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INTRODUCTION

The rare earths and their compounds are currently
among the most intensively investigated groups of ele-
ments of the periodic table. They have the electron
structure

[Xe, (41)"].

The radial charge distribution given in Fig. 1 shows
that the 4f electrons are deep within the xenon core.
They are screened by 5s and 5p electrons and are
strongly localized. The crystal environment acts on
the 4f electrons in a manner equivalent to an external
electric field. This electric field is produced by the
charge distribution near the considered ion, the dis-
tribution depending, on the one hand, on the charge
state of the ligand and, on the other, on the crystal
symmetry. Under the influence of this external field,
the M, degeneracy of the energy states of the 4f elec-
trons of the free ion is lifted (this is a special case of
the Stark effect), which leads to the occurrence of the
so-called crystal-field levels.

The typical splitting of the electron multiplets in me-
tallic rare-earth compounds is of order 20 meV. This
corresponds to a temperature ~220°K. The crystal-
field levels are separated from one another by about
5.5 meV, which in temperature units corresponds to
60°K. Compared with the interactions of the electrons
with one another and with the nucleus in the free ion
(>1 eV), the erystal field can be regarded as a pertur-
bation. The resulting fine structure of the electron
multiplets affects the physical properties and processes
in the solid (crystal-field effects), which exhibit a def-
inite dependence on the energy spacings, the nature of
the levels, and their populations.

The investigation of crystal-field effects began to de-
velop strongly at the end of the forties. Such studies
were particularly stimulated by the development of
solid-state masers and lasers, the principle of their
action being intimately related to the properties of the
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crystal-field levels.'! They also have a direct bearing
on the technique of obtaining superlow temperatures (7T
<1°K) by means of adiabatic demagnetization.? A large
fraction of the experimental results were obtained by
optical investigations (absorption and fluorescence
spectra® and infrared spectroscopy®). Because of their
high energy resolution, these methods make it possible
to determine level energies with accuracy as good as
0.1 meV. Through polarization measurements® and
study of the fine structure of the optical lines one can
obtain additional information about the properties of
the crystal-field levels and the coupling of the crystal
field to the lattice vibrations.

Independent conclusions about the positions of the
crystal-field levels and their characteristics can be
obtained by measuring the temperature dependence of
various macroscopic properties.® The fine structure of
the ground -state multiplet is manifested in the specific
heat through the Schottky anomaly. In the general defi-
nition, the specific heat is expressed by

C=aU/dT, (1)

where U is the internal energy of the system and T is
the temperature. If one considers only the system of

FIG, 1. Radial distribution of the charge_ density for the 41,
5s, 5p, and 6s electrons of the Gd®* ion.’
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the 41 electrons, then its internal energy is

U =5 3} Engnoxp (— Eq/KT). (2)

Here, Z=),,g,exp(-E,/kT) is the partition function of
the system, and g, is the degeneracy of level n. From
this we obtain the expression for the Schottky anomaly:

1
Cschguky'= Z2LTE I:z Z gnE5 exp (— En/kT)
n

— (2 gnBnoxp (—EnkT))*]. (3)

The entropy of the ion at high temperature is
S=k1n(Egn)- (4)

The gain in the entropy by an increase in the tempera-
ture is

o

AS=S—klng,= | %Csmm,k,'”' (5)
0

This gain in the entropy can be determined by numeri-

cal integration of the curve of the experimentally mea-

sured specific heat, which gives a criterion for deter-

mining the degree of degeneracy of the ground state.

The magnetic susceptibility gives some information
about the fine structure of the ground -state multiplet.
It follows from statistical thermodynamics that

x=62F,f6Hz|H,=o, (6)
where F, the free energy, is determined by
F=—kTlnZ

(Z depends on the magnetic field H). The energy E, of
the n-th electron state is obtained by perturbation the-
ory:
Eqp= E+pogH (0|3 |m)- pye2p 3 LEDmIE ("
ﬂ#m n m
Thus, the magnetic susceptibility is given by the ex-
pression

1) =2 {3 LGP exp (— i)

+2 3 LG """‘"‘"' exp (—En/kT) }. (8)
nstm

The Curie term of the susceptibility depends on the
diagonal matrix elements, If the ground-state diagonal
elements are zero ({x|J|n)=0), magnetic ordering is
not manifested even at very low temperatures. In this
case, the susceptibility does not depend on the temper-
ature. Compounds with this property are called Van
Fleck paramagnets.

The splitting of the ground-state multiplet by the
crystal field is also manifested in the resistivity of
metals. In normal metals, the resistivity is due to
electron scattering by phonons, structure defects of
the lattice, impurity atoms, and, in the case of small
samples, the surface. In metallic compounds of rare
earths there is an additional contribution to the resis-
tivity due to scattering of conduction electrons on the
crystal-field levels. In Ref. 8, the magnetic contribu-
tion to the resistivity per ion is calculated:

Pm=Po SP (P-Q). (9
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The matrices P and @ contain the energies E, of the
crystal-field levels and their wave functions |n):

_ exp(—Eq/kT) (Emy— En)IkT y
Pam= Z = 1—exp [(E,,:Em),’kl"] ! (10)
Qum = |n] 5| m) |2+ (1/2) (] T 5| m} |2+ | (o] T m)|2. (11)

The resistivity depends in a complicated manner on the
crystal-field levels. It is very difficult to draw unam-
biguous conclusions about the scheme of these levels
from such measurements.

In the last ten years, inelastic scattering of neutrons
has been successfully used as a method for investigat-
ing crystal-field effects. This method gives direct data
about the positions of the crystal-field energy levels.
The differential cross section for scattering of neu-
trons from the state |k) to the state |’) by a nucleus
with change in the state of this nucleus in the sample
from |A) to |A’) is given by the general expression'*

(55 )= (e ) @RI+ B B (12)
kh
To obtain the differential cross section for all possible
scattering processes, it is necessary to sum over all
final states (A’ | and over all initial states |A), which
have probability P,:

d?o 4 2
dQdE =T( 2;&2 ) ;.Z PP,
y 0

X ) WKV |V|koA)|2 8 (B + Ep— Eps). (13)
A, o’ d

The summation over ¢ and ¢’ takes into account the fact
that the neutron beam is not polarized. The relation
(13) is fundamental for the description of any scatter-
ing process. The individual scattering processes are
characterized by a definite form of the interaction po-
tential 7. However, in any case it can be assumed that
V is a function of the distance of the neutron from the
target nucleus:

V)= ; V;(xr—R;). (14)

Here, the sum over j denotes summation over all nu-
clei. In such a case, the scattering cross section can
be written in the form of two factors:

=k (o) (P ()12 S (, ). (15)
The quantity V(=»)= f dr exp( —i%- r)V(r) depends only on
the two-particle potential and is determined by the def-
inite form of the interaction. The correlation function
S(», w) contains a form factor and describes the corre-
lation of the system for a definite nature of the inter-
action (magnetic or nuclear scattering).

Besides nuclear scattering, one of the main processes
of interaction of neutrons with rare-earth compounds is
magnetic scattering by the 4f electrons. In this proc-
ess, energy is transferred from a neutron to an elec-
tron or vice versa, and the electron system goes over
to a different energy state. The positions of the peaks
in the inelastic neutron scattering spectrum correspond
to definite transition energies, and their intensities are
proportional to the transition probabilities. For non-
conducting compounds, the inelastic neutron scattering
method is a good complement to the optical investiga-
tions. In contrast to the latter, inelastic neutron scat-
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tering is not used to investigate electric dipole transi-
tions between the crystal-field levels of the ground-
state multiplet to higher-lying multiplets but rather to
study magnetic dipole transitions between the crystal-
field levels of the ground-state multiplet. The inelastic
neutron scattering does not depend on the optical ab-
sorption properties of the material of the sample. This
last circumstance is particularly important in the study
of crystal-field effects in metallic compounds. Be-
cause of the strong absorption by conduction electrons,
the optical methods of investigation in the case of met-
als are virtually useless, and inelastic neutron scatter-
ing is as yet the only means for observing the crystal-
field levels. The task of the investigations of metallic
compounds of the rare earths is to obtain a sufficient
number of experimental data on the splitting of the en-
ergy levels under the influence of the crystal field. The
experimental results are analyzed by means of a phe-
nomenological theory of the crystal field with a view to
determining its parameters (see Sec. 1). The values of the
parameters and comparison of them within, for example, a
series of isostructural compounds give definite informa-
tionabout the properties of the metallic matrix inwhichthe
rare-earthions are contained. The coupling of the magnetic
rare-earthions to one another leads to a number of features
that cannot be encompassedby a relatively simple descrip-
tion (see Sec. 3). It is helpful to divide the intermetal-
lic compounds of the rare-earth elements into two
large groups. In the first, the partner rare-earth ele-
ment is nonmagnetic, while in the second group the
partner has a magnetic moment. The magnetic proper-
ties of the first group are completely determined by the
interaction between the rare-earth ions. In the second
group, one must in principle distinguish three types of
interaction: the rare-earth-rare-earth interaction, the
rare-earth—-magnetic-partner interaction, and the
interaction between the magnetic ions of the rare-earth
partners. To study the second group, it is necessary
to know accurately the coupling of the first and third
types of interaction. Therefore, inelastic neutron
scattering has hitherto been used mainly to investigate
intermetallic compounds of the first group.

