incident energy, and a high one of 67 meV, was used.
The Q-dependence of the scattered intensity suggested in this work of Marshall et al. is
interesting, but it is unclear to what extent the data have been analyzed as constant-|Q)],
or constant angle. Unfortunately, they do not reference the earlier paper by Loewenhaupt
and Loong (1990), so presumably were unaware that there was such a large discrepancy.
It is, however, clear that more experiments, particularly if good single crystals could be
obtained, would bc worthwhile on USn;.

5.3. Phonon anomalies in unstable or hybridized f electron systems
Our discussion of the total electronic rcsponse of these materials would not be complete

without a short note on the observation of electron—phonon effects in unstable f electron
systems. Soon after the discovery of valence fluctuations it was realized that duc to
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the large difference between the ionic radii in the two valence states and because
the appropriate time scale is ~10~'2s, which corresponds to a quasielastic linewidth
of ~4meV, there should be a “breathing” of the lanthanide ion with a frequency
compatible with typical phonon frequencies. Some effects in the phonon spectra have
been found, as we shall describe below, but phonon anomalies appear to be the exception
rather than the rule, so the precise nature of the coupling between the electronic and
vibronic states in unstable f electron systems remains obscure.

Such anomalies appear to be clearly present in the NaCl-structure compounds: SmS
under pressure (Mook et al. 1982), Smg75Y0.25S (Mook et al. 1978b), TmSe (Mook and
Holtzberg 1981) and Tmyg s Yo.95Se (Holland-Moritz and Severing 1986). The anomaly
is observed in the phonon spectra in the [1,1,1] direction. The longitudinal modes, both
acoustic and optic, lie lower in frequency than the transverse modes, whereas it is usually
the reverse. The theories of Bilz et al. (1979), Bennemann and Avignon (1979), and Entel
et al. (1979) have shown that these effects can be understood on the basis of both size
differences between Sm>"/Tm?* and Sm>*/Tm?" and f-d interactions.

Anomalies in the phonon spectra of UTe have also been found (Buyers and
Holden 1985) and attempts were made by the authors to use the same theories described
above, which essentially relate to an intermediate-valence picture. Unfortunately, as Buy-
ers and Holden describe (see their p. 304) this does not lead to a convincing conclusion.
There is, of course, no direct electronic evidence (e.g., from photoemission) that materials
such as UTe exhibit valence fluctuations. We must conclude that the electron—phonon
interaction is different in detail between the 4f intermediate-valence materials and the
actinide compounds. In both cases, however, the result is a negative Poisson ratio (which
is directly related to the elastic constant Cy3).

A careful study of the phonons was also undertaken in both CeSn; and CePds, both of
which have the cubic AuCu; structure. After some controversy surrounding the effects
in CeSn;, a joint publication of the two groups confirmed that the effects were small
(Pintschovius et al. 1983). Severing et al. (1988) and Loong et al. (1988) reported further
work on CePds, but their interpretations, some of which depended on the models used,
were different. The effects in the compounds with the AuCu; structure are not as marked
as in the compounds with the NaCl structure that were discussed above.

The temperature dependence of the phonons has also been measured in SmBg by
Alekseev (1993) and by Alekseev et al. (1993b). They reported an unusual increase of
the longitudinal acoustic branches, but a softening of the longitudinal optic branches with
decreasing temperature. In addition, they found an unexpected peak at ~20meV at high
temperatures, and this was interpreted as a “resonant gap” mode. This mode apparently
disappears at low temperature,

Phonon anomalies have been found only in a few systems, so there is a tendency to
regard them as not particularly relevant in understanding the electronic effects. We should
remember, however, that searching for such anomalies is difficult and time consuming.
To measure the complete phonon spectrum requires single crystals of sufficient size for
triple-axis spectroscopy, and the phonon spectrum consists of many branches, all of which
must be mapped out in the absence of theoretical predictions. This is a time consuming



NEUTRON INELASTIC SCATTERING 71

(and neutron-consuming!) effort. In addition, many of the materials discussed in this and
the following section are not cubic and have many atoms per unit cell. In such a situation
it is clear that phonon anomalies will be found only when more systematic theoretical
predictions are available.

6. Strongly interacting f-electron systems

Many of the systems discussed in this section are “real” heavy-fermion systems, i.e.,
following the arbitrary definition by Stewart (1984) they exhibit a specific heat y larger
than 400 mJ mol~'K~2. However, we include also the so-called medium heavy-fermion
systems, which usually order magnetically with a moment smaller than 1 ug. All the
lanthanide systems discussed in this section differ from those in sect. 5 by having a
strong temperature dependence of the magnetic relaxation rate. We have classified these
systems in tables 3 and 4: those ordering magnetically in table 3, those with large y values
in table 4. Such a classification is not possible for the actinides, because the U based
heavy-fermion compounds exhibit also a rather structureless broad magnetic spectrum
as described in the section below. The U systems are summarized in table 5 (sect. 6.2).
Reviews of the physical properties of the heavy-fermion compounds have been given by
Stewart (1984), Steglich et al. (1985) and Ott and Fisk (1987).

6.1. Lanthanide systems

There is a large variety of compounds among the lanthanide systems showing a strong
temperature dependence in the quasielastic linewidth. At low temperature the linewidth
is of the same order of magnitude as the thermal energy. It increases rapidly with
temperature (see fig. 55 for Ce systems). Often the absolute values of the QF linewidth
at room temperature are of the same order of magnitude as in unstable 4f systems. As
the width is comparable with the thermal energy at low temperatures, the interactions of
the 4f electrons are enhanced compared to stable lanthanides (see sect. 2). However, at
low temperatures the hybridization between the 4f and conduction electrons is usually
small enough that CF excitations are clearly observable and magnetic order possible.
The CF transition lines broaden with increasing temperature due to the increase of the
interactions.

