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The conditions for the formation of the ground state of 4 f electrons in CeNiSn and the effect of
the 4f electrons on the magnetic excitation spectrum and on the lattice properties (thermal
expansion and lattice dynamics) were investigated by means of inelastic neutron scattering, x-ray
diffraction, and L;; absorption spectroscopy. It was determined that the Ce ions in CeNiSn

are in an unstable-valence state, falling between the classical intermediate-valence and heavy-
fermion systems, with the characteristic energy £ *~4 meV. The splitting of the ground

state multiplet of Ce®* ions in the crystalline field of RNiSn was determined to be 14 meV. The
energy of the first excited state was found to be close to the energy of spin fluctuations of

the 4f electrons. The structure of the wave functions of the 4 f multiplet of the cerium ions and
the closeness of the energies interaction in the crystal electric field and the spin fluctuation
energies are consistent with the hypothesis that the crystal field excitations are hybridized with
Kondo excitations. It was found that the lattice properties of CeNiSn are qualitatively

different from those of LaNiSn, because of both the specific nature of the LaNiSn lattice and the
valence instability of the cerium ions. Experimental results confirming that the gap in the
electronic spectrum of CeNiSn is formed by a coherent mechanism were obtained for

Ce,_,La,NiSn. © 1994 American Institute of Physics.

1. INTRODUCTION

In recent years a new class of compounds—the so-called
Kondo insulators—has aroused great interest.! These com-
pounds are based on elements whose f-shell is partially
filled. The magnetic and thermodynamic properties exhibit
features that are similar to anomalies characteristic of heavy-
fermion and intermediate-valence systems. This similarity
indicates that the state of the f-electrons in Kondo insulators
is unstable. A typical example is the intermetallic system
CeNiSn (the first member of the class of cerium-based com-
pounds), in which a gap (pseudogap) with energy E,~5 K
forms in the electron density of states at the Fermi level in
the limit T—0.2> The strong interaction of the 4f-electrons
of cerium in CeNiSn with the conduction electrons results in
a large electronic contribution to the heat capacity [y=200
mJ/(K? mole) (Ref. 2 and 3)], as is typical of heavy-fermion
systems. The magnetic susceptibility approaches a finite
value as T—0: y(T—0)=15 mole™! (Ref. 2). These proper-
ties were attributed to the formation of an intermediate va-
lence state of the Ce ions,> while elsewhere* CeNiSn was
considered to be a heavy-fermion system. In summary, on
the basis of the available experimental data, this material
cannot be classified unequivocally as an intermediate-
valence or heavy-fermion system.
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In spite of a large amount of experimental work on
CeNiSn (see Ref. 2 and references cited there) in which
mainly the effect of the gap on different properties was stud-
ied, the role of the interactions of the f-electrons with the
conduction electrons and with the crystal field, which are
critical to the formation of the ground state of the system,
has remained virtually unstudied.

In the present work we investigated, by means of inelas-
tic neutron scattering, x-ray diffraction, L ; absorption spec-
troscopy, and measurements of the heat capacity, the state of
the 4f-electrons and the effect of their basic interactions on
the spectrum of magnetic excitations and on the lattice prop-
erties (thermal expansion and lattice dynamics) of CeNiSn.
We also analyzed the relationship between the valence state
of the Ce and the suppression of the gap in the electron
spectrum when La is substituted for Ce. The interaction en-
ergy of the 4f-electrons with the conduction electrons and
with the crystal field were determined experimentally, and
information was obtained about the wave functions of the
low-energy states of the Ce ion in CeNiSn.

2. SAMPLES AND MEASUREMENT PROCEDURE

The compound CeNiSn has an orthorhombic crystal lat-
tice of the type -TiNiSi with space group’ Pnma or, ac-
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FIG. 1. Crystal lattice of the CeNiSn system in projection on the yz (bc)
plane. The hatched circles represent Ce ions located near the x =0 plane; the
open circles represent Ce ions located near the x=0.5 plane. The Ni and Sn
ions illustrated in the figure are located close to the x=0.75 plane. One other
“fluted” plane of Ni and Sn atoms with x=0.25 differs from the x=0.75
plane in that the Ni and Sn ions are interchanged.

cording to the results of the latest structural work, a lattice
with a distorted symmetry of this type with the space group
Pn2a. The local environment of the rare-earth (RE) ions in
CeNiSn has monoclinic symmetry with the point group C;.
Figure 1 displays the structure of CeNiSn in projection on
the yz(bc) plane.