1. FUNDAMENTALS OF THE DESCRIPTION OF THE
CRYSTAL FIELD® 12 :

There is at present no satisfactory microscopic the-
ory of the crystal field, and one therefore uses a phe-
nomenological description of it by means of equivalent
operators. The equivalent operators are formal trans-
formations made to facilitate calculations. The poten-
tial of the crystal field is represented as a series in
spherical functions, which depend on the spatial coor-
dinates x,y,z. The task of the calculations is to deter-
mine the eigenvalues of the 4f electrons in the crystal
field, for which it is necessary to determine the ma-
trix element by means of the 4f wave function. The
angular part of a wave function is characterized by the
total angular momentum and its projection. In the
spherical functions, which are tensor operators, one
can replace the coordinates by the corresponding com-
ponents of the operator of the total angular momentum.
One then obtains the equivalent operators OF, which
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are functions of only the operator of the angular mo-
mentum and its components. It is assumed that a re-
striction can be made to a single isolated multiplet (for
example, the ground-state multiplet) of the rare-earth
ion, and its splitting in the electric field is investi-
gated. The total angular momentum J(J=L+8) is re-
garded as a good quantum number, and the operator of
the crystal-field Hamiltonian is written in the form®

1
H:f == g E

=21y 6 m=0

TOTT, Ja, T TL). (16)

The crystal-field parameters B contain information
about the crystal field as follows. The number of non-
vanishing BT determines the symmetry of the field.
The higher the symmetry, the smaller the number of
nonvanishing parameters of the crystal field. The val-
ues of BY determine the strength of the field. The rel-
ative values of the BT determine the form of the multi-
plet splitting, i.e., the order in which the crystal-field
levels follow one another.

The summation over [ is restricted to 1=2,4, 6 be-
cause only the 4f electrons of the rare-earth ions are
considered. To illustrate the dependence of the num-
ber of terms in the operator of the crystal-field Ham-
iltonian on the symmetry, we give the Hamiltonian op-
erators for cubic symmetry and hexagonal point sym-
metry:

Hcf,cub =B: Eo: +50:I +B‘,’ [0‘,’—-210:1; }

11
H ornex = Bi0%+ B0+ BI03+ BL0%. (17)

In Refs. 10 and 11, these Hamiltonian operators were
used to calculate and tabulate the splitting of the multi-
plets in a cubic and a hexagonal crystal field with all
the J values observed in rare-earth ions (2< J<8).

The parameters B} can be divided into definite con-
stituent parts which reveal more clearly the contribu-
tions from the crystal field itself and the rare-earth
ion, which serves as a probe for measuring the crystal
field:

= A7 () KTOs (18)
Here, 9, are reduced matrix elements, tabulated for
all the rare-earth ions'? (#') are radial integrals of
the wave functions of the 4f electrons, which take dif-
ferent values depending on the method of calculation
(nonrelativistic’ or relativistic*®), The parameters A7
contain the actual information about the crystal field
produced by the charge environment of the probe. Since
the K™ are only numberial factors, we shall include
them in the A7 and write A,=A7K7. To compare the
crystal parameters of different compounds, one should
take the 4,{#") or only the A,.

2. DETERMINATION OF THE CRYSTAL-FIELD
PARAMETERS IN RARE-EARTH INTERMETALLIC
COMPOUNDS BY INELASTIC NEUTRON SCATTERING

The model of effective point charges or modifications
of it are used to determine the parameters of the elec-
tric crystal field. In this model, the electric field at
the position of an atom in the crystal is determined by
the total potential of all the neighboring ions, which are
regarded as point charges situated al the positions of
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the nuclei.

Below, we give a review of the crystal-field param-
eters for metallic and intermetallic rare-earth com-
pounds determined primarily by inelastic neutron scat-
tering. For completeness, we also give in some cases
the results of other methods of investigation of the
crystal field. It should be noted that hitherto the in-
vestigations have concentrated on compounds with cubic
crystal structure. For hexagonal compounds, there are
some first results of the systematic determination of
the crystal-field parameters, but for compounds with
lower symmetry there are virtually no neutron-scatter-
ing results.

Before we begin the exposition of the results, we
modify the general expression (15) for the scattering
cross section. To analyze experiments in which the
crystal field is investigated by inelastic neutron scat-
tering, the scattering cross section in the dipole ap-
proximation has the form!s

&% 1912 \2 &
PP SR [ et —_f2
aQdE “( Pmgcs 57 ) =)

X 3 Palnld |m)2 )/ :;;: [_41n2(E—"‘$—“‘E)2].(19)

Here, |n) are the wave functions of the crystal levels
with energies E,; f(#) is the magnetic form factor of
the rare-earth ion; and =k -k’ is the momentum-
transfer vector. In the experiments, one observes
transitions between crystal-field levels with energy
transfer E from the neutrons and transition half-widths
Y nme

The intensity of the individual peaks is proportional
to the matrix element, which in the case of polycrys-
talline samples is given by the expression (dipole ap-
proximation)

(1T L m)|2 = (4/3) {I(n| T |m)|? + [(nl Im) 2+ 2(n| I omy 2. (20)
The probability P, that the system is in the state |x) is
given by the population factor of the crystal-field lev-
els, which satisfies Boltzmann statistics:

2J4+1
P, =cxp(—EnJkT)/ gl exp (— E./kT). (21)

The expression (21) for the scattering cross sections is
valid only for small momentum transfers (»-0).
Therefore, in an analysis of the experiments it is im-
portant to know the upper limit on the » values for
which (21) can be used without introducing gross errors.
For Pr® in a cubic crystal field, the expression for the
total cross section for neutron scattering with transi-
tions between the crystal levels was considered in Ref.
16. The results of Ref. 16 are compared with the cal-
culation based on Eq. (20) in Fig. 2. T can be seen that
when »>5.5 A™ the deviations from the exact value are
greater than 1%.

Comparing the spacings between the positions of the
crystal-field levels and the transition probabilities cal-
culated by means of the theory with the positions of the
peaks and their intensities in the experimental spec-
trum of inelastically scattered neutrons, one can de-
termine the set of crystal-field parameters for the in-
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FIG. 2. Probabilities of transitions between the crystal levels
in a cubic field as functions of the momentum transfer » for
Prt,

vestigated material. Provided the half-widths v, re-
main small (1-2 meV) and well resolved peaks are ob-
served in the spectrum, inelastic neutron scattering is
a very sensitive method for determining the crystal-
field parameters.

2.1. Investigation of the crystal field in rare-earth
compounds with cubic crystal structure

In this subsection we discuss the investigation of the
crystal field in metallic and intermetallic rare-earth
compounds with cubic structure. We restrict ourselves
to four types of cubic structure, for which there are
various results that reveal definite tendencies.

Structure of NaCl(BI) type. The compounds with V
and VI elements of the principal subgroups of the per-
iodic rare-earth elements (pnictides and chalcogenides)
with 1:1 ratio of the atoms have NaCl-type structure.
From the point of view of the study of the crystal field,
they are the group of materials which have been most
systematically investigated. The neutron scattering ex-
periments on PrBi (Fig. 3, Ref. 18) were the first that
made it possible to determine the crystal-field param-
eters, and they marked the beginning of inelastic neu-
tron scattering in the systematic investigation of the
crystal field in metallic rare-earth systems. The
monochalcogenides and monopnictides of the rare-earth
metals have metallic properties up to the nitrides. For
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FIG. 3. Time-of-flight neutron spectrum for PrBi,!
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FIG. 4, Monopnictides and monochalcogenides of rare-earth

elements for which inelastic neutron scattering has been used
to determine the crystal-field parameters.

the pnictides, because of their position in the periodic
table, one would expect them to form A™'BY-type semi-
conductors. The resistivity at room temperature is of
order 10-10™ Q- cm, i.e., it is in the typical metallic
range of carrier densities, though 1-2 orders of mag-
nitude lower than in the chalcogenides.?

Rare-earth compounds with NaCl structure are well
suited to study of the crystal field, since the interac-
tion of the magnetic ions with the crystal field in them
is much greater than the magnetic exchange interaction.
This is expressed in the absence of magnetic order or
in a very low ordering temperature (<20°K). Figure 4
shows the compounds for which the crystal-field pa-
rameters have been determined by inelastic neutron
scattering. (The values for the samarium compounds
are taken from measurements of the Schottky anomaly.)
Most of the experiments were made by Birgeneau et al.
using a time-of-flight spectrometer with a chopper,'®~2!
and also by Furrer ef al. with a triple-axis spectro-
meter**~% and MARX spectrometer.?®

On the basis of the above, two questions can be
posed.

1. How do the crystal-field parameters change if the
partner of the rare-earth ion in the compound is
changed?

2. How do the crystal-field parameters change if the
rare-earth ion in a compound is changed, the partner
remaining the same?

With regard to the first question, a systematic in-
vestigation into praseodymium compounds was made in
Ref. 19. For neodymium compounds, there are also
experimental data for the crystal-field parameters, so
that here too such an analysis can be made. All the
compounds are characterized by a predominant contri-
bution of the term of fourth order to the crystal poten-
tial. Comparison of the crystal-field parameters of
fourth order with one another for both the praseodymi-
um compounds and the neodymium compcunds does not
reveal significant differences between the monochal -
cogenides and monopnictides, although the two groups
have different carrier densities. The nitrides are an
exception which are more semiconductors than metals,
The dependence of the values of A,{+*) on a™® (a is the
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FIG. 5. Crystal-field parameters of the monochalcogenides and
monopnictides of praseodymium and neodymium as functions of
the power of the lattice constant a. The points are the experi-
mental data, and the lines correspond to the point-charge
model.

lattice constant) indicates that the lattice constant is the
basic characteristic parameter (Fig. 5). Such a depen-
dence is expected in the model of point charges, in
which the crystal-field parameters for NaCl structure
with allowance for the neighbors of the first coordina-
tion sphere are described by'?

T Ze

A= — 5 2 iy 2o

A (%) = — (1, (22)

where Z is the charge of the ligand, and R is the dis-
tance to the neighboring atom (R =a/2 for NaCl struc-
ture). It is noteworthy that the crystal-field param-
eters of fourth order can even be calculated with good
quantitative accuracy in the model of point charges if
one takes Z=1.2+0.1 for the charge of the ligand and
the relativistic radial integrals'® (see Fig. 5). To some
extent, this is unexpected, since this model gives poor
quantitative predictions for insulators.” In metallic
compounds, besides the mechanisms that influence the
crystal field in insulators (the effect of the point
charge, charge penetration, covalence, and 5s and 5p
screening), there must be screening effects of the vir-
tually bound 5d state because of the presence of the con-
duction electrons. Nevertheless, the point-charge
model “works” without allowance for the additional ef-
fects.