6.1.1. Cerium systems

Following Loewenhaupt and Fischer (1993) the most suitable method of classification
of the Ce systems is with the type of magnetic ordering. There is a group of
Jferromagnetically ordering systems (CeAg, CeNi,Pt;_, and CeSi, with 1.6 <x < 1.83),
a large group of antiferromagnetically ordering systems (CeAl,, CeBg, CeCuy, CePb;
and most of the CeM;X; systems with M for transition metal and X for Si, Ge), and
finally the group of the nonordering Ce systems CeAl; (y = 1600), CeCug (y = 1600),
CeCu,Si; (y = 1100), CePtSi (y = 800) and CeRu,Si, (v = 350), where v, the electronic
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Table 3
Relaxation data as determined by neutron inelastic scattering for materials that order magnetically with unstable
4f eleetrons. Ordering temperatures and, in some cases, ordered moments are given. All values are based on
experiments with polycrystalline samples

System Magnetic ordering Neutron data
Tw K)Y Mo Ref. High temperature Low temperature
(uB) TK TIg2 Ref T (K g ) Ref.
(meV) (meV) (meV)
CePb, 12 055 1,2 128 1.5 2 1.5 0.28 3
CeAl, 38 07 45 300 5.0 6 1.5 0.52
80 14 6
CeyScq4Al, 80 38 6 1.5 0.85 6
Ceg4Lag Al 60 0.87 6 1.5 0.21 6
CeCu, 35 7 200 - 14 8 5 0.4 0.8 8
CeB, 2.3 0.28 9 280 2.0 10 5 0.4 10
CeRh,Si,® 37 2.39 11 150 3.6 12 40 2.8 10
CeAu,Si,® 10 1.29 11 150 0.64 12 10 0.13 0.58 10
CeAg,Si,"* 10 0.83* 11 200 1.2 11,13 10 0.42 083 11,13
CePd,Si,° 10 0.62 11 200 2.13 12 10 0.87 12
CeAu,Ge,"® 16 1.88 13 200 0.64 13 10 0.09 13
CeAg,Ge," 6.3 1.85 13 150 0.51 13 5 0.19 0.8 13
CeRu,Ge, Si,° 102 1.53 14 250 2.3 15 15 0.3 15
CeRu,GeysSi; s 102 120 14 250 35 15 15 0.5 15
YbBe,; 1.3 16 300 1.2 17 10 0.09 0.23 17
YbPd 1.9 18 300 1.5 19 5 0.15 0.6 19
200 >10.0 19
Yb,Pd, 3 20 300 32 19 5 0.15 0.4 19
300 1.43 19
YbAuCu,® 0.6 21 250 22 22 1.5 1.0 34 22
YbPdCu,*® 0.8 21 300 1.6 22 1.5 1.2 2.3 22
TC
CeRu,Ge, 87 198 14 200 0.79 13,15 5 0.09 13,15
CePt 57 23 200 1.48 23 10 0.39 23
CeNiy s Pty 5 8.5 23 200 1.48 23 10 0.33 23
CeNig 4Pty , 8.3 23 200 1.2 2310 0.2 23
CeSiy, ~10.0 03 24 180 5.0 25
CeAg 53 0.8 26,27 300 1.7 28 10 0.56 28

continued on next page

specific heat or Sommerfeld coefficient, is in mJmol~! K~2. All the nonmagnetic com-
pounds exhibit y >250mJmol~! K2, except CeSij g5 (see table 4). This classification
on the basis of magnetic ordering agrees with that of tables 3 and 4, except CeCu,Ge,,
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Table 3, notes

4 Indicates the average of a sine and a square wave.
b Systems are discussed in sect. 3.

References

(1) Cooper ct al. (1971) (11) Grier et al. (1984) (20) Politt et al. (1985)

(2) Vettier et al. (1986) s (12) Severing ct al. (1989a) (21) Rossel et al. (1987)

(3) Balakrishnan et al. (1989) (13) Loidl et al. (1992) (22) Severing et al. (1990a)
(4) Barbara et al. (1977, 1979) (14) Dakin et al. (1992) (23) Blanco et al. (1992)

(5) Forgan et al. (1990) (15) Rainford et al. (1992) (24) Yashima et al. (1982a,b)
(6) Horn et al. (1981b) (16) Heinrich ct al. (1979) (25) Kohgi et al. (1990b)

(7) Trump (1991) (17) Walter et al. (1985) (26) Tacke et al. (1981)

(8) Loewenhaupt et al. (1990) (18) Pott et al. (1985) (27) Schmitt et al. (1978)
(9) Effantin et al. (1985) (19) Walter and Wohlleben (1987) (28) Frick et al. (1983)

(10) Horn et al. (1981¢)

which orders magnetically, but is listed in table 4 because of its large Sommerfeld constant
v 72 1400 mJ mol~! K2, Furthermore, CeCu,Si, is an exception among the nonmagnetic
compounds because of its superconductivity.

In fig. 55 the temperature dependence of the quasielastic linewidth is plotted versus
temperature for one member of each class given above. For the nonmagnetic heavy-
fermion CeCu,Si; (Horn et al. 1981a,b) and antiferromagnctic Kondo-lattice CeAl, (Horn
et al. 1981b) the slope (AI'/AT) dccreases with increasing temperature. For CeCu,Si;
the temperature dependence of the QF linewidth can be described by a square-root
dependence, I'(T) = I'g +¢v/T, where ¢ is a constant, and is shown by the solid lines
in fig. 55. Such a relationship is unsatisfactory for CeAl,. In contrast, the width of CeAg
(Frick et al. 1983) varies almost linearly between room temperature and 150K, and
extrapolates to I'g =0 for 7 — 0 K. Below 100K the linewidth deviates significantly from
this linear behavior so that for T — 0K a residual linewidth of ~0.55 meV was found.

L T ’ T s T
7k - =
CeCu,Si,
S 6 .
[0
E 5 CeAl,
T
E A ri2=kT 7 B
=
w
= 3 * .
)
LLOJ 2L © > |
[ &+ CeAg Fig. 55. The QL linewidth of some
1 - | Kondo-lattice and heavy-fermion sys-
| K I tems as a function of temperature.
0 ! : : : (CeCu, Si, and CeAl, adapted from Horn

0 100 200 300 et al. 1981b and CeAg adapted from
TEMPERATURE (K) Frick et al. 1983)
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Table 4
Relaxation data as in the previous table for 4f heavy-fermion systems. The Sommerfeld coefficient and, in
some cases, ordering data are also given. All values are based on experiments with polycrystalline samples

System Bulk data Neutron data
Specific heat Magnetic ordering High temperature Low temperature
Y Ref. Ty Uua Ref. T(K) TIge/2  Ref. T(K) TIgnr rg;}'/z Ref.
(i) K () (meV) (meV) (meV)
CeAl, 1620 1 125 3.1 2 2 0.66 2
CeCug 1600 3 150 3.4 4 1.5 0.5 4
CeCu,Ge, 1400 5 41 074 6 150 1.6 6 10 0.6 0.74 6
CeCu,Si, 1100 7  sct 8 300 6.1 9,10 5 0.75 9,10
CePtSi 800 11 150 29 12 5 1.4 12
CeSi, o5 104 13,14 135 11.0 15 5 4.0 15
CeSij g5 270 16 5 2.0 15
Xbutk, 7=0 A I'e/2
(L‘% (meV) (meV)
CeRu, Si, 350 17-19 ~16 20 250 9.0 21 1.5 1.3 1.0 21

? s.c.. this material bccomes superconducting.