In the present work we investigated isostructural poly-
crystalline samples of RNiSn (R=Ce, La, Y, Pr, Nd). The
single-phase nature of the samples and their correspondence
to the CeNiSn structure were established by x-ray and neu-
tron diffraction.

The neutron diffraction patterns were obtained on the
DISK x-ray diffractometer (Kurchatov Institute IR-8 reactor)
at T=300 K for CeNiSn and LaNiSn samples. The param-
eters of the positions of the rare-earth ions and the Ni and Sn
ions, determined by the Rietvelt full-profile analysis method,
were found to be close to the values presented in Ref. 5.

The inelastic thermal-neutron scattering experiments,
whose purpose was to study the magnetic and lattice excita-
tions, were performed on a KDSOG time-of-flight spectrom-
eter with a fixed neutron energy (E;=4.9 meV) (IBR-2, Joint
Institute of Nuclear Research, Dubna) on Ce,; _,La, NiSn (x
=0, 0.1, 0.3, 0.7, 1) and Nd, ;La,,NiSn samples at tempera-
tures of 10, 80, and 300 K. The scattering angles 26 ranged
from 30° to 90° and the energy resolution near the elastic
peak was 0.5 meV. ;

The temperature dependence of the crystal field effects
for Nd,;La,,NiSn were investigated in detail on a TAS-5
three-axis spectrometer (SAPHIR reactor, ETH and PSI,
Switzerland) at a fixed analyzer energy E,=14.95 meV by
the Q =const method at temperatures 7=10, 30, 60, and 100
K and momentum transfer Q =1.5, 4.3, and 4.65 AL

The masses of the samples for the neutron measurements
ranged from 40 to 150 g (KDSOG) and 10 g (TAS-5).
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The temperature dependence of the lattice parameters
was studied by the method of x-ray diffraction. The x-ray
diffraction patterns of polycrystalline samples of
Ce, _,La,NiSn (x=0, 0.05, 0.3, 0.5, and 1), Laj;Y3NiSn,
and PiNiSn were obtained on a SIEMENS D500
diffractometer’ and a DRON-3 diffractometer (CuK, FeK,
lines) at temperatures ranging from 10 to 300 K. The (020),
(013), (303), (222), and (033) Bragg reflections in the range
of angles 26 from 38° to 80° were used to determine the
lattice parameters a, b, and c¢. An internal standard (silicon)
was used to eliminate the systematic error in the angular
positions of the reflections. The lattice parameters were cal-
culated by solving a system of normal equations, which in-
cluded a collection of the angular positions of all measured
Bragg reflections with weighting factors that account for the
measurement accuracy. The temperature dependences of the
linear  thermal  expansion  coefficients  (LTECs)

ai=(1/T)da,-/dT (a;=a,b,c,) were determined by differ-
entiating presmoothed temperature dependences of the lattice
parameters. The lattice parameters were determined with the
relative accuracy da;/a;=1.5-10"* (SIEMENS diffracto-
meter) and 4-10~8 (DRON-3 diffractometer). The error in
the linear thermal expansion coefficients was 4 and 12-107°
K™, respectively.

The temperature dependence of the heat capacity for the
Lay;Y,3NiSn and LaNiSn samples at temperatures ranging
from 3 to 110 K was measured by the adiabatic method.® The
relative error of the measurements did not exceed 3%.