It can be seen from Fig. 5 that for the praseodymium
compounds A,{7°) is also a linear function of ¢ to
within the experimental errors. However, the neodym-
ium compounds exhibit a difference between the pnic-
tides and chalcogenides greater than the experimental
errors. In the neodymium monochalcogenides, the con-
tribution to the crystal field of sixth order is greater
than in the monopnictides. The effective charge for the
praseodymium compounds is Z = -1.65, for the neodym-
ium monopnictides £ = -3.3, and for the neodymium
monochalcogenides Z =-5.1 if the relativistic radial
integrals (v®) are used. The different values of the
charges for the parameters of fourth and sixth order
indicate that the screening effects and the contribution
from the covalent bonding are more clearly manifested
in the sixth order of the crystal-field potential. In this
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FIG. 6. Dependence of the crystal-field parameters A(r*) of
the compounds PrX on the electronegativity of atom X. The
values of the electronegativity are taken from Ref, 29,

sense, one can also understand the different behavior
of A7) for the neodymium monopnictides and mono-
chalcogenides, i.e., the valence electrons have a defi-
nite influence in them.'® The equality of the crystal-
field parameters of sixth order for the praseodymium
chalcogenides and pnictides is to be regarded as an
exception.

On the basis of the good agreement between the values
of A,{#*) and calculations based on the point-charge
model and also the absence of an indication of an in-
fluence of the conduction electrons, Bucher and Maita®®
attempted to explain the crystal-field parameters in an
atomistic approach. Representation of the sixth-order
crystal-field parameters as functions of the electrone-
gativity of the partner (Fig. 6) reveals a linear depen-
dence and, in addition, a separation into pnictides and
chalcogenides. The electronegativity of the X atom is
too small to attract all the three praseodymium elec-
trons, so that these compounds are metals, whereas
nitrogen, with greater electronegativity, forms non-
metallic compounds.

We now consider the second question—the change in
the crystal-field parameters when the rare-earth ion
in the compounds is changed. Figure 7 shows the mod-
ified parameters A, {r*a®* for rare-earth pnictides.?
One notes clearly the anomalous behavior of the ceri-
um compounds, whose A,{(#*) values are clearly lower
than for the neighboring rare earths. This is ex-
plained by the fact that the individual 4f electron of the
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FIG, 7. Crystal-field parameters of compounds of rare-

earth elements with the atom X(X= P, As, Sb, Bi). The points
are the experimental data, and the curve corresponds to the
point-charge model,
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Ce atom is near the Fermi limit with a large proba-
bility. For the fourth-order parameters of the other
compounds one observes a certain systematic trend
through the rare-earth series. The continuous curve is
obtained from calculations in accordance with the mod-
el of effective point charges by means of the expression
(22), Z=-1.2, and the relativistic values for {#*). The
agreement with the experimental parameters from Pr
to Tb is very good. For the heavier rare-earth ions,

Z = -2 would reproduce the measured values better. An
abrupt change in the electron properties of the com-
pounds in the series is, however, improbable, and the
observed behavior is more likely to be an indication of
the imperfection of the point-charge model. It is as yet
difficult to indicate the mechanism responsible for this.
The increasing fraction of the covalent bond is the most
probable.®

For the sixth-order parameters, with relatively large
errors, a constant value was found for A (7%
=(0.1+0.06) X10° meV- A7 [by means of (3.4)] (see Fig.
7). This means that the model of effective point
charges is not suitable for calculating A.(+®. It is only
useful for a qualitative estimate of the order of magni-
tude of the crystal-field parameters.

Structure of CsCl (B2) type. Compounds of the rare-
earth elements with rhodium, palladium, copper, sil-
ver, zinc, and magnesium crystallize in a CsC1(B2)
structure. They are the group of materials that have
been studied next best. A structure of CsCl type is
well suited for a study of the dependence of the crystal-
field parameters on the valence and size of the atoms
of the ligands, and also the electron structure in an
isomorphic series of intermetallic compounds. The
majority of the results on this group of materials was
obtained by Morin, Pierre, ef al.’'"® The experimen-
tal methods included, besides inelastic neutron scat-
tering, measurement of the magnetic anisotropy in sin-
gle crystals,®® neutron diffraction determination of the
magnetic structure, and study of the magnetoelastic
properties.*®

In the intermetallic compounds, the magnetic ex-
change interaction is more strongly manifested along-
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FIG. 8. Neutron-scattering specturm for the compound Hoy 45
Y, 8540 measured with the time-of-flight spectrometer IN=7
(ILL Grenoble). The curves are the theoretical fitting of Ref.
33,
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side the interaction with the crystal field. This is re-
flected in an ordering temperature of 40°K or higher
for many compounds. To reduce the exchange interac-
tion in the neutron scattering experiments, it is cus-
tomary to use dilute compounds.®*** Figure 8 shows a
typical spectrum of the scattered neutrons for CsCl
compounds.

Figure 9 shows the crystal-field parameters found
for this series of compounds. The investigation con-
centrated not so much on the change of the crystal-
field parameters due to the rare-earth ion as on the in-
fluence of the partner in the compound on the strength
of the crystal field for one definite ion of the rare-earth
metals. The most complete results are available for
the compounds of erbium®+3*? and holmium.* In Table
I, we give the parameters for both series of com-~
pounds.

It can be seen that the fourth-order parameters are
predominantly negative and decrease in absolute mag-
nitude with the change in the number of external elec-
trons of the partner in the sequences Rh, Pd, Ag and
Cu, Zn, and Mg. For magnesium, the value of A,{#
becomes positive. The values of the parameters for
isoelectron compounds are not apparently affected by
the change in the lattice constant. The sixth-order pa-
rameters are all negative and have the same order of
magnitude. Compared with the NaCl-type compounds,
the contribution of the sixth-order potential in the case
of CsCl-type compounds is appreciably greater.

Attempts to calculate the crystal-field parameters by
means of the point-charge model* with allowance for
the second coordination sphere (ions of the rare-earth
elements) led to a negative value of the charge of the
ligands in the cases of Cu and Ag and £= 0 for Zn with
good reproduction of the A,{7*) values. However, the
Ag{7®) values were then underestimated by an entire

TABLE I. Crystal-field parameters (meV) of intermetallic

compounds of holmium and erbium with CsCl-type structure 30733
Holmium Erbium
= Ay Agr9) Ayt Aa(r9)

Rh —10.7741.6 | —1.55:£0.26 | —10.6:£0.9 —1.62:4-0.00

Pd — — —10.08 —1.02

Ag —5.7720.060| —1.03£0.00 | —6.3+0.3 —1.840.04

C Z5.86=0.09 | —1.29%0.09 | —7.250.55 —1.3%0.09

Zn Z1.24%0.34 | —1.55%0.00 | —3.11%£0.080 | —1.540.09

Mg 3.62%0.78 | —1.42%0.09 | 0.3150.25 | —0.93%0.09
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FIG. 10. Crystal-field parameters of compounds of holmium
and erbium with CsCl-type structure as functions of the elec-
tronegativity different. The values of the electronegativity are
taken from Ref. 19,

order of magnitude. As a result, the point-charge
model for compounds with CsCl structure loses its
practical value for qualitative determination of the
crystal-field parameters, It is noteworthy that for the
fourth-order parameters one obtains a linear depen-
dence on the difference between the electronegativity of
the ions of the rare-earth metals and the ligands (Fig.
10). This last circumstance is regarded as an indica-
tion of charge transfer in these compounds.?? In con-
trast, the parameters A (+°) do not satisfy any such
dependence (see Fig. 10).

Toexplainthe changes inthe crystal-field parameters in
the holmiumand erbium compounds, some theoretical in-
vestigations were made into the part played by the conduc-
tion electrons in forming the crystal field.*” According
to calculations using orthogonalized plane waves as
wave functions, the contribution of the effective charge
of the ligands is very small (|4,(7*)| <1 meV; A+%)
=~ -0.1 meV). The calculations showed that because of
the anisotropic distribution of the conduction electrons
one obtains a direct Coulomb contribution, which gives
in absolute magnitude the correct order of A,(7*), and
also its dependence on the type of partner. The reason
for the change in A,{(7") is the increasing localization of
the d electrons of the conduction band at the non-rare
earth ion on the transition from Rh to Zn and the ab-
sence of d electrons in Mg. The sign of the calculated
A 7" is obtained incorrectly, so that it is necessary
to assume an additional contribution of the same order
but opposite sign, for example, anisotropic exchange
between the 4f electrons and the conduction-band elec-
trons. The observed values for A,{#°) are not repro-
duced by these calculations. This is usually attributed
to the circumstance that covalent effects play a large
part and the conduction electrons near the rare-earth
ion have a weak f nature.”

Neutron-scattering experiments have also been made
on isostructural compounds of the light rare-earth ions
Pr and Nd with a view to determining the crystal-field
parameters, but these experiments could not be unam-
biguously described by a single set of crystal-field pa-
rameters.® Here, the data are not yet so complete as
for the holmium and erbium compounds.