References

(1) Andres et al. (1975) (8) Steglich et al. (1979) (15) Galera et al. (1989)

(2) Murani et al. (1980) (9) Horm et al. (1981a) (16) Dhar et al. (1987b)

(3) Stewart et al. (1984a) (10) Holland-Moritz et al. (1989c) (17) Thompson et al. (1985)
(4) Walter et al. (1986a) (11) Lee and Shelton (1987) (18) Besnus et al. (1985)
(5) Knopp et al. (1989) (12) Krimmmel et al. (1992) (19) Steglich et al. (1985)
(6) Loidl et al. (1992) (13) Dijkman et al. (1982) (20) Grier et al. (1988)

(7) Stewart (1984) (14) Yashima et al. (1982a) (21) Severing et al. (1989a)

Such a linear behavior was found also for the ferromagnetically ordering sys-
tems CeNi,Pt;_, (Blanco et al. 1992) and CeRu;Ge, (Rainford et al. 1992). For CeSi,
this linearity is not clear with the present data. However, the data on CeSij g5 by Galera
et al. (1989) show a linearity of the quasielastic linewidth for this nonmagnetic system,
whereas the linewidth data for CeSij g5 seem to be morc compatible with a square-root
dependence as shown in fig. 56. We add to this figure the data of Kohgi et al. (1990b)
on CeSi; 7 and this shows that the data might also be compatible with a linear dependence,
although two data points are no proof. As no magnetic order is reported for CeSij g5
we include it in table 4. Additional neutron work on CeSi, has been reported by Kohgi
et al. (1991) and for a discussion of the bulk properties of CeSi, alloys see Dhar
et al. (1987b).

Next we discuss antiferromagnetic systems. As many features are discussed in the chap-
ter by Loewenhaupt and Fischer (1993), we will concentrate here on the most important
points. CeAl, has the cubic structure of Laves-type (C15), exhibits y ~ 130 mJmol ~'K~2,
and orders antiferromagnetically at 7y=3.8K with a moment of ~0.7 ug (Barbara



NEUTRON INELASTIC SCATTERING 81

QE LINEWIDTH (meV)

Fig. 56. The quasielastic linewidth of CeSi, for several
x values (taken from Galera et al. 1989, x=2, 1.85
and taken from Kohgi et al. 1990b, x=1.7). Note that
according to Dhar et al. (1987b) x=2 does not exist as a
single phase; this should probably be x=1.95.
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et al. 1977, 1979, Forgan et al. 1990). We draw attention to an anomalous splitting
of the I'; - I'y transition observed by Loewenhaupt et al. (1979a, 1987), which was
treated theoretically by Thalmeier and Fulde (1982), and in more detail by Thalmeier
and Liithi (1991) in terms of electron—phonon interactions, i.e., a similar mechanism
as discussed above for the splitting of the intermultiplet transition in Smg75Y¢25S. The
temperature dependence of the quasielastic linewidth of CeAl, is shown in fig. 55; the
propagating excitations in the antiferromagnetic state, first observed by Loewenhaupt and
Steglich (1977a,b), have been investigated in more detail by Osborn et al. (1987). The fact
that the single crystal was multidomain in nature made it difficult to make unambiguous
assignments of these low-energy excitations (<2 meV). The acoustic magnon branch
is centered at 0.7meV, and the optical branch at 1.2meV, but both are broader than
instrumental resolution. Very little dispersion was observed.

Another interesting compound is CePbs with the cubic AuCus structure. This has a
reasonably high y value of 225 mJmol~!K~2 (Cooper et al. 1971) but orders antiferro-
magnetically at 1.16(5) K according to neutron experiments by Vettier et al. (1986). The
magnetic ordering is complex being incommensurate in two components, thus k=[q,, g,,
%] with g, =0.135(1) and ¢, =0.058(1) at 30 mK. ¢, appears independent of temperature
(perhaps because it is commensurate with 2/15 =0.1333), whereas g, changes rapidly. The
moments are 0.55 (10) up at the lowest temperature and are parallel to the [001] direction.
No evidence for a higher-order modulation, indicating a partial squaring, was found.
This is a particularly unusual magnetic structure and the authors claim that it represents
one possible ground state of a Kondo system. In this there is an interplay between the
localized 4f electrons and the conduction electrons, resulting in different moments on
different sites. From magnetization measurements the CF ground state of CePb; was
deduced as I';.

The CF splitting was confirmed and investigated more quantitatively with neutron
inelastic scattering on polycrystalline material by three groups. The spectra given by
Vettier et al. (1986) for 200 mK and Renker et al. (1987) for 4 K are similar and were taken
with a triple-axis spectrometer with F¢r=14.7meV and 13.8 meV, respectively. A clear
CF peak exists at ~6 meV. Renker et al. (1987) performed a detailed analysis, and deduced
a quasielastic component, suggesting a I'; ground state. Finally, Balakrishnan et al. (1989)
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performed experiments with the cold source time-of-flight spectrometer IN6 (E;=3.1
and 2.3 meV) with much better resolution at low energy. They agree with the carlier
interpretations on the CF peak at ~6 meV, but concentrate on the QE component. They
found a T2 dependence of I'/2 with T'. At low temperatures I'/2=0.3 meV, but this rises
to ~1.5meV by 130K. Such a temperaturc dependence fits well with our understanding
of Kondo systems. Since I' (the quasielastic linewidth) is often, at least for Ce-based
systems, inversely proportional to the electronic specific heat coefficient y, the narrow
low-tempcrature I" of CePb; suggests y should be comparable to that found in CeAls,
i.e., more than 1000 mJ mol~'K~2 rather than the ~200 mJmol~'K ~? extrapolated from
measurements above the antiferromagnetic ordering temperature. CePb; would then be a
“real” heavy-fermion system.