The valence of Ce was measured by means of L x-ray
absorption spectroscopy. The spectra were obtained at
T=300 K in the second order of reflection from the (1011)
plane of a quartz crystal. The energy resolution was ~8000.
The spectra were recorded by a scheme similar to the one
described in Ref. 9.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Spectrum of magnetic excitations in Ce,_,La,NiSn

The magnetic components of the spectral scattering
function S,,,,(E), averaged over the scattering angles from
30° to 90°, as a function of the energy transferred by the
neutron for CeNiSn (7=10 and 80 K) and Ce,Lay3;NiSn
(T=10 K) samples, are displayed in Fig. 2. The magnetic
component was identified by subtracting out the phonon con-
tributions to the spectral scattering function. The phonon
component was estimated from measurements at 7=300 K
and from the LaNiSn neutron scattering spectra, in which
there is no magnetic scattering component. It is obvious from
Fig. 2 that the spectrum of the magnetic response of the
CeNiSn system at T=10 K does not have any distinct peaks
associated with transitions between the levels of the 4f-
multiplet of the Ce ions in the crystal field. The intensity of
magnetic scattering by CeNiSn changes slightly when La is
substituted for Ce (see the spectrum of the Ce,,Laj;NiSn
sample). The energy dependence S ,,,(E) for all samples (x
=0, 0.1, 0.3, and 0.7) at temperatures of 10 and 80 K is
described well by a Lorentzian spectral function (for x=0
and 0.3 this result was obtained previously in Ref. 10) cen-
tered at E=0 meV (E is the energy transferred by the scat-

Alekseev et al. 666



Simag- arbitrary units

1.2

o
5

E. meV

FIG. 2. Magnetic components of the spectral neutron-scattering functions
for CeNiSn at 7=10 K (O) and T=80 K (@®). The curves represent the best
fit of the experimental points by a quasielastic Lorentzian spectral function.
The dashed curve represents the best fit for Ce,;La,;NiSn (T=10 K).
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tered neutron) and with a temperature factor which appears
as a result of the principle of detailed balance:
E\]™'T ry2-!

Smag(E)OCE[l—exp( - ﬁ)} 5 5 } , (1)
where I'/2 is the half-width at half-height. The variation in
the spectra with increasing temperature is due mainly to
variations in the temperature-dependent factor, while in the
range 10—80 K the half-width of the peak (I'/2=3.5*1 meV
for CeNiSn and 4.1+1 meV for Ce;La,;NiSn) is tempera-
ture independent within the limits of experimental accuracy.
The gap in the spectrum of magnetic excitations of CeNiSn
and the gap-associated excitation at an energy of about 2
meV, which were found near the (001) direction in the neu-
tron experiments on single crystals,'"!? are not manifested in
the spectra obtained, since polycrystalline samples were in-
vestigated over a different temperature range.

Thus the magnetic scattering observed for the
Ce, _,La NiSn samples is described well by a quasielastic
Lorentzian spectral function with a half-width of about 4
meV. A magnetic response of this type is characteristic of
neutron scattering spectra under conditions of rapid spin
fluctuations.'® The half-width of the quasielastic spectral re-
sponse makes it possible to estimate the characteristic energy
of the spin fluctuations as E*~4 meV. The value obtained
for T/2 lies between the values of I'/2 for typical
intermediate-valence systems'> (10 and more meV) and
heavy-fermion systems'> (0.1-1.0 meV at T=10 K). As far
as the temperature dependence of the half-width is con-
cerned, up to 80 K, I'/2 for CeNiSn does not change, within
the limits of the measurement error, with increasing tempera-
ture. Such a weak temperature effect on the quasielastic scat-
tering is, to a high degree, characteristic of intermediate-
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FIG. 3. Ly-edge absorption spectra of Ce in CeNiSn (I) and in
CegsLag sNiSn (2). The dashed curve represents the contribution of the Ce**
state for CeNiSn.

valence systems. The value obtained for I'/2 from the
neutron spectra can be compared to the measurements of the
magnetic susceptibility on the basis of the assumption that
the magnetic scattering is described by a single Lorentzian
spectral function.!* From the Kramers—Kronig relation for
the static and dynamic magnetic susceptibilities
1 (= x"(E,T

xan= [ XE 0 ar, @
as well as the relation between x"(E), the cross section for
magnetic scattering, and the spectral scattering function for
neutrons'

O mag(T) f [1—exp(—E/kT)] 'x"(E,T)dE, (3)

S(E,T)xx"(E,T)[1—exp(—E/kT)] "}, @)

we obtain, setting x=1.54-10"2 mole™ (T=10 K),? the
value I'/2=3.98 meV, which is in good agreement with the
value determined experimentally from inelastic neutron scat-
tering at T=10 K (a Lorentzian spectral function was inte-
grated up to energy 0.5 eV). The good agreement between
the experimental value of I'/2 and the value computed from
the susceptibility shows that the assumption made is accept-
able.