Structure of MgCu,(C15) {ype. The cubic structure of
the Laves phase of MgCu,(C15) type is the largest fam-
ily of isostructural rare-earth compounds. The exis-
tence of rare-earth M, compounds has been proved for
almost all rare-earth atoms with M= Mg, Al, Mn, Fe,
Co,Ni,Ru,Rh, Pd,Os,Ir.”** However, systematic study
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FIG. 11. Spectrum of neutron scattering by PrAl,.4% Because
of the large widths of the lines of the transitions between the
crystal levels, the spectrum exhibits little structure.

of the crystal field by means of inelastic neutron scat-
tering has hitherto been restricted to the rare-earth
compounds with Al,. Therefore, we shall restrict our-
selves here to this series of compounds. They all ex-
hibit magnetic order, and therefore a number of neu-
tron-scattering experiments were made on dilute sam-
ples.*?** In the experiments on concentrated com-
pounds, one observes large line widths of the transi-
tions due to the crystal field, which complicates the un-
ambiguous determination of the crystal-field param-
eters (Fig. 11).**+*¢ The crystal-field parameters were
also determined from investigations of magnetic ele-
mentary excitations by means of inelastic neutron scat-
tering by single crystals*”"* and experiments on the
magnetization of single crystals.5%5*

If one uses the experimentally obtained crystal-field
parameters to calculate BS, Bf and A,, A, using the
relativistic radial integrals (#",'® the result shown in
Fig. 12 (Ref. 51) is obtained. The crystal-field param-
eters hardly depend on the rare-earth ion through the
rare-earth Al, series, so that the parameters satisfy
the simple relation

Bl ~ (19 Ba s B~ (% ya, (23)

where B; and y; are numerical factors (see Ref. 12).
This result can be explained as follows: Either the con-
tribution of the conduction electrons to the potential of
the crystal field is small, or their influence through the
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FIG. 12. Reduced crystal-field parameters A,a™**? for com-
pounds of rare-earth elements with Al, obtained from the ex-
perimental values of Be™ using the relativistic radial integrals
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FIG. 13. Change in the erystal-field parameters for CuzAu
structure with different ions of the rare-earth element.”

rare-earth series does not change.® The constancy of
Aga’ indicates that in this group of compounds, in con-
trast to the case considered above, the sixth-order pa-
rameters also satisfy a certain systematic relationship.

The crystal-field parameters found in Ref. 45 for
HoAl, and TmAl, do not fit into this picture. True, only
one or two inelastic peaks were observed in the neu-
tron-scattering experiments, so that the interpretation
could be uncertain. As yet, there are no results of in-
vestigations of the crystal field by inelastic neutron
scattering in compounds with other partners. Experi-
ments on PrNi, reveal values of the crystal-field pa-
rameters close to those for PrAl,.>?

Structure of Cu;Au(L1,) type. In a cubic crystal
structure of Cu,Au type, investigations of the crystal
field by inelastic neutron scattering and measurement
of the susceptibility have hitherto been made principally
for REEX, systems, where REE are the light rare-
earth elements Ce, Pr, and Nd, and X represents Pd,
In, Sn, T1, and Pb.***® The compound Pr,T1 also crys-
tallizes in this structure, and it has become a model
material for investigating the dynamics of the so-called
singlet~triplet systems and will be considered in the
following subsection in somewhat more detail. In Ref.
53, rare-earth-element compounds were studied (REE
=Ce,Pr,Nd; X=In,Pb,Sn). It was established for the
crystal-field parameters that with increasing number of
4f electrons their value decreases and, in addition,
there is a change of sign (Fig. 13). Such behavior can
be explained by delocalization of the 4f electrons at the
beginning of the rare-earth series®® or by a change in
the contribution of the exchange interaction to the crys-
tal field.*” For the isoelectron rare-earth compounds
with Sn, and Pb, the parameters A,{#*) and A,(+°) have
the same dependence on the rare-earth ion, whereas
for the rare-earth compounds with In; the dependence
is stronger. This could be regarded as an indirect
proof of influence of the conduction electrons.

The crystal-field parameters obtained from neutron
experiments on isostructural compounds of rare-earth
elements with Pd, in Ref. 54 also revealed no changes.
For them, the A,(»*) values were found to be negative
and almost equal to each other within the experimental
errors; the parameters A,(#°) have positive values.

Investigations of compounds in the series PrX, (X
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=1In, T1, Sn, Sb) by inelastic neutron scattering®® gave
crystal-field parameters in which the 4,{(#»*) values ex-
hibit a systematic variation. With increasing differ-
ence between the electronegativities, the values of
A(r*) decrease. The value of A,(»*) for PrPd, found

in Ref. 54 also does not contradict this tendency, but it
is nevertheless impossible to construct a linear depen-
dence, since the absolute value for PrPd, is clearly too
low. For the parameters A,(#°) a systematic variation
was not found.

2.2. Investigation of the crystal field in rare-earth
intermetallic compounds with hexagonal crystal structure

Hitherto, very few experiments have been made using
neutron scattering by intermetallic compounds with
hexagonal crystal structure. There are some data on
rare-earth compounds with Al, (the rare earths Ce,

Pr, and Nd) with Ni;Sn structure,®®* The spectra of
these compounds reveal well-resolved peaks, which can
be ascribed to transitions between crystal levels. Fig-
ure 14 shows the inelastic neutron-scattering spectrum
for PrAl,.°**® The obtained crystal-field parameters
show that the terms of second, fourth, and sixth order
participate to about the same extent in the formation of
the crystal field. In the interpretation of the measure-
ments of the susceptibility and specific heat in hexagon-
al compounds, the contribution of second order to the
crystal field is ignored for simplicity. Since one then
obtains a satisfactory explanation of the measured
quantities, it appears that this term can be ignored.

The interpretation of the spectra of the scattered
neutrons is more difficult than in the case of a cubic
crystal field, since for hexagonal symmetry there are
four independent parameters of the crystal field (see
Sec. 1). To reduce the number of independent param-
eters, one introduces the ratio V=B{/Bf, which is
usually calculated in the point-charge model. The ap-
proximation for determining this quantity on the basis
of the ideal ¢/a ratio of the hexagonal lattice gives V
=77/8 and is insufficiently good. For PrAl; with a val-
ue of V calculated using the real lattice parameters one
obtains better agreement with the experiment than with
V="11/8.%° Our investigations with PrNi, (CaCu,-type
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_ FIG. 14. Spectrum of neutron scattering associated with tran-
sitions between the crystal-field levels of the hexagonal com~
pound PrAls,®
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FIG. 15. Spectrum of neutron scattering associated with the
transitions between the crystal-field levels of the hexagonal
compound PrNig,5

structure) show that by changing V one can improve the
agreement between the experimentally measured spec-
trum and the calculated spectrum® (Fig. 15).

For the intermetallic compounds with hexagonal sym-
metry there are as yet too few results for general con-
clusions to be drawn. Investigations with this group of
substances could in the future become a fruitful direc-
tion in investigations by neutron scattering, since, on
the one hand, the experimental technique has now been
sufficiently developed and, on the other, the neutron-
scattering spectra may contain richer information be-
cause of the large number of possible transitions be-
tween the crystal levels in the hexagonal crystal field.

2.3. Conclusions

The above results of the study of the crystal field in
rare-earth compounds permits the following conclusions
to be drawn.

1. In the rare-earth compounds with NaCl structure
(pnictides and chalcogenides) the fourth-order term
makes a significant contribution to the crystal field.

In the intermetallic compounds with other types of

cubic structure, the contributions from A.{(7®) are of
the same order of magnitude as the A,{»*) contributions.
When the metallic nature of the substances is more
clearly expressed, the contribution to the crystal po-
tential of the sixth-order terms is greater.

2. The fourth-order parameters in the various groups
of compounds exhibit certain systematic tendencies,
whereas this is not found for the sixth-order param-
eters.

3. Attempts at qualitative (linear dependence of the
crystal-field parameters on the difference between the
electronegativities) and quantitative (calculations of the
band structure for CsCl structure) explanation of the
crystal-field parameters have been successful only for
the A,{r*).

4, The model of effective point charges gives good
agreement with the experiments only for monopnictides
and monochalcogenides of the rare-earth elements. It
fails for the intermetallic compounds.
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5. The experimental data on the crystal-field param-
eters in hexagonal compounds are as yet insufficient,
and therefore no systematic features can be established.

6. The influence of the conduction electrons on the
crystal field in intermetallic compounds of the rare-
earth metals is as yet unclear. The investigations so
far made indicate that they play a small part.

3. INVESTIGATION OF THE INFLUENCE OF THE
CRYSTAL FIELD ON THE COLLECTIVE PROPERTIES
OF METALLIC RARE-EARTH COMPOUNDS

In this section, we consider aspects of the behavior
of the ensemble of noninteracting rare-earth ions in the
effective environment (point charges + conduction elec-
trons + chemical bond), in particular the effects due to
the exchange interaction between the rare-earth ions in
the lattice, which may lead to an ordered state at low
temperatures. Inelastic neutron scattering is in its
kind a unique method for studying collective excitations
in a condensed medium. Because of the two principal
types of interaction of thermal neutrons with matter,
one can relatively easily observe phonons and mag-
netic excitations, but it is difficult to excite electron
quadrupole transitions between different crystal levels.
It follows from this that for the study of magnetic ex-
citations (spin waves) inelastic neutron scattering is the
principal method of investigation, whereas in the in-
vestigation of structural phase transitions of the Jahn-
Teller type (quadrupole coupling) inelastic neutron
scattering is restricted to the determination of the
splitting (the level scheme) of the rare-earth ions in
the crystal field.