Vettier et al. (1986) also point out that all the trivalent Ce compounds CeAls, CeCug
and CeCu,Si, have reduced symmetry. They speculate that the anisotropy enhances
clectronic correlations and reduces magnetic couplings. These arguments, although
interesting, are somewhat weakened by the observation of antiferromagnetic order in the
Kondo system CePd,Si; (same tetragonal structure as CeCu,Siy), Ty = 10K, by Hippert
et al. (1992). They used a (small) single crystal and determined the ordered moment to
be ~0.6 up. Sharp excitations were not seen in the ordered state, instead two rather broad
modes, almost independent of g, were found, centered at ~0.7 and ~2meV. Thc total
intensity can also be fairly well reproduced by a quasielastic Lorentzian of I'/2 =~ 1 meV
as found earlicr in experiment on polycrystalline samples (Grier et al. 1988, Severing
et al. 1989a).

CeBg has a rather largc y of 260mJmol~! K~2 (Bredl 1987). The temperature
dependence of the quasielastic linewidth was reported first by Horn et al. (1981b), and
later by Neuhaus (1987) with a better energy resolution, see also Loewenhaupt and
Fischer (1993). In contrast to the old, the new data do not follow a square-root law,
but exhibit a change of the slope at 30K. A large crystal-field splitting of 47 meV was
found (Zirngiebl et al. 1984, Loewenhaupt et al. 1985). A further splitting of the I'g
quartet ground state by about 2.5meV (~30K), as suggested by Zirngiebl et al. (1984),
could not be confirmed by neutron-scattering experiments on either polycrystals or single
crystals (Regnault ct al. 1988a). Only the observed change of the slope in the temperature
dependence of the quasielastic linewidth indicates some anomalous behavior at low
temperatures.

For orthorhombic CeCuy Locwenhaupt et al. (1988, 1990) report a crystal field of two
excitcd-state doublets separated by 9 and 23 meV from the ground state. The quasielastic
linewidth increases linearly with temperature, although the material orders in a simple
antiferromagnetic structure at 7'y =3.5K (Lebech ct al. 1987). The Lorentzian quasielastic
linewidth at 200K is only 1.3 meV. Thus, the small ordered magnetic moment is probably
a consequence of the CF ground state rather than signifying a Kondo lattice. Furthermore,
this cxplains why the temperaturc dependence of the linewidth behaves Korringa-
like instead of thc square-root dependence observed in the compounds with strongly
interacting electrons. Intensive investigations of the excitations have been performed by
Trump (1991).
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Fig. 57. The QE linewidth of CeM,Si, systems as function
of temperature [(M = Au, Pd, Cu, Ru (from Severing et al.
TEMPERATURE (K) 1989a) and Cu (from Horn et al. 1981a)].

Finally, we discuss the properties of the CeM,X, series (X=Si or Ge), which show
the whole spectrum from a stable 4f moment to the strongly unstable moment of
an intermediate-valent Ce ion. CeAu,Si,, CeAg;Si; and CeRh,Si; order magnetically
with a moment larger than 1 up, and therefore belong to sect. 4, but their data are
included in table 3 for complcteness. The temperature dependences of the linewidth
of two of these systems are included in fig. 57. The linewidth of CeAg,Si, (Loidl
et al. (1989), Culverhouse and Rainford, unpublished), behaves like that of CeAu,Si,.
Both are even smaller than found in CeCu, (see above) and behave almost Korringa-
like, although some weak curvature cannot be excluded. This is compatible with a well-
defined magnetic moment. In contrast, thc linewidth in CeRh,Si, is quite large, although
the ordering temperature (7'y=37K) and the ordered magnetic moment (2.39 ug) are
larger than for CcAu,Siy. This is still a puzzle, and it is assumed that the 4d electrons
on Rh play an active role, At thc other end of the spectrum is the intermediate-
valent system CeNi,Si, with v =3.18 (Rohler 1987), about which no reliable inelastic
neutron scattering data exist. The data obtained on the related system CeNi,Ge, (Knopp
et al. 1988) with v = 3.07 (Rohler 1987) have been given in sect. 5. A good survey of the
results of the Mainz/Darmstadt group on these systems, especially CeM,Ge,, was given
recently by Loidl et al. (1992). Some of the results are summarized in table 3, above. As
for the Si group, M= Au is the most stable. Heavy-fermion behavior is found for M= Cu
(see below). The M= Ag system is unusual. On the one hand, it has as small a linewidth
as M= Au at T=150K, but, on the other, the 7-dependence of the linewidth is non-lincar,
which is unexpected for an otherwise stable Ce ion.

Representative spectra of CeM;Si, (Severing et al. 1989b) are shown in fig. 58. Due
to the stable 4f moment, CF excitations arc sharp in CeAg,Si,. Crystal-field excitations
arc also observable in CePd,Si,. Its level scheme is shown in comparison with other
members of this group in fig. 59. Experiments by Steeman et al. (1990) on a single
crystal are qualitatively in agreement, but show some quantitative differences in the CF
parameters and corresponding wave functions. In agreement with the increcased linewidth
in CePd;Siy, the ordered magnetic moment is suppressed. The spin dynamics of the
ground state were investigated as a function of temperature by Grier et al. (1988) and
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Severing et al. (1989a). Both are in agreement and report on a magnon-like structure
below T = 10K. As in CeAu, Si,, the linewidth increases linearly with temperature above
the Néel temperature,

CeCu, Si;, is the well known, and first-discovered, heavy-fermion compound within this
isostructural group. The crystal-field levels are broadened in energy even at 7=5K (Horn
et al. 1981a). There is still controversy over the crystal-field splitting. In addition to this
controversy, there is confusion over the values of the crystal-field parameters used by
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various authors in fitting their spectra. The value of B4y given by Horn et al. (1981a)
is wrong: the correct value is +6.25K. Holland-Moritz et al. (1989¢) and Severing
et al. (1989b) give the wrong sign for the B4y parameter: the correct value is —0.034 meV.
Horn et al. (1981a) report in their early work two ineclastic excitations, one distinct
line at about 30meV and a weaker one at about 12meV. The fact that a significant
phonon contribution is present just around 15 meV casts doubt on the existence of the line
at 12 meV, which was then the subject of several later investigations. There are two studies
with polarized neutrons. Stassis et al. (1986) claim to have seen magnetic scattering
around 12 meV and that their data are consistent with Horn et al. (1981a), but due to
their poor energy resolution this is not a clear proof of the existence of the second CF
level at about 12 meV. Johnson et al. (1985) report only one inelastic line, but their energy
resolution was even worse than that of Stassis et al. (1986), so that the asymmetry of their
peak may bc an indication for a second unresolvable magnetic level.