Two peaks, corresponding to the states Ce®>* and Ce**,
are observed in the Lp-edge absorption spectra (Fig. 3).
Such spectra are indicative of an intermediate-valence state
of cerium in CeNiSn. The intensities of the peaks make it
possible to estimate the valence for CeNiSn: »=3.1220.04
(T=300 K). The ratio of the intensities is essentially the
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same for CejsLaysNiSn. Therefore, the valence of cerium
does not change when La is substituted for Ce.

The compound CeNiSn can thus be characterized as a
system in which the state of the 4 f-electron shell is near the
boundary of the intermediate-valence and heavy-fermion re-
gimes. The neutron measurements indicate that in CeNiSn
the valence of Ce is different from 3+ at low temperatures,
and they agree qualitatively with the 7=300 K
L y-spectroscopy data (v=3.12+0.04), i.e., the value ob-
tained for the valence corresponds more to the intermediate-
valence regime.

When La is substituted for Ce in Ce, _,La, NiSn, the gap
in the electronic spectrum vanishes,'® but for x>0.1 no
qualitative changes were observed in the magnetic-excitation
spectra (at T=10 and 80 K) or the L y; spectra (300 K). From
this it can be concluded that the suppression of the gap is not
associated with the change in the valence state of cerium, but
the existence of the gap is not merely a direct consequence of
just the intermediate valence. This is an important argument
in favor of a coherent mechanism for the formation of the
gap in the electron spectrum. Indeed, the substitution of a
small number of La ions for Ce ions in the lattice has virtu-
ally no effect on the single-ion properties of Ce, but it de-
stroys the regularity of the rare-earth sublattice.

3.2. Crystal potential in RNiSn

To estimate directly the interaction energy of the 4f-
electron shell of Ce ions with the crystal field in CeNiSn, the
Ce ions must be transferred into a state with a localized
magnetic moment. In a number of cases the transition into an
integer-valence state can be made by expanding the lattice by
substituting for the Ce ion La ions whose ionic radius is
larger. Measurements of the magnetic-excitation spectra of
Ce, _,La,NiSn samples right up to x=0.7 showed that the
energy dependence S ,,,(E) does not exhibit any crystal-field
effects, i.e., the Ce ions remain in an intermediate-valence
state right up to x=0.7. According to Ref. 17, the nearest-
neighbor environment of the Ce ions (specifically, the Ce—Ni
distance) determines mainly the valence state of the Ce ions
in Ce—Ni alloys. The structure of CeNiSn is peculiar in that
when La is introduced into the lattice, the distance to the ions
closest to the cerium ions remains virtually unchanged. If it
is assumed that the results of Ref. 17 are applicable to
Ce(La)NiSn, then this is the reason why the Ce ions are not
transferred into the Ce* state.

When Cu, Pt, or Pd is substituted for Ni, the Ce ions are
transferred into a state with a localized magnetic moment.
This makes it possible to observe effects which are due to the
crystalline field,>'® but the fact that the nearest-neighbor en-
vironment of the Ce ions is different from that in CeNiSn
must inevitably change the crystal potential. This makes it
impossible to observe directly the splitting of the 4f-
multiplet of the Ce ions in the RNiSn lattice. It was found
that the interaction of the 4 f-electrons of cerium with the
crystal field in the RNiSn system can be estimated by using
a paramagnetic marker,'? i.e., by introducing Nd ions into the
RNiSn lattice, which have a localized magnetic moment. The
neutron spectra were measured for Nd; ;Lay ;NiSn, which is
equivalent to CeNiSn from the standpoint of the nearest

668 JETP 79 (4), October 1994

S arbitrary units

ARz s

FIG. 4. Magnetic components of the spectral neutron-scattering function for
Nd, ;Lay;NiSn at T=10 K (a) and 100 K (b). The dots represent the experi-
mental data obtained with the TAS-5 spectrometer. The thick curve in (a) is
the envelope of the best fit of the peaks using four Lorentzian curves; the
thin curve in (b) is the envelope of the transition intensities under the as-
sumption that all peaks in the =100 K spectrum correspond to transitions
solely out of the ground state. The hatched region illustrates the phonon
component at 7=100 K.