In metallic compounds of rare-earth elements there
are a number of interaction mechanisms which lead to
an effective exchange coupling of the rare-earth ions at
different sites of the crystal lattice. Because of the
strong localization of the 4f electrons ({rZ)'/2~0.45 &),
they interact not directly, but indirectly through the
system of conduction electrons or the system of pho-
nons. The form and strength of these interactions de-
termine the cooperative behavior of the metallic com-
pounds of the rare-earth elements. The following
interaction mechanisms can be identified.

a) An isotropic magnetic dipole-dipole interaction is
realized indirectly through the conduction electrons.
It determines the magnetic behavior of metallic sys-
tems of the rare-earth elements. Many compounds of
rare-earth elements have magnetic phase transitions at
temperatures below 100°K. The 4f electrons (with spin
S) give rise to a long -range oscillating spin density of
the conduction electrons (with spin s), which leads to a
coupling of the rare-earth ions at different lattice sites.
The Hamiltonian of the interaction of the 4f electrons
with the conduction electrons is

Hy=—T,Ss, (24)

where I, is the sf exchange integral., In the descrip-
tion of the coupling of two rare-earth ions at the lattice
sites 7 and j in the model of effective ff exchange inter-
action (without explicit allowance for the lattice system
and the correlation of the conduction electrons), one
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obtains an isotropic Heisenberg exchange interaction of
the spins of the form

H =—+ 3L I0I() (25)
i, J

Because of the strong spin-orbit interaction, the total
angular momentum o is a good quantum number. The
indirect magnetic exchange coupling through the con-
duction electrons of the Ruderman-Kittel-Kasuya—-Yo-
sida (RKKY) type® depends on the electron density in
the conduction band.®* ’

Of particular experimental and theoretical interest is
the investigation into the nature of induced magnetic
phase transitions. Such phase transitions are usually
observed in systems with 2 nonmagnetic ground state.
Typical representatives are PrAl, (Ref. 46) and Pr,T1
(Ref. 65), which will be considered in detail later. For
systems with a singlet ground state, the condition for
the onset of magnetic instability in the molecular-field
approximation is™

B == 41 (0) /A > 1,

where a=(0|J,|1),J, are the matrix elements between
the ground state |0) and the first excited state |1),A is
the corresponding energy difference, and I1(0)(g=0) is
the Fourier component of the ferromagnetic exchange
integral. Thus, the magnetic exchange must reach a
critical value relative to the effect of the crystal field
if long -range magnetic ordering is to occur.

b) Quadrupole coupling of the rare-earth ions is
realized through the phonon system and quadrupole
scattering of the conduction electrons by the system of
4f charges. A number of metallic and nonmetallic .
rare-earth compounds have been studied by measure-
ments of the velocity of sound. A strong temperature
dependence of the elastic constants was observed, these
becoming softer near the phase-transition point. One
can also observe structural phase transitions, ex-
pressed in a distortion of the lattice.

In this case, one speaks of a cooperative Jahn-Teller
phase transition.®® The anomalies of the elastic prop-
erties can be satisfactorily described by means of
coupling of phonons to ions subject to the influence of
the crystal field but not interacting with one another %
and also by quadrupole scattering of conduction elec-
trons by the distribution of the 47 charges.®™*®® In the
effective-interaction model, both mechanisms lead to
an ion—ion interaction whose Hamiltonian for a cubic
lattice has the form

HY = — 1 3 Kij(ad) O () 02 (), (26)
i J

where 0%,(i) are tensor operators of cubic point sym-
metry (o is the representation, d the dimension, and

n the degree of degeneracy). This is an effective cou-
pling of the ions of quadrupole type (Jahn-Teller inter-
action), and under the condition

B = 4K (0) B2/A > 1

it leads to an induced structural instability; B are the
corresponding matrix elements of the quadrupole op-
erators, and K(0) describes the ¢=0 Fourier compo-
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TABLE II. Characteristic examples of metallic compounds
of rare-earth elements with magnetic and structural phase
transitions investigated by means of inelastic neutron scat-

tering,

Phase transition

Substance

Investigated characteristics

Magnetic, hp, > 1

Praly, PryTl, ThSb

Dispersion and temperature
dependence of magnetic
elementary excitations

NdAl,, NdSb, TbAl,,
HoZn, HoP, HoFe,, ErFe,,
Hog,4sThg,;2Fey PrSh (un-
der the influence of pressure)

Dispersion of magnetic
clementary excitations at
constant temperature

Structural, sig > 1

PrCu,, TmCd
Dielectrics: PrAlOs,
TmVO,, DyVO,, TbVO,

Velocity of sound; coupled
excitation—phonon spec-

trum; magnetic excitations

Magnetic + structural at the ThP, TbAS: ThSb,
same temperature, #y, or DyS8h, HoSh, ThZn, DyZn,
he>1and e >1 ThCu

Excitation of crystal levels
in the paramagnetic phase

PrySe, TmZn Excitation of crystal levels

in the paramagnetic phase

Magnetic + structural at
different temperatures

nent of the quadrupole interaction K ;.

c) A coupling can be established between the system
of phonons and the magnetically interacting system. In
this case, one obtains a bound spectrum of phonons and
magnetic excitations, which under certain symmetry
conditions may not intersect and may even repel one
another.®™"° If the coupling of the two systems is suf-
ficiently strong (%,>1 and k,,>1 or k,>1), then mag-
netic and structural phase transitions may occur at the
same temperature.”™ Characteristic examples of metal-
lic compounds of rare-earth elements in which the
above phase transitions occur at the same or different
temperatures, and also compounds in which the spec-
trum of elementary excitations has been investigated by
inelastic neutron scattering are given in Table II.

d) One can also have multipole interactions of higher
order, which can lead to phase transitions™ of higher
polarity. Since they have not yet been observed exper-
imentally, we shall limit the following considerations
to the three listed interaction mechanisms.

3.1. Systems with magnetic phase transition

There are various experimental possibilities for
studying magnetic phase transitions (measurement of
the specific heat, magnetization, susceptibility, elec-
trical conductivity, and so forth). However, only in-
elastic neutron scattering enables one to study directly
the dynamics of the spins of magnetic crystals and,
therefore, the microscopic nature of the phase transi-
tion. For this, investigations into the temperature de-
pendence of the spectra of magnetic excitations have
been made in the last ten years by means of inelastic
neutron scattering for a number of rare-earth elements
and their compounds.

Magnetic phase transitions of the second kind, which
occur in this group of substances, are characterized by
the presence of a singularity in the static magnetic sus-
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ceptibility. This singularity may be caused by a soften-
ing of a branch of elementary excitations or by the
manifestation of a so-called central mode (w=0) of the
corresponding symmetry.®® To describe this effect,
one usually employs the following expression for the
neutron scattering cross section:

d% - A S\ (ﬁ Ha¥p ‘
dQ dw [1—exp (—w/kT)] & \"eB™ "3
@, B

=+, —, 2, (27)

% Im yap (4, w),

where A is a constant; » and w are the momentum and
energy transfers of the neutrons, and g=%n -7 (risa
vector of the reciprocal lattice). The factor 6,, - % %,/
»® makes it possible to distinguish longitudinal and
transverse excitations. The poles of the magnetic sus-
ceptibility x,.(q, ) and x,.(q, w) determine the trans-
verse and longitudinal excitations, respectively. The
residue of the susceptibility at the poles determines

the intensity of the peaks in the inelastic neutron-scat-
tering spectrum. In the molecular-field—random-phase
approximation, the poles of the dynamic susceptibility
are 0 functions in w. By taking into account scattering
processes of higher order (with conduction electrons or
phonons) one can explain the lifetimes and, thus, the
widths of the peaks.

3.1.1. Investigation info the nature of magnetic phase
transitions. For metallic compounds of rare-earth
elements, there exist some model substances with
nonmagnetic ground state in which the magnetic ex-
change exceeds the critical value i >1, so that at low
temperatures a magnetic phase transition occurs. Be-
cause of the magnetic exchange, the wave functions of
the excited magnetic states are mixed to the nonmag -
netic ground state and induce in it a magnetic moment.

The most detailed investigations of the temperature
dependence of the spectra of elementary excitations
near a phase transition have been made for cubic single
crystals (or polycrystals) of PrAl,,*® Pr,T1,* and
TbSb,” which we shall now consider.

1. PrAl,. This is the only compound so far discov-
ered in which the ground state is a nonmagnetic doublet.
It orders ferromagnetically (T, =32°K, &_~1.3), and
the saturation moment at 7'=0 in the direction of easy
magnetization (the z axis) is 80% of the moment of the
free ion. The 3H, ground multiplet is split in a cubic
field into I',(0), T,(A), I,[(12/5)a], and I'g(A’) with A
=2.36 meV and A’=13.7 meV.™ The magnetic elemen-
tary excitations were investigated by means of inelas-
tic neutron scattering.*® Figure 16 shows the PrAl,
dispersion curves for excitations along the directions
[0,0,&] and [£, £,0]. They exhibit relatively weak dis-
persion. At £=0.5 in the direction [0, 0, £] interaction
of a longitudinal acoustic phonon with low-lying mag-
netic excitations is manifested. The broken curve is
the dispersion curve of the acoustic phonon at 7 =300°K.
Such an interaction can also be assumed near £=0.4 in
the direction [, £,0]. Such an effect of the phonons on
the magnetic excitations is obtained as a result of cou-
pling of the acoustic phonons to the magnetically inter-
acting system. In these regions, there is apparently
replusion of the two kinds of excitation.”®”
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FIG. 16. Dispersion curves of spin waves in PrAl, in the
directions [00£] and [ ££0]."

For the most intense transverse magnetic branch (at
energy =15 meV) with the strongest dispersion one ob-
serves a splitting that obviously reduces to two inde-
pendent groups of excitations for J, and J,, the splitting
being due to the strong anisotropic exchange interac-
tion.”® In addition, in the experiments with PrAl, mea-
surements at higher temperature revealed spin waves
derived from excited states (Fig. 17), which were ob-
served for the first time in TbAL," Investigation of the
temperature dependence of the magnetic excitations
near g=0 revealed a partial softening of their energy,
though this did not reach zero at the phase transition.
Experiments with higher resolution showed that the
principal part of the magnetic scattering near T- T,
is elastic (Fig. 18).”® This is an experimental indica-
tion of a central peak w=0, whose intensity increases
at the phase transition because of the critical fluctua-
tions.

2. TbSb. This is an antiferromagnet with singlet
ground state (T = 14.9°K,hm=3.5). The first excited
level is a triplet at A=1.2 meV. For this compound,
the spin-wave spectrum near ¢=0 has also been inves-
tigated in detail™ and behavior analogous to PrAl, has
been found. As the phase-transition point is ap-
proached, T- T, the frequencies of the elementary
excitations decrease but remain nonzero at T =Ty.
Also observed is a central peak (w=0), whose intensity
increases (Fig. 19) as the transition point is ap-
proached.