Holland-Moritz et al. (1989¢) performed additional experiments on copper-cxcess and
copper-deficient material, CeCuy12Si;. The two resulting spectra obtained at 7=5K
are shown in fig. 60. Their careful analysis of the phonon distribution based on high-
angle spectra reveals that the phonon spectrum is almost the same in both the copper-
excess and the copper-deficient systems. Therefore, the differences at low angles are
thought to be due to magnetic scattering as indicated by the dashed line in fig. 60.
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Whereas the spectrum of CeCu; gSiy could be interpreted by single-ion CF theory, this
analysis failed for CeCu,,Si;, because the high-energy excitation at ~33meV has an
enhanced intensity. Holland-Moritz et al. (1989¢) suggest that one possible explanation
could involve a static mixture of almost trivalent (y-Ce) and an amount of about 20%
intermediate-valent Ce ions (a-Ce). The latter will yield a broad inelastic excitation at
low temperatures (in analogy to intermediate-valent 4f moments in sect. 5), which may
be the reason for the enhanced intensity around 35 meV. This unusual behavior may be
a consequence of the slightly smaller unit cell volume of CeCu,,Si;. Of course other
explanations may be possible, cspecially those admitting that single-ion CF theory does
not apply to this strongly hybridized 4f moment (enhanced 4f instability). It should be
pointed out that the total CF splitting of 31 meV in CeCu;Si; is about 50% larger than
that in other CeM,Si, systems (fig. 59). This experiment shows clearly that the inelastic
magnetic response depends on the Cu content and that the 30 meV peak becomes stronger
with increasing Cu.

A recent experiment by Goremychkin and Osborn (1993b) again raises doubts on the
12meV line. We show the comparison between their data on CeCu,Si; and LaCu;Si;
in fig. 61. The upper frame (i.e., spectra of CeCu,Si,) look nearly the same as shown
in fig. 60. A direct phonon subtraction is unsuitable because of the different scattering
lengths of La and Ce. Whereas Holland-Moritz et al. (1989c) scaled the phonon density
of states from high to low angles, Goremychkin and Osborn (1993b) used a new method
that involves Monte Carlo calculations, which also simulate higher-order processes. This
method is still in its testing phase, although it has promise for wider use in this difficult
problem of establishing the non-magnetic scattering. Excellent agreement was found
for the high-angle spectra (not shown) of both LaCu,Si; and CeCu;Siy; however, the
application to the low-angle data is still not perfect, as the lack of complete agreement
for the histogram for LaCu,Si, in fig. 61b shows. Thus, we believe that the analysis
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cannot exclude the possibility of a weak CF transition at ~12 meV. Goremychkin and
Osborn (1993b) suggest a CF scheme which accounts for the magnetic susceptibility
and the specific heat. Their CF scheme is a doublet ground state, and a quasi-quartet
(actually two doublets) at ~30 meV, and thus different from that shown in fig. 59. They
deduce the CF parameters and show that there is probably considerable hybridization
between the ccrium 4f and silicon p electron states. This is demonstrated by work of
Goremychkin et al. (1992) on NdCu,Si, which compares the CF parameters for these
two isostructural compounds. The temperature dependence of the quasielastic line (see
fig. 57) in CeCu,Si; can be well described by a square-root law. Within the experimental
error the width extracted from the polarized data are in agreement with those of the
unpolarized neutron scattering experiments.

Difficulties in establishing the true magnetic response in stoichiometric CeCu;Si;
clearly would benefit from enhanced capabilities of separating the magnetic from the
nuclear scattering with polarization analysis, a point we discussed in sect. 1. Despite the
demonstration of the power of this technique as long ago as 1969 (Moon et al. 1969), the
present intensities are too low and the energy resolution too poor for the studies to be
definitive, as the work on CcCu;Si; of both Johnson et al. (1985) at the ILL and Stassis
et al. (1986) at BNL aptly demonstrates.

Within the CeM;Si, series, CeRu;Si, is a compound on the border between heavy-
fermion and intermediate-valent behavior, but close to trivalent. Although the low-
temperature magnetic response does not show any sharp structures, and no magnetic
ordering was observed, we will discuss this compound here. It has a rather large specific
heat y of about 350 mJ mol~'K~2 (Thompson et al. 1985, Besnus et al. 1985, Steglich
et al. 1985), but the value is smaller than that for CeCu,Si,. Distinct CF excitation as
found for the systems discussed above are not detectable, see lower panel of fig. 58. As in
the case of CeRh;,Si,, this is due to an enhanced linewidth. However, whereas in CeRh,Si,
this was related to magnetic ordering, ordering has not been found so far in CeRu;Si,.
Thus, instead of rather sharp magnon-like excitations, a broad excitation spectrum was
detectcd at low temperatures. At 7= 20K the spectrum exhibits a quasielastic linewidth
of 2meV and the magnetic response starts to change its character, an inelastic excitation
at about 1.6 meV is found at lower temperatures. The intensity of this low-energy response
coincides well with the static susceptibility, but the total magnetic cross section is about
a factor of 3 lower than expected for a trivalent Ce ion (3.92barn). A second broad
magnetic excitation, assumed at energies between 20 and 35 meV and carrying the rest
of the full Ce*" cross section, may therefore exist. Due to its width this response cannot
be separated easily from the phonon background. If such a broad excitation line does
exist, a decision whether it should be interpreted as a CF field splitting or as a second
inelastic hybridization line due to the tetragonal symmetry (see YbPd,Si, in sect. 5) will
be difficuit.