neighbor environment of the rare-earth ions and inter-ion dis-
tances. The magnetic components of the spectral neutron-
scattering functions for this sample for 0=1.5 A~' at T=10
and 100 K are displayed in Fig. 4. The phonon spectrum,
obtained by analyzing the neutron scattering spectra mea-
sured at 7=100 K for two values of momentum transfer,
Q=15 and 4.65 A, for this sample was used to determine
the magnetic component. The experimental spectra were
separated into the magnetic and phonon components on the
basis of the fact that the different dependences of the mag-
netic and phonon scattering intensities on the transferred mo-
mentum are different. The magnetic form factor for the Nd**
ions decreases rapidly with increasing Q, while the intensity
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TABLE L. Experimental values of the ratio |M;|*/|M,|*.

, J

t 1 3 4 5

1 1.36 £ 0.70 0.16£0.05| 091+£0.17 | 0.52£0.14
2 - 0.81+0.26 | 0.78+0.45 {0.74 £ 0.60
3 - - 0.07+£0.11 | 1.36 £1.10
4 - - - 4.20 £ 3.60
5 - - - - -

Note. Here |Mi}-|2A=|(I“I-|jp|I“i|2, T';, and T'; are the initial and final states of the
4f-multiplet, and J , is the perpendicular component of the angular-momentum op-

erator.

of the phonon scattering component is directly proportional
to the squared momentum transfer. The procedure for sepa-
rating the contributions reduced to solving the following sys-
tem of linear equations for each experimental point (labeled
by the subscripts i):

Sl E)+ S5’ (E)=S"3(E)),

mag

F?(4.65 4.65\?
,,Z(Tj))safg E,->+(ﬁ) Spi (E)=S*(E), (5)
where F(Q) is the magnetic form factor for Nd**,% and the
superscripts indicate the values of Q. The correctness of this
procedure depends on the fraction of the coherent component
of the inelastic nuclear scattering. To make an additional
check of the correctness of the separation on the basis of the
phonon and magnetic contributions obtained for Q=1.5 and
4.65 A™!, the neutron scattering spectrum for Q=4.3 Al
and T=100 K was calculated. This spectrum was essentially
identical to the spectrum measured under these conditions.
The T=100 K phonon contribution was recalculated at lower
temperatures according to a Bose temperature factor. It is
obvious from Fig. 4 that the phonon contribution to the neu-
tron scattering spectrum for 7=10 K and Q9=1.5 A™lis
small and is less than 5% of the magnetic contribution.

Four peaks are clearly seen in the magnetic component
of the spectral neutron-scattering function at the energies
E=42,6.6,11.6, and 17.1 meV transferred by neutrons (Fig.
4). These peaks correspond to transitions between levels of
the 4f multiplet of the Nd>* ions, which the crystal field
splits into five Kramers doublets. As the temperature in-
creases, their intensity decreases. This makes it possible to
associate all of these peaks with transitions out of the ground
state of the split multiplet. As a result, the energies of all
transitions and therefore all levels as well as the intensity of
the transitions out of the ground state are determined imme-
diately. The intensity of the transitions between the excited
states was determined from the temperature dependence of
the spectra. By using vanadium as a marker to calibrate the
spectra, we were able to determine the matrix elements of the
elastic and quasielastic transitions for the ground-state dou-
blet. The experimentally obtained ratios of the squared
moduli of the matrix elements, determined from the transi-
tion intensities, are presented in Table I.

The nearest-neighbor environment of the rare-earth ions
in the case of RNiSn consists of six Ni ions and six Sn ions.
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As is clearly seen in Fig. 1, the rare-earth ions lie inside
slightly distorted hexagonal prisms formed by alternating Ni
and Sn ions. The true symmetry of the environment for the
positions of the rare-earth ions in orthorhombic RNiSn is
monoclinic with the point symmetry group C; (the only non-
trivial symmetry operation is reflection in the yz plane). Be-
cause of the smallness of the monoclinic distortions, the
nearest-neighbor environment of rare-earth ions can be re-
garded as having trigonal symmetry with the point group
D5, and a threefold rotational symmetry axis parallel to the
crystallographic x axis. The next-nearest neighbor coordina-
tion sphere formed by the rare-earth ions has a six-fold rota-
tional symmetry axis (neglecting small distortions), i.e., it
necessarily has a three-fold axis. Because the symmetry of
the environments of the rare-earth ions in RNiSn is close to
trigonal, the crystal field can be described with a Hamil-
tonian for trigonal symmetry. This decreases the number of
parameters in the Hamiltonian of the crystal field from 15
(for monoclinic symmetry) to six, if the crystal field is rep-
resented in a coordinate system such that the quantization
axis is oriented along the three-fold rotational symmetry
axis. The crystal-field Hamiltonian for trigonal symmetry?!