Energy, meV

FIG. 17. Temperature dependence of neutron scattering by
PrAl, for g= (2n/a) [2, 2, 0.7]. The peak at energy ~ 2 MeV
(T=20.8°K)is a transition between the I and III excited states.’
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FIG, 18. Temperature dependence of neutron scattering by
PrAl, near T,; (above T.;) for g= [2.06, 2.06, 0].7°

3. Pr,TL This, the most intensively investigated
material, is a clear example of a critical ferromagnet
(h,=1.014) with a singlet ground state (T =11.5°K).
The saturation moment at T=0 is ~20% of the moment
of the free ion. In the crystal field, the ground-state
multiplet is split into T',(0), T',(a), T[(12/7)a], T5(a")
with A=4.5 meV and A’ =16 meV." Inelastic neutron-
scattering experiments at momentum transfer g= 0.6
A™ reveal an almost temperature-independent position
of the magnetic excitation (Fig. 20). This can be ex-
plained only by taking into account in the calculations
the entire level scheme.®® The experimental realization
of the case g~ 0, for which a stronger temperature de-
pendence is expected (softening at the phase transition),
was thwarted by admixture of the direct neutron beam.
Nevertheless, it is to be expected that the I'; -I", branch
becomes completely soft near the phase transition.
Critical w=0 scattering, as in PrAl, and ThSh, is also
observed in Pr,Tl, its intensity increasing strongly at
T (Fig. 21).%° Although the critical ratios of the ex-
change to the splitting by the crystal field i, for Pr,T1l
and ThSb differ (1:3), it is expected that the phase
transition is described by the same mechanism.

3.1.2, Investigalion of spin waves. Here, we con-
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FIG, 19. Temperature dependence of spin waves and the cen-
tral peak in ThSb for ¢= [0.05, 0.05, 0.05]27/a.”
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sider the resulis of investigations of the dispersion of
spin waves at constant temperature in materials with
cubic and hexagonal structure.

Cubic structure. 1. NdAl,. The ground state is a
Kramers doublet and ferromagnetic ordering occurs at
T, =T17.2°K. The energies of the splitting by the crystal
field and the exchange energy in NdAl, are comparable
in magnitude. The saturation moment at 7=0 is 76% of
the moment of the free ion Nd*, Investigations of the
dispersion of the spin waves by means of inelastic neu-
tron scattering®® reveal the existence of three indepen-
dent groups of excitations for J,, J., and J,. Figure 22
shows the dispersion relations for NdAl, at T=4.2K
for wave vector in the direction {001). Since there are
two magnetic atoms per unit cell in NdAl,, acoustical
and optical branches are observed for all operators J,
(@ =+, -,2). Inaddition, near the center of the band a
fourth optical excitation is observed. At the edge of the
band, the optical and acoustical excitations are degen-
erate. A fairly good description of the experimental
dispersion curves (the continuous curves in Fig. 22) is
obtained by means of the theory of pseudobosons.!’ The
exchange -interaction parameter obtained from the anal-

ysis of the experiment reveals RKKY behavior (Fig. 23).

2. TbAl,. The ground state is a singlet, and the first
excited level a triplet. The strong exchange interaction
leads to ferromagnetic ordering at T, =105°K. The
saturation moment at T=0 is ~89% of the moment of the
free Tbh® ion. The magnetic excitations in the ordered
phase are spin waves with an energy gap at the center
of the band. It is due to the anistropy of the crystal.
The spectrum of magnetic excitations can be described
by means of the formalism presented in Sec. 3.1.3. An
interaction was observed for the first time in this ma-
terial between excitations derived from the ground state
and from excited states.” The effect can be explained

DAt T= 0, the pseudoboson theory is equivalent to the theory
of spin waves derived from many levels presented in Sec.
3.1.3. It is not valid at temperatures of the order of the .
splitting by the crystal field.
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central peak in PryTl at g== 0.06 A-180

by taking into account the complete level scheme in the
theoretical explanation.®® The effect was also observed
later in PrAl, (see Sec. 3.1.1).

3. HoZn. This orders ferromagnetically at T, =75°K
and is a triplet—doublet system. The spectrum of spin
waves has been investigated at 7=4.2°K,” and mea-
surements made of two branches along principal sym-
metry directions. The results were analyzed by means
of the Green’s-function method (see Sec. 3.1.3), and the
dispersion curves were reproduced, the biguadratic
exchange terms in the Hamiltonian operator being taken
into account.

4, HoP. The ground state is a doublet, the first ex-
cited level a triplet, and ferromagnetic ordering occurs
at T, =5.5°K. Inelastic neutron-scattering measure-
ments were made at T=1.5°K of five spin-wave
branches, whose energy positions are almost indepen-
dent of the wave vector.” The results were described
by including bilinear and quadrupole interactions in the
effective single-ion Hamiltonian. At T=4.2°K, a spin
wave deriving from an excited state was observed.

5. Rare-earth-transition-metal compounds are of
particular interest because of technological applications
as permanent magnets and hydrogen absorbents. Mea-
surements of the spin waves in these systems were
made with a view to studying the exchange interactions
and also the crystal field and magnetoelastic properties
in, for example, polycrystalline samples of ErFe, and
HoFe, (Ref. 95) and single crystals of ErFe, (Ref, 96),
Ho, g Th, ,,Fe, (Ref. 97), and HoFe, (Ref. 98). In these
compounds, the magnetism is determined by the Fe-Fe
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FIG. 22. Dispersion curves of magnons in NdAly at T= 4.2°K
for wave vector along {001). The continuous curves are cal-
culated in accordance with the pseudoboson model.*
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or Fe-rare-earth interaction, which is much stronger
than the rare-earth—rare-earth interaction. All these
substances order magnetically at a temperature much
higher than room temperature. As an example, Fig. 24
shows the dispersion curves of the first three low-lying
spin-wave branches for HoFe, (Ref. 98) in the direction
[110] at room temperature and at T=10°K. Altogether,
six spin waves are expected; the three branches absent
in the figure lie above 200 meV and could not be ob-
served by means of the inelastic scattering of thermal
neutrons. A good theoretical description of these ex-
periments is obtained by means of the theory of spin
waves derived from many levels (see Sec. 3.1.3) when
allowance is made for the crystal field and also iso-
tropic exchange interaction of nearest neighbors (con-
tinuous curves in Fig. 24),

Inelastic neutron scattering was also used to investi-
gate spin waves in NdSh,'®, ErCu,'°? and PrSb,'* which
were investigated under pressure.

Hexagonal structure. For hexagonal structures of
metallic compounds of rare-earth metals spin-wave in-
vestigations have not yet been made, and only the rare-
earth metals themselves have been investigated.
Whereas the spin-wave spectra have been investigated
rather fully”®® for heavy rare-earth metals by means
of inelastic neutron scattering, for the light rare-earth
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FIG. 24, Dispersion of magnons in HoFe, at T= 300 and 10°K
in the direction (110).
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metals there are only measurements of the temperature
dependence of the elementary excitations and also the
dispersion in Pr and Pr-Nd single crystals.”'° The
inelastic neutron-scattering spectra of the rare-earth
metals and their compounds are usually interpreted,
and their macroscopic properties calculated, by means
of the molecular-field -random-phase theory described
in Sec, 3.1.3, allowance being made for the crystal
field and isotropic magnetic exchange interaction. In
the case of some compounds, particularly for heavy
rare-earth metals, it is necessary to generalize this
Hamiltonian and take into account anisotropy effects
and also magnetoelastic interactions of higher orders.

3.1.8. Theory of spin waves derived from many lev-
els. A theory of spin waves for anisotropic rare-earth
systems was developed® in 1960-1962 on the basis of a
Holstein-Primakoff transformation.?? With the accum-
ulation of experimental information on systems in which
an influence of the crystal field is manifested, it be-
came necessary to develop a theory that takes into ac-
count as accurately as possible the crystal field. This
led to the development of the pseudospin and pseudo-
boson theories for systems with crystal field,*® but
these are valid only at 7=0 and thus admit excitations
deriving from only the ground state. Spin waves deriv-
ing from excited states such as are observed in, for
example, PrAl, and ThAl,, and their influence on the
complete excitation spectrum at a temperature T~ A/,
as, for example, the interaction of two branches in
(Pry gsLa, 10)s,* cannot be described in the framework
of pseudoboson theory. The influence of branches that
derive from excited states is also completely ignored
in models like the singlet-singlet and singlet-triplet
models. These models predict strongly temperature-
dependent excitation bands that are not in reality ob-
served (Pr,Tl, PrAl,, TbSb). In 1971-1972, various
authors® ' generalized these theories independently of
one another. They showed that when allowance is made
for all levels of the ground-state multiplet one can ob-
tain comparatively simple expressions for the spectrum
of magnetic elementary excitations by means of the
combined molecular-field —random-phase theory for the
magnetic susceptibility x,4(q, w). This comparatively
simple method of theoretical description, which gives
good agreement with the experimental data, will be de-
scribed here briefly with a view to subsequent discus-
sion of the experimental results.