The quasielastic Lorentzian linewidth of CeRu,Si; increases linearly with temperature
above 20K. The results given by Severing et al. (1989a) are in good agreement
with those by Grier et al. (1988). This linear dependence is also in agreement with
the results of Rainford et al. (1992), who found a quite analogous behavior for
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the complete CeRu,Si;_Ge, series. On the one hand, this unusual linear behavior
in CeRu;Si; may be related to some surviving ferromagnetic correlations, which are
evident when Ge is substituted for Si. But, on the other hand, the comparison of the
local susceptibility with the bulk value indicates antiferromagnetic correlations (Severing
et al. 1989a). Important work on the compound CeRu,Si, has also been performed on
single crystals by Regnault et al. (1988c¢, 1990), Rossat-Mignod et al. (1988) and Jacoud
et al. (1989). These will be discussed in more detail by Aeppli and Broholm (1994)
in chapter 131. In fact, CeRu,Si, is an excellent example of the complementarity of
the techniques using polycrystalline samples with the time-of-flight neutron method
and those on single crystals with the triple-axis spectrometer. The broad structureless
quasielastic response seen in the former experiments is difficult to quantify with a triple-
axis spectrometer, whereas the anisotropic correlations seen by the latter are too weak to
be measured on polycrystals, in which thc average is over a large volume of reciprocal
space. An important point established by the experiments on single crystals is that
magnetic fluctuations occur only along the easy c-axis of the tetragonal structure and
that, in addition to the uniform (nearly Q-independent) response probed by experiments
on polycrystals, there are incommensurate antiferromagnetic correlations with a smaller
energy scale (~1 meV). The latter are quenched by higher magnetic fields (4 > 80kOe),
when the material is a meta-magnet. Regnault et al. (1988c, and references therein) report
that substitution of 13% La on the Ce site leads to magnetic order with an incommensurate
structure at approximately the same g vector at which the maximum correlations are found
with the pure compound. Replacing Ru with Rh leads to a commensurate AF order.

Before turning to some heavy-fermion systems with a y value larger than for CeCu;Si;
we will mention a work on the heavy-fermion system CePtSi [y~ 800mJmol~1K~?]
by Krimmel et al. (1992). The tcmperature dependence of the quasielastic linewidth
behaves again consistent with a square-root dependence, but no magnetic order or
superconductivity 1s reported up to now.

CeCu,Ge; [y~ 1400 mJmol~'K™?] is a heavy-fermion system with a larger y value
than CeCu,Siy; however, instead of superconductivity it shows antiferromagnetic order
below Tn=4.1K with an ordered moment of 0.74 ug. Thus, an inelastic magnon-
like excitation was observed below the Néel temperature and a Gaussian quasielastic
component below T ~ 60 K (see fig. 62) according to Knopp et al. (1989). The quasielastic
linewidth versus temperature again follows a square-root law.

Next is CeAl; with y ~ 1620 mJ mol ~'K~2 (Andres et al. 1975). Because of the hexag-
onal crystal symmetry the crystal-field states are the pure |£1/2), |£3/2) and |£5/2)
states, with only two allowed transitions. Murani et al. (1977) reported two inelastic
broad excitations at ~5.2 meV and ~7.6 meV in the low-temperature spectra, and assumed
a|£3/2) wavefunction as the ground state. Due to an intrinsic width of the CF levels,
the excitations could not be well resolved, even by a later experiment with better
experimental resolution, (Murani 1987b). From this later experiment Murani concluded
that the excitation energies were 6 and 8 meV. The square-root law behavior of the
temperature dependence of the quasielastic linewidth is shown by Murani et al. (1980).
From these earlier experiments Murani et al. (1980) also extracted a narrow quasielastic
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linewidth of ~1 meV. Such a narrow width is consistent with the scaling such that I" oc y 1,

where v is the electronic specific heat or Sommerfeld coefficient, and I is the quasielastic
linewidth, that is generally apparent when considering Ce compounds, see sect. 7
for a further discussion. However, Goremychkin et al. (1987) and Goremychkin and
Osborn (1993a) claim that a much broader (I'/2 =~ 8 meV) response is present as well.
The integrated neutron intensity is in good accord with the susceptibility if the data
is extrapolated to high energy transfer. Their recent data as a function of temperature
are shown in fig. 63. It appears from this data that three components are present in
the scattering from CeAl;. Two, the narrow quasielastic and the inelastic component
at 6.4 meV, are from the usual CF levels, and the third is a broad feature that was analyzed
by the authors as a second quasielastic line with a width of ~7.5 meV. The total scattering
is in good agreement with that anticipated on the basis of the bulk susceptibility. With
fig. 1 and the relevant discussion in mind it is clear that we cannot decide whether this
broad feature is quasi- or inelastic in nature. The presence of two energy scales in CeAl;
is a feature also found also in YbPd,Si,;, USn; (sect. 5), URu,Si,, UPt; and UBej; (see
below).

Finally, there is CeCug with y ~ 1600 mJ mol 'K 2. There are detailed single-crystal
studies as a function of temperature and magnetic field by Aeppli et al. (1986),
Regnault et al. (1987, 1988b), which will be covered by Aeppli and Broholm (1994)
in chapter 131. As with CeRu,Si, discussed above, the single-crystal experiments show
the presence of @ dependent effects signifying intersite correlations. The experiments
on polycrystalline samples give information primarily on the single-site correlations of
the 4f electrons with the conduction band, and only when strong @-dependent effects
can be extracted do they address the correlations between neighboring 4f sites. We will
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Fig. 63. Neutron inelastic spectra of CeAl, at different
temperatures taken with E;=35meV. The solid line
is a fit to three Lorentzian lincshapes (dashed lines):
(a) an inelastic CF transition at 64meV; (b) a
broad QE response; (c) a narrow QE response. (From
Goremychkin and Osborn 1993a.)

give here the results of the two experiments on polycrystalline samples. The first was
done by Walter et al. (1986a). They found a square-root dependence for the quasielastic
linewidths versus temperature (see fig. 64) down to 3 K; below that temperature the width
seems to saturate at a value of 0.5 meV. Walter et al. (1986a) suggest a crystal-field level
scheme of doublets at 5.5 and 11 meV from the ground-state doublet. As they used cold
neutrons, the deduction of the crystal-field scheme was done from spectra at 7' > 50 K.
Recent experiments with thermal neutrons by Goremychkin and Osborn (1993¢) at lower