H=B3%0%+B%0%+B0%+BSOS+B303+B303, (6)

where éf are Stevens operators and B} are phenomenologi-
cal parameters of the crystal field, was diagonalized analyti-
cally. The dimension of the problem was reduced to five on
the basis of the parameterization proposed in Ref. 22. The
deviation of the computed energies of the states of the split
4 f-multiplet of Nd>* and the squared matrix elements of the
transitions between the levels from the experimentally deter-
mined values was minimized numerically by varying the
crystal-field parameters (see Table I). This procedure yielded
six parameters that best describe the experimental data, i.e.,
the energy of the four excited states and the 11 values of the
matrix elements. The number of experimentally determined
parameters in the measurements is larger than the number of
computed parameters B, so that the neutron spectra can be
described uniquely. Figure 5 displays the experimental neu-
tron scattering function for 7=10 K and the function calcu-
lated using six parameters. The good agreement between the
experimental results and the calculations confirms the appro-
priateness of the approach based on the closeness of the local
symmetry to trigonal symmetry. The small discrepancies be-
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FIG. 5. Experimental (dots) and computed (lines) spectral functions of mag-
netic neutron scattering in a trigonal crystal field for Nd,;La,,NiSn at
T=10 K. Inset: splitting of the ground 4 f-multiplet of Nd** ions in a crystal
field in Nd,;La, ;NiSn.

tween the computed spectrum for the transitions 2 and 4
(Fig. 5) and the experimental spectrum in the energy range
5-7 meV and 14-18 meV were probably connected with the
fact that monoclinic distortions were neglected. It is interest-
ing to note that the same final parameter set, which describes
the crystal potential, was also obtained by lowering the sym-
metry of the environment from hexagonal to trigonal. In this
case, first the Ni and Sn ions were assumed to be equivalent
from the standpoint of their contribution to the potential and
the problem was solved for a four-parameter Hamiltonian of
a hexagonal crystal field. Next, terms with B3 and B3, which
account for the difference between the Ni and Sn ions, were
added to the parameters being varied, and the complete set of
parameters By was found. The agreement between the re-
sults obtained by the two different approaches confirms that
the values obtained for the crystal-field parameters are cor-
rect.

The parameters in the Hamiltonian of the crystal field
which were obtained with the Nd ions were used to calculate
the splitting of the 4 f-multiplet of the Ce®* ions in the crys-
tal field in RNiSn taking into account the differences of the
electron shells of Ce and Nd ions according to Ref. 21, but
neglecting the hybridization with the conduction electrons
for cerium. The computed splitting scheme is displayed in
Fig. 6. Because of the smallness of the monoclinic distor-
tions, the deviations of the environment of the rare-earth ions
from monoclinic symmetry should result in only a small shift
of the energy levels and in some mixing of states with angu-
lar momentum J,=1/2, 3/2, and 5/2. However, the compo-
nents of the wave functions obtained in the trigonal approxi-
mation still predominate. The ground state is a quantu
mechanical mixture of the states |+1/2) and |+5/2) with a
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FIG. 6. Computed splitting of the ground 4 f-multiplet of Ce3* ions in the
crystal field of RNiSn.

small admixture of |+3/2), and the first excited doublet with
the |+3/2) states predominating is split from the ground state
by about 4.4 meV. Therefore, the energy splitting between
the ground and first excited levels of the multiplet is of the
order of E*, i.e., the energy of spin fluctuations is close to
the splitting in the crystal field.