Under the assumption that in the substances discussed
above the effects of anisotropy in magnetic exchange,
multipolarities of higher order, and the influence of the
phonons on the magnetic system play a secondary role
(PrAl, is an exception), the point of departure for the
theoretical description of the spectrum of elementary
excitations is the isotropic Hamiltonian

H=Hmf+Hn)ﬂ:h d (28)

Here, the Hamiltonian H_, includes the crystal field and
the molecular field and is a single-ion Hamiltonian op-
erator,

H=H—b33(), (29)

where h=1(0)(J) is the molecular field, and H,,,, in
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contrast to the expression (25), is the pure two-ion
contribution:

1 R

B, o= =75 2 1ud7 (08 ()

83 (1) =T (1)—F (). (30)
By diagonalizing H,_, one calculates the order param-
eter (J), the single-ion energies w,, and the wave
functions of the states |n) by means of the following re-
lation for the self-consistent molecular -field approxi-
mation for

(I =2 (n|T|m) exp (— 0n/kT)/ 2 03P (— 0,/kT). (31)

To study the dynamics of the spin system, it is neces-
sary to calculate the dependence of the elementary ex-
citations on ¢ (which extends the molecular-field mod-
el). For this, one introduces the following Green’s
function®:

Gap (i, 1) =18 (£) ([8T 4, (i, 8), 875 (j, O)IX (32)

To describe the single-ion states,® the creation and
annihilation operators c}(i) and ¢, (i) are introduced;
then the diagonal representation of the single-ion Ham-
iltonian of the molecular field has the form

Hooe iZ“mnc:. (&) en (i) (33)

The spin operators in Eq. (30) can be expanded with re-
spect to the basis of single-ion states:

@)= ;m (m | (8)|n) e (3) €5 (B)- (34)

Fermi commutation relations hold for the creation and
annihilation operators. The description of thermody-
namic properties such as, for example, the order pa-
rameter by means of c-number operators is valid only
in the self-consistent molecular-field approximation.®®
In a higher self-consistent approximation of the ran-
dom-phase type it is physically unjustified to treat the
thermodynamics of the system in the framework of
such notions, since the single-ion states do not possess
simple Fermi statistics.

For the dynamic susceptibility in the non-self-con-
sistent molecular-field—random -phase approximation
we obtain

22z (0)

< i (0)
X2z (T ©) = [T (@ 7@’ (35)

-8 O) =TT T g g o)
with the single-ion susceptibility

2741

Bap ((’)) == E

m, n=1

(m|Ja|n} (nlJp|m) (fm—1n)
0—@g+ 0

(36)

(f, are the populations of the energy levels).

The self-consistent extension of the random-phase
approximation for determination of the order param-
eter by means of sum rules for the spin quantities leads
to an unphysical allowance for fluctuations.®® The non-
self-consistent molecular-field-random-phase theory
is at the present time a good and simple method for
analyzing and interpreting inelastic neutron-scattering
experiments.

By means of Eqs. (35) it was possible to explain the
spectrum of magnetic excitations of Pr;T1 and
TbSb.%'*” Figure 25 shows the calculated magnetic ex-
citations in Pr,Tl as functions of the temperature for
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FIG, 25. Temperature dependence of magnetic excitations in
the ferromagnetic phase of Pr;Tl (7, = 11.6°K) for the center
of the band g= (0, 0, 0)2n/a and for g= (1/4, 1/3, 0)27/a (L
and T stand for longitudinal and transverse).

the center of the band, ¢=(0,0,0)27/a, and for ¢
=(1/4,1/4,0)2n/a. The excitations for g=0 (the ex-
perimental realization is very difficult) exhibit a strong
temperature dependence. In contrast, the excitations
in the case of finite values of ¢ depend much more
weakly on the temperature, which is confirmed experi-
mentally (see Fig. 25). The frequencies of all I', -T',
excitations (see Fig. 25) remain finite for finite values
of g, and also at the edge of the band (¢=0), i.e., they
do not soften completely as T~ T,.. The same occurs
for TbhSb. In contrast to this, the transverse excita-
tions within the triplet I'; soften as T— T and disap-
pear (see Fig. 25) as a result of the degeneracy of the
triplet as T—T,. These triplet excitations lead to a
divergence of the transverse static susceptibility.
Since the order parameter in these induced magnetic
systems is {(J,), the longitudinal static susceptibility
must diverge near the phase transition. However, soft
inelastic longitudinal excitations have not been found.

Smith and Buyers,® using molecular -field—random-
phase calculations for a singlet—triplet system with
allowance for the complete level scheme, argue that
the dynamics of the phase transition for systems with
singlet ground state and with degenerate excited state
of corresponding symmetry differs fundamentally from
that in the simple singlet-singlet model. They predict
that the phase transition in the system Pr,T1 (singlet—
triplet) must be characterized by a central peak with
divergent intensity at T— T, due to w=0 critical scat-
tering. This is confirmed by neutron inelastic scatter-
ing experiments on ThSb, PrTl, and PrAl, (see Figs.
18, 19, and 21). A divergent central peak is also ob-
served for the Jahn-Teller phase transition,’® which is
ascribed to a similar electron effect. To explain the
effects observed in the PrAl, dispersion curves (re-
pulsion of the phonon and magnetic branches), it is nec-
essary to take into account the influence of the acoustic
phonons on the magnetically interacting system (see
Sec. 3.3.2),7%75:* and also the anistropy in the mag-
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netic exchange.™

To gain a better understanding of the induced mag-
netic phase transition, it is desirable to make inelastic
neutron-scattering investigations into the temperature
dependence of the magnetic excitations and the central
peak in other substances (if possible, single crystals)
such as PrMg,, PrGa,, PrZn, Pr,In, PrNi,. Further, it
is necessary to develop a self-consistent molecular-
field theory for the theoretical description of phase
transitions with allowance for fluctuations (for example,
a self-consistent random-phase theory).

3.2. Systems with structural instability

It will be shown here for the example of several sub-
stances that crystal-field effects play an important part
in the elastic properties of metallic rare-earth com-
pounds. To analyze the temperature dependence of the
macroscopic properties (specific heat, elastic con-
stants, and so forth), it is necessary to know the split-
ting of the electron multiplets in the crystal field, ob-
tained, for example, by means of inelastic neutron
scattering.

’

The basic mechanism for the cooperative Jahn-Teller
effect is the change produced by the small displace-
ments of the ions of the ligands in the crystal field act-
ing on the Jahn-Teller active ion. Expanding the Ham-
iltonian of the crystal field in the displacements of the
ligands, we obtain ultimately an effective coupling of
quadrupole type between the rare-earth ions, the cou-
pling being transmitted through the system of pho-
nons.”™™ In metallic systems, these displacements of
the ligands (phonons) interact additionally with the con-
duction electrons, which, in their turn, interact through
elastic and inelastic Coulomb scattering with the rare-
earth ions, so that the quadrupole interaction between
the ions of the rare-earth elements in the metallic sys-
tems is enhanced.

The important features of the quadrupole interaction
are as follows®":

a) the quadrupole-quadrupole @@ interaction is real-
ized through the conduction electrons and the phonons;

b) an external stress field (homogeneous or inhomo-
geneous) makes it possible to study these interactions;

¢) ions with nonmagnetic doublet ground state (for ex-
ample, I', for cubic point symmetry of the rare-earth
ions) always exhibit a cooperative Jahn-Teller phase
transition at sufficiently low temperature;

d) in the case of a singlet ground state, as induced
Jahn-Teller phase transition occurs if the @@ interac-
tion is sufficiently strong.

The ordered phase (quadrupole ordering) in a system
with structural phase transition can be treated theo-
retically in the same way as in the case of an ordered
magnetic state,®

3.2.1. Induced structural transition. In contrast to
nonconducting compounds, there is as yet only one rep-
resentative in the metallic system which exhibits an
induced collective Jahn-Teller phase transition.'® The
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intermetallic compound PrCu,, for which magnetic
electron ordering has not been observed down to 1°K,!*
has orthorhombic structure of CeCu, type (Imma) with
four equivalent Pr ions in the unit cell. The ground-
state *H, multiplet is completely split, and there exist
only singlet states. Hitherto, inelastic neutron-scat-
tering measurements have not been made with this sub-
stance. Quite generally, such systems with crystal
field and low symmetry have very complicated spectra
because of the large number of possible transitions.

In connection with the obtaining of low temperatures
by adiabatic demagnetization, the compound PrCu, is
of interest because of the possibility of finding nuclear
magnetic ordering at relatively high temperatures (sev-
eral millikelvin) as a result of hyperfine coupling of the
nuclear moments.*®® It follows from the temperature
dependence of the specific heat and the magnetic sus-
ceptibility that nuclear magnetic ordering occurs at
54 m°K,'® and, in addition, the specific heat exhibits
a well-defined peak at T=6°K. The new measurements
of Ref. 107 confirmed the anomaly at 7.5°K (Fig. 26).
Judging from the magnitude and form (sharp peak) of
the anomaly, one would expect a Schottky anomaly and
Jahn-Teller transition to be responsible for it. This is
confirmed both by measurements of the magnetic sus-
ceptibility and measurements of the temperature de-
pendence of the linear expansion coefficients along the
three principal axes (Fig. 27).}* From this there fol-
lows a scheme of the levels for the three lowest singlets
at energies 0, 0.52, and 1.55 meV, a quadrupole cou-
pling being manifested between only the two lowest lev-
els.
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3.2.2, Cooperative Jahn-Teller phase transition in
the case of a degenerate ground stale. In the TmCd
system, a structural phase transition at T=3.16°K has
been found and attributed to the Jahn-Teller effect.'®®
It was concluded from the behavior of the elastic con-
stants (Fig. 28) that there is a cooperative Jahn-Teller
phase transition without additional occurrence of mag-
netic ordering. This last conclusion followed from
measurements of the magnetic susceptibility up to 40
m°K (typical Van Vleck behavior).

The phase transition is from cubic (CsCl type) to
tetragonal structure. It follows from measurements of
the specific heat (Fig. 29) that the phase transition is
of the first kind. The temperature dependence of the
macroscopic properties for T<100°K is strongly in-
fluenced by the crystal field. It follows from the spe-
cific heat and the resistivity for the ground-state 3H,
multiplet of the ion Tm?3* that the ground state is a non-
magnetic I'; doublet, and the first excited level must
lie at 20°K. Unfortunately, the compound TmCd is
completely unsuitable for inelastic neutron-scattering
experiments because of the large cross section of cap-
ture of thermal neutrons by cadmium. Therefore, a
direct determination of the splitting by the crystal field
was not made, which is a disadvantage for interpreting
the measured macroscopic effects.