NEUTRON INELASTIC SCATTERING 91

temperatures yield a smaller intrinsic linewidth and a better experimental resolution
(energy loss side), and result in a slightly modified level scheme of the excited doublets
at 7 and 13.8 meV.
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Fig. 65. The temperature dependence of the quasielastic (upper

T T T panel) and inelastic (lower panel) linewidths for Yb,Pd,. For
\?\M‘ the quasielastic linewidths the filled circles correspond to the
linewidth of only one Kramers doublet of the I'; quartet, the open
circles to the linewidth of the Gaussian critical spin fluctuations.
The index “ten” used to classify the CF levels indicates
that YbyPd, behaves “cubic-like”, and that the analysis was
r ) performed with the CF Hamiltonian of cubic symmetry, although

the real crystallographic structure is triclinic. The CF level is
TK) identified by the integer ». (From Walter and Wohlleben 1987.)
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6.1.2. Ytterbium systems

There are two Yb systems for which intermediate valency is reported, but which
show a strong temperature dependence of the quasielastic linewidth and hence will
be discussed here: YbPd and Yb;Pd4. The valence change of Yb in YbPd is given
as 2.80-2.83 from 10 to 300K (Pott et al. 1985) and that in Yb;Pds as 2.81-2.95 (Politt
et al. 1985). In spite of this rather strong intermediate valency, the quasielastic linewidth
decreases with decreasing temperatures, resulting finally in magnetic order of the Yb
moments (Walter and Wohlleben 1987). We discuss here one unusual feature found in
both systems. Figure 65 shows the quasiclastic linewidths as a function of temperature
for YbsPd,. Surprisingly, there exist, in addition to the Lorentzian and Gaussian lines at
low temperatures, two Lorentzian lines at 7' > 80 K, one with a rather narrow component
and a second broader one. The intensity of the narrow quasielastic line is rather
precisely determined. Whereas for 7 < 30K the quasiclastic intensity is compatible with
a I’y ground state, the intensity of the narrow quasielastic Lorentzian at 7 >120K is
compatible only with just half this value, i.e., with a doublet. Walter and Wohlleben (1987)
therefore interpreted the high-temperature spectra by two quasiclastic lines of which the
narrow one represcnts one doublet of the I's ground state, whereas the other doublet,
as well as the higher T's and the T'; states, are represented by the broader quasielastic
components. Whether this anomaly is also connectcd with an energy splitting of the I's
state at higher temperaturcs cannot be decided from the data because of the enhanced
width of the crystal-field levels. A similar effect was found for YbPd (Walter and
Wohlleben 1987). Finally, fig. 66 gives an instructive example of how magnetic ordering
can be detected even on polycrystals by neutron inelastic scattering experiments. The
spectrum at 3.12K (lower right), i.e., just above the Néel temperature (=3 K), shows a
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Fig. 66. Background corrected inelastic neutron scattering spectra of Yb,Pd, showing the formation of magnon
lines when decreasing the temperature below Ty =3 K. The hatched area is due to the nuclear incoherent elastic
scattering. (From Walter and Wohlleben 1987.)

single Gaussian quasielastic contribution. With decreasing temperature (below 7'y) this
splits slowly into two inelastic Gaussians, due to spin-wave excitations.

6.2. Actinide systems

In the actinides one expects a larger f-d hybridization than in the lanthanides. In fact,
the static bulk susceptibility of most U-systems is strongly reduced compared to the
Curie behavior. This yields a negative Curie—~Weiss temperature @, which is due mostly
to the enhanced f-d hybridization and only partly due to antiferromagnetic correlations.
Ordering of the 5f moments occurs if the static bulk susceptibility exhibits a maximum.
Although this maximum is clearly related to magnetic correlations, often long-range
ordering sets in at a lower temperature as indicated by a further discontinuity in the
slope of the susceptibility, e.g., URu,Si, (Palstra et al. 1985) or U,Zn;; (Ott et al. 1984).
The lower the ordered magnetic moment, the less pronounced is the change in the static
susceptibility. Among the heavy-fermion U systems there are three, UPt;, UBe;3, and
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Table 5
Data as in previous tables for uranium-based systems. All data are from experiments on polycrystalline samples,
except where noted,

System Bulk data Neutron data
Specific heat Magnetic ordering  High temperature Low temperature
Y Ref. Ty pogy Ref T(K) Ige/2 Ref. T (K) T2 I&&/2 Ref
G K) () (meV) (meV) (meV)
Materials discussed in section 3
UAs 124 1.7 1 300 164 2 5 7.5 2
62 225 1

UPb, 32 ~1.6 3 300 55 45 40 19.5 4,5

Materials discussed in section 4

USn, 170 6 300 200 7 5 6.6 7

UAI, 133 8 300 25.0 9 10 22.0 9

Materials discussed in section 5

UBe; (SC) 1100 10 10 10.0 11
1.5 ~1.5 12

U,Zn,, 535 13 97 08 14 50 141 15 10 8.9 075 15

UPt, (SC) 450 16 5 002 17 1.3 ~9.0 18
0.5 ~0.2 18

UCu, 250 19 15 09 20 50 8.2 15 10 9.8 22 15

A Tpgl2
(meV) (meV)
URu,Si, (SC) 180 21 175 004 22 120 6.7 23 5 6.3 1.7 24
single crystal 80 144 25

4 Data taken from the [100] direction and the analysis by Brohoim et al. (1991).
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URu,Siy, that become superconducting. [Note added in proof: These have now been
joined by UPd; Al; and UNi;Als but the latter two are not discussed in this review.]