3.3. Lattice properties

To study the possible manifestations of unstable valence
in the lattice dynamics of CeNiSn, we measured the inelastic
neutron scattering spectra for Ce(La)NiSn. Figure 7 illus-
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FIG. 7. Generalized phonon density of states G(E) for CeNiSn (I) and
LaNiSn (2).
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trates the generalized room-temperature phonon density of
states G(E) obtained for CeNiSn and LaNiSn from the
T=300 K scattering spectra:

G(E)=2, (0,/M)g{E) | X (o;/M)), )

i=1 i=1

where g;(E) is the partial phonon density of states and o;
and M, are, respectively, the neutron scattering cross section
and the mass of the nuclei in the sample. It is obvious from
Fig. 7 that the functions G(E) are, on the whole, similar to
one another and are limited in energy to about 25 meV. This
limiting energy is relatively low compared to the typical val-
ues for nickel-bearing compounds (35-45 meV). Although
the CeNiSn phonon spectra are similar to LaNiSn, the ener-
gies of the peaks in G(E) are nonetheless different (compare
the peaks at 12 and 22 meV). In CeNiSn the high-energy
peak is shifted by 1.2 meV toward high energies, while the
low-energy peak is shifted by 0.2 meV in the opposite direc-
tion. The peak at 17 meV is appreciably suppressed. Since
the cell volume in CeNiSn is smaller than in LaNiSn (264 A3
versus 272 A%), it can be expected that the phonon spectrum
is “hardened” (shifted toward high vibrational energies). The
high-energy peak in G(E) and the limit of the phonon spec-
trum are indeed shifted toward high energies in CeNiSn as
compared to LaNiSn. In CeNiSn, however, the energy of the
low-energy peak is lower. There are two possible reasons for
the differences in the lattice dynamics of CeNiSn and
LaNiSn.

First, the cerium system contains partially delocalized
4f- electrons which screen the charges of the neighboring
ions and therefore change the interionic interaction potential.
It should be noted that thus far, with the exception of the
single investigation of CePd,;,”> no experimental conse-
quences of the effect of intermediate-valence state on the
lattice dynamics of cerium systems have been found. One
possible explanation for this is that the energy E_ of the
charge fluctuations is appreciably higher than the energy of
the phonon modes (E ~KkE*>fiwy,, where the coefficient
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FIG. 8. Temperature dependence of
the lattice parameters a (a), b (b),
and ¢ (c) for Ce,_,La,NiSn with
x=1 (1), x=0.5 (2), x=03 (3),
x=05 (4), x=0 (5), Lay,;Y,y;NiSn
(6), and PrNiSn (7).

k>1 depends on the magnitude of the valence?). In all pre-
viously known cerium intermediate-valence systems
E*=10-30 meV, while in CeNiSn E*~4 meV. This sug-
gests that the conditions required for the presence of
intermediate-valence effects in the lattice dynamics are sat-
isfied.

Second, the fact that the crystal lattice of CeNiSn is
different from that of LaNiSn could have an effect. The lat-
tice parameter ¢ is greater than a for the entire isostructural
series RNiSn, with the exception of LaNiSn, in which a>c?
Under the conditions of a strongly anisotropic lattice with a
“soft” phonon spectrum, such a difference produces singu-
larities in the lattice properties of LaNiSn as compared to
RNiSn (R#La). These singularities are most pronounced in
the experimentally obtained temperature dependence of the
lattice parameters displayed in Fig. 8. It is obvious from Fig.
8 that the thermal expansion of CeNiSn is strongly aniso-
tropic. The qualitative difference of the thermal expansion
for CeNiSn (previously discovered in Ref. 10) from that of
LaNiSn is interesting. The lattice parameters a and b of
LaNiSn decrease with increasing temperature, whereas for
CeNiSn a and b increase with increasing temperature. This
qualitative difference in the temperature dependence of the
thermal expansion is extremely unusual, since Ce and La are
neighbors in the lanthanide series and have similar ionic ra-
dii. Substitution of nonmagnetic yttrium for 30% of the lan-
thanum, which ordinarily should change only the values of
the lattice parameters, in the present case changes the quali-
tative character of the temperature dependence of the lattice
parameters and makes this dependence similar to that for
CeNiSn and PrNiSn (Fig. 8). Therefore, as a structural non-
magnetic analog, La, ;Y ;NiSn is probably closer to CeNiSn
than LaNiSn.