The temperature dependence of the elastic moduli

¢,, —¢,, exhibits strong softening. The absorption near
the phase transition is so strong that one cannot obtain
values in the immediate proximity of the transition (see
Fig. 28). The ¢,, branch also reveals a small dip near
T, with a subsequent rise. For a quadupole coupling of
the elastic branches and Q@ interaction of the Jahn—
Teller ions, the experiments can be excellently inter-
preted in the molecular-field approximation with allow-
ance for the entire level scheme. From the fact that
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FIG. 29. Temperature dependence of the specific heat C/R in
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the phase transition is of the first kind (deduced from
the specific heat) it is concluded that at least part of
the @@ interaction is of short range.

In addition, it was noted for the first time that ap-
plication of a magnetic field in the presence of a struc-
tural phase transition of the first kind shifts the transi-
tion point to higher temperatures.!®

3.3 Systems with magnetic and structural phase transitions

Depending on the ratio £(0)/I(0) of the exchange cou-
pling constants for the quarupole-quadrupole and mag-
netic dipole—dipole interactions, a system may exhibit
both magnetic and structural phase transitions. If the
constant K(0) is sufficiently large, then (with decreas-
ing temperature) there occurs first a cooperative Jahn—
Teller phase transition, which is followed at a lower
temperature by a magnetic phase transition. Ata
structural phase transition of the second kind, the cor-
responding elastic branches soften. If the magnetic
phase transition occurs first [1(0) is sufficiently large],
then in the case of weak magnetoelastic coupling (the
coupling between the magnetic and phonon systems)
comparatively small changes in the elasticity constants
occur near the phase transition. If, conversely, the
magnetoelastic interaction is large, then the two phase
transitions (magnetic and structural) can occur simul-
taneously at the same temperature. Such a coupled
phase transition is also accompanied by a softening of
the elementary excitations of corresponding symmetry.

In the ordered magnetic phase, the ground state of
the ion will always have, in addition to a magnetic di-
pole moment, a quadrupole moment, and therefore the
symmetry of the magnetic state will be lower. The op-
posite assertion is not necessarily true because in the
case of a quadrupole phase transition the ground state
with quadrupole moment need not necessarily have a
magnetic moment (for example, I, in the cubic case).

3.3.1. Structural and magnetic phase transitions at
the same temperature. In intermetallic compounds of
rare-earth elements with NaCl and CsCl structure a
magnetic phase transition is frequently accompanied at
the same temperature T =Ty, T, by a structural insta-
bility. This occurs, for example, in ThX
(X=P,As,Sb)."** Theoretically, such a phase transi-
tion is of the first kind.''° In other pnictides of the
rare-earth elements (Pr, Tm), the exchange and
quadrupole interactions are insufficiently strong to
cause magnetic and structural phase transitions. Fig-
ure 30 shows the magnetic contribution to the specific
heat in TbP. There is a strong peak at T'=7.08°K and
a broad Schottky anomaly at 10°K. Analyzing these
data, one can obtain crystal-field parameters in good
agreement with the results of inelastic neutron-scat-
tering experiments.® The sharp peak in the specific
heat in Fig. 30 indicates a phase transition of the first
kind. Such a conclusion is confirmed by x-ray struc-
tural investigations'* and measurements of the elastic
constants.”™ The absence of a second peak in the curve
of the specific heat together with the appearance of an
elastic anomaly at the same temperature (Fig. 31) con-
firms that in TbP the structural and magnetic phase
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transitions coincide. The same has been observed in
DySb,'*2 HoSb,'*® and also in TbZn,DyZn, ThCu.*** Fig-
ure 31 shows the results of measurements of the veloc-
ity of sound for the branch c,, in TbP.

As a result of trigonal distortions,'® a softening by
~8% in the velocity of sound was also observed. At Ty
=T°K, the softening ceases because of the magnetic
phase transition.

3.3.2. Magnetic and structural phase transitions at
different tempevatures. The metallic compounds of the
rare-earth elements with zinc have a strong magneto-
elastic coupling. This has the consequence that the
magnetic phase transition occurs at the same tempera-
ture as the structural phase transition (see 3.3.1). The
only exception is TmZn,** which is ordered structural-
ly (Jahn-Teller phase transition) and magnetically at
different temperatures (7T, =8.12°K, T, =8.55°K). The
results of measurements of the specific heat are shown
in Fig. 32, Confirmation is provided by investigations
of the temperature dependence of the elastic moduli
¢, —C,,'"° and of the magnetization and resistivity.***
The results of experiments on inelastic neutron scat-
tering show that the ground state of the Tm®** ion is a
magnetic triplet I',. The scheme of the crystal-field
levels is as follows: I'}(0), I',(3.3 meV), I,(14.6 meV),
Iy(16.3 meV), I'%(17.3 meV), I',(21.7 meV). This cor-
responds to the following set of Lea-Leask-Wolf pa-
rameters: X=(-0.31+0.02) meV and W=(0.103+0,01)
meV. Figure 33 shows the temperature dependence of
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FIG. 31. Temperature dependence of the relative velocity of
sound for the branch cg. The points are the experimental data
from Ref, 109.
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FIG. 32. Temperature dependence of the specific heat of
TmZn, 1 2

the intensities of some of the crystal-field transitions,
from which the above level scheme was deduced.'*

To describe theoretically the rare-earth systems
considered in Sec. 3.3 with magnetic and structural
phase transitions, it is necessary to include the appro-
priate interactions in the Hamiltonian. The general
scheme of the molecular-field-random-phase descrip-
tion (see Sec. 3.1.3) is not changed. The Hamiltonian
consists of the parts

H=H ;4 Hexe -+ Hiny +Hpot He (37)

The first three terms of the Hamiltonian have already
been considered. The part H ; describes the vibrations
of the lattice around the equilibrium position in the
harmonic approximation.

The magnetoelastic part H_, couples the phonon sys-
tem to the magnetically interacting system. It is con-
sidered in detail in Refs. 70, 75, and 91.

In the framework of the non-self -consistent theory in
the molecular-field-random-phase approximation the
coupled spectrum of elementary excitations is calcu-
lated from the poles of the phonon or the spin Green’s
function.

Unfortunately, for metallic compounds of the rare-
earth metals with structural instability and also for
systems with coupled phase transition, no inelastic
neutron-scattering investigations have yet been made
of the spectrum of elementary excitations (phonon-
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FIG. 33. Time-of-flight spectrum for inelastic neutron scat-
tering. The curves are the calculation of Ref, 114 and the
points are the experimental results.
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FIG. 34. Dispersion curves of magnetoelastic excitations in
PrAl, in the [0, 0, £] direction. The points are from the
experiment of Ref, 91.

magnetic excitation). However, in the PrAl, system,
in which there are no structural phase transitions and
the magnetoelastic interaction plays a large part, an
influence of acoustic phonons on the magnetic excita-
tions has been observed (see Fig. 34; direction [00£],
with £=0.5). The simple model (34) makes it possible
to interpret such spectra of mixed elementary excita-
tions.'*® The excitation energies must be the same in
both nuclear and magnetic scattering of the neutrons.
The calculated dispersion dependence of the magneto-
elastic excitations in the ferromagnetic phase of PrAl,
at T=4.4°K agrees well with the experimental depen-
dence (see Fig. 33)." It has also not yet been possible
to find quarupole excitations in metallic Jahn-Teller
systems by means of inelastic neutron scattering. Such
a possibility is offered by experiments with inelastic
scattering of polarized neutrons at large momentum
transfers.!'®

It should be noted that significant progress has re-
cently been achieved in the investigation of crystal-field
effects of rare-earth intermetallics by means of in-
elastic neutron scattering. However, the splitting of the
5f multiplets in the metallic compounds of the actinides
has hardly been studied by means of inelastic neutron
scattering. This is because the 5f electrons of the ac-
tinides are not so strongly localized as the 4f electrons
of the rare-earth intermetallics and a state of interme-
diate valence may also occur.

There have also been some inelastic neutron-scatter-
ing studies of the spin and lattice dynamics with a view
to elucidating the nature of the magnetic and structural
phase transitions, but no measurements of the temper-
ature dependence of the phonon branches near a struc-
tural phase transition have yet been made.

Considering the results presented in the paper, we
should consider the most important directions in future
experimental and theoretical studies:

a) determination of the complete splitting of the
ground -state multiplet in the crystal field of the metal-
lic compounds of the actinides and study of the mixed
valence states by quasielastic and inelastic neutron
scattering;

b) study of the dynamics of magnetic and structural
phase transitions, determination of the temperature
dependence of the phonon and magnetic branches and
the hybridization of the magnetic elementary excitations
with the phonons.
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CONCLUSIONS

The study of the splitting of electron multiplets by
means of inelastic neutron scattering began ten years
ago. Since 1970, such experiments have been made
with the pulsed reactor IBR-30 at the Laboratory of
Neutron Physics at the JINR, Dubna. This work was
initiated by F. L. Shapire. Initially, investigations
were made on the insulators PrF,, PrFeQ,, and
PrGaO,. From the middle of the seventies, a start
was made on the investigation of the metallic com-
pounds of rare-earth metals. The alloys Pr,Al, PrAl,,
PrAl,, PrMg, PrMg,, PrNi;, PrCu,, and PrNi, were
investigated.

Experiments using the time-of-flight technique with
the pulsed reactor IBR-30 have certain advantages over
neutron-scattering experiments with stationary reac-
tors, particularly with regard to the study of the high-
energy crystal-field levels. With the commissioning of
the IBR-2, the possibilities of studying the crystal field
are extended. The region of energy transfers 200-300
meV becomes accessible with good resolution, which is
particularly important in the investigation of the metal-
lic systems of the actinides and the elementary excita-
tions of the 34 transition metals and alloys.
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