We start our discussion with a system that does not fit into any possible classification
of U systems: URu,Si. It orders antiferromagnetically with a very low magnetic moment
0f 0.04 up at Ty =17.5K (Broholm et al. 1987a) and becomes superconducting below 1K
(Palstra et al. 1985, Schlabitz et al. 1986, Maple et al. 1986). This compound has a y value
of only 180 mJ mol~!K~2 (Palstra et al. 1985, Schlabitz et al. 1986, Maple ct al. 1986)
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(From Holland-Moritz et al. 1987b.)

and does not show distinct CF excitations. We will discuss the experiments done on
polycrystals in this section. There are also intensive investigations on single crystals which
are recently reviewed by Broholm et al. (1991), and will be covered in chapter 131 (Aeppli
and Broholm 1994). We stress that measurements on polycrystals give information about
averaged Q behavior only, and much detailed information is missed. On the other hand,
such experiments can give important hints for more detailed investigations on single
crystals. Measurements with single crystals may also miss some important details if only

a part of the Brillouin zone is examined.
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There is some analogy to the behavior of intermediate-valent lanthanide systems
discussed below. As URu,Si1; has a tetragonal crystallographic structure, a comparison
to the intermcdiate-valent YbPd,Si; (see sect. 5) and to the heavy-fermion com-
pound CeRu, Si; is probably most suitable. The first investigations by Walter et al. (1986b)
with £;=50meV reported a clear change from a quasielastic featurc above T=50K to an
asymmetric gap-like excitation at about 8 meV. A complete “gap” could not be confirmed
by further experiments with E; =12.5 meV by Holland-Moritz et al. (1987b); however, the
change in the shape of the magnetic response as a function of temperature is confirmed
and shown in fig. 67. Although these data are averaged over O, anomalies are observable
at the Néel temperature for almost all the parameters as shown in fig. 68. The quasielastic
line vanishes close to the Néel temperature, above which its width increases linearly with
temperature. The linewidths of 5.6 and 6.7 meV given from experiments with £;= 3.1 meV
by Walter et al. (1986b) at 50 and 120K, respectively, are in rough agreement with the
new results. The effect of the magnetic order on the dynamic susceptibility (neutron
inelastic response) is, of course, better visible in experiments on single crystals (Broholm
et al. 1991), but there is no disagreement between the results on polycrystalline and single-
crystal samples.

Holland-Moritz et al. (1989b) also performed a constant-| Q| (magnitude of Q)
analysis by rearrangement of the constant-angle spectra into constant-|Q| spectra.
One remarkable result is shown in fig. 69. For |Q| values corresponding to the
first Brillouin zone, the intcnsity as a function of Q still contains significant structure
that could be related to certain points in the Brillouin zone. They found that the N-
point (1/2,0,1/2) seems to be the most important concerning magnetic correlations. In
the magnetic ordered phase (7'=5K) the absolute maximum in the intensity was found
at | @]~ 0.85A corresponding to the N-point (fig. 69a). Describing the IQ‘ dependence
in the paramagnetic phase by a damped mode, the periodicity is described by the lattice
vector 2 - Gy where [Gy = 0.5 - G(,0,1)] (fig. 69b,c). Unfortunately, to date no results are
reported for single crystals around the lattice point (1/2,0,1/2). Other less pronounced
features found in the polycrystalline studies by Holland-Moritz et al. (1989b) are in
agreement with the single-crystal study of Broholm et al. (1987a, 1991).

As usual, a comparison of the bulk susceptibility with the local susceptibility
derived from the neutron inelastic scattering is useful, especially as for URu,Si, bulk
measurements on single crystals exist. This is shown in fig. 70; the neutron data on
polycrystalline material correspond to an average value of the susceptibility, i.e., to the
dashed line in fig. 69. Whereas the susceptibility measured in a field parallel to the a axis
is low and nearly temperature independent, the one in a field parallel to the ¢ axis is
much larger, and cxhibits a well-defined maximum at ~50K. Below this temperature
the inelastic structure occurs in the neutron data. Thus, as has been shown for the
intermediate-valent lanthanides in sect. 5, the maximum in the static bulk susceptibility
and the appearance of an inelastic response occur at roughly the same temperature.
By adding the quasielastic and inelastic contributions the local susceptibility looks
qualitatively like the ¢ axis value of the bulk susceptibility. The magnetic response, as
obtained by neutrons on a polycrystalline material, appears compatible with fluctuations in
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Fig. 69. The |Q}-dependent intensity of the main magnetic signal measured from a polycrystalline sample
of URu,Si, for three temperatures. The total cross section was obtained by integrating the spectra up to a
cut-off energy of ~1.5 eV (see section 1.2). The inset gives the reciprocal lattice for the a— plane and defines
the Brillouin zone. The values of the bulk and neutron average susceptibility are marked on the ordinate axis.
(From Holland-Moritz 1989b.)

the ¢ direction. Assuming the fluctuations in the a-b plane are spread over a much larger
energy scale, the experiments on polycrystals will be sensitive to only the ¢ components
of the fluctuations, so to make a comparison with the susceptibility we multiply the
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right-hand scale of fig. 70 by three. We see then that the local neutron susceptibility is
somewhat larger than the bulk, which is in good accord with the idea of antiferromagnetic
fluctuations as suggested in fig. 69. A magnetic signal related to the bulk susceptibility
measured in a field parallel to the a axis cannot be detected unambiguously in the
neutron experiments. However, the asymmetry reported by Walter et al. (1986b) may
be an indication for a very broad inelastic magnetic response which is related to the
temperature independent part of the bulk susceptibility in the a—b plane.

The inelastic line at about 6 meV cannot be explained by single-ion crystal field theory.
From fig. 68 (extrapolation of dashed line in the middle part) we see that, in contrast
to the single-ion crystal-field picture, the intensity of this inelastic excitation vanishes
above 50K, i.c., at temperatures above the maximum in the static susceptibility. Although
the temperature where this maximum occurs is not in all cases identical with the ordering
temperature, such a maximum is only observed in U systems that order magnetically.
Therefore, an interpretation of the inelastic excitation as paramagnons (short-range
ordering above the Néel point) is more likely than the crystal-field interpretation. In fact,
the strong dispersion effects observed by single-crystal investigations (see chapter 131)
would fit into this picture. More recent papers addressing the CF states (Santini and
Amoretti 1994) and the possibility of quadrupolar (or other) types of ordeting (Walker et
al. 1993) show that the essential physics of this material at low temperature is still open.

Small amounts of Re substituted for Ru into URw,Si; rapidly suppress superconductiv-
ity and induce ferromagnetic interactions. Neutron studies by Torikachvili et al. (1992)
on polycrystalline material were able to show ferromagnetic order in U(Ru; ;Req5)Si;
of ~0.5 ug, but could not draw any conclusions about the inelastic magnetic response.

Another U compound that shows superconductivity and magnetic order is UPt;.
Although with y=450 mJmol~1 K~2 it belongs to thc “real” heavy-fermion systems, it is
comparable to URu;Si; in many of its physical properties. The static bulk susceptibility