The liability of the LaNiSn lattice also follows from the
fact that the temperature dependence of the heat capacity
changes when yttrium is introduced into LaNiSn. The tem-
perature dependence of the heat capacity C(T) for
Lay ;Y 3;NiSn and LaNiSn is displayed in Fig. 9. The results
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FIG. 9. Temperature dependence of the heat capacity for LaNiSn (1) and
Lay;Y(3;NiSn (2).

obtained in Ref. 3 for LaNiSn agree with the data obtained in
the present work. It is clear from Fig. 9 that the temperature
dependences C(T) of the two samples are, on the whole,
similar, but the heat capacity of LaNiSn is higher than that of
Lay ;Y 3NiSn over the entire temperature range. In the tem-
perature range 3—7 K, the temperature dependence of the
heat capacity is described well by the standard law for met-
als: C(T)=yT+ BT? (see inset in Fig. 9). When yttrium is
introduced into the lattice of LaNiSn, the electronic coeffi-
cient of the heat capacity y decreases from 13.5 to 10
mJ/(K?-mole), and the coefficient B of the cubic term in the
heat capacity decreases by approximately 30%. This change
in the values of y and B is larger than expected on the basis
of the mass of the atoms and the change in the cell volume.
It should be noted that when yttrium ions replace cerium
ions, which results in a smaller cell volume, the phonon
spectrum determined from the heat-capacity measurements is
“hardened.” The ‘“softening” of the low-energy peak in
G(E) of CeNiSn is therefore most likely due to the presence
of cerium ions with unstable valence. Unfortunately, because
the mass of the Y atoms is substantially different from that of
the La atoms, which can strongly influence the lattice dy-
namics, it is undesirable to use Lay,;Y,3NiSn as a lattice
analog when measuring the phonon spectra.

It should be noted that introducing 30% La into CeNiSn
does not give rise to any qualitative changes in the tempera-
ture dependence of the thermal expansion (according to a
comparison of CeNiSn and Ce;La,;NiSn samples). This
shows that the suppression of the gap in the electron spec-
trum upon introduction of La is not associated with a change
in the lattice properties, at least over the temperature range
10-300 K.

To separate the contribution of delocalized 4 f-electrons
of cerium to the thermal expansion of CeNiSn, a sample of
Lay ;Y 3NiSn, whose cell volume is the same as that of
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A, A/LI0° K

FIG. 10. Difference of the linear and volume thermal expansion coefficients
of CeNiSn and its nonmagnetic structural analog Lay ;Y ;NiSn: difference
of the volume thermal expansion coefficients (1) and difference of the linear
thermal expansion coefficients along the ¢ axis (2), the b axis (3), and the a
axis (4).

CeNiSn and for which, importantly, c>a, just as for CeN-
iSn, was used as the nonmagnetic structural analog. The dif-
ferences in the linear thermal expansion coefficients of these
systems (Fig. 10) A, and Aq, have maxima at T~40-50
K, and Aa, has a minimum at 7~20 K. The characteristic
temperatures of these features are close to the temperature of
spin fluctuations (as determined from the magnetic scattering
of neutrons), which indicates that they are associated with
the temperature dependence of the occupancy of the 4 f shell.
The difference in the signs of the extrema for a, b, and ¢
may be due to lattice anisotropy.

The difference in the volume thermal expansion coeffi-
cients of cerium and lanthanum-yttrium compounds indi-
cates that the delocalized 4 f-electrons of cerium also con-
tribute to the thermal expansion coefficient at temperatures
above the energy of spin fluctuations. This contribution is
probably determined by the influence of the delocalized 4 f-
electrons of cerium on the interionic interaction potential and
is not directly associated with the change in cerium valence
with increasing temperature [the valence changes consider-
ably at temperatures close to E* (Ref. 25)]. The closeness of
the volume thermal expansion coefficients of CeNiSn and
LaNiSn”!® over the entire temperature range must be re-
garded as accidental: in the case of the CeNiSn system, an
additional contribution to the volume thermal expansion co-
efficient, as compared to that of Lag ;Y ;NiSn, is determined
by effects associated with the presence of partially delocal-
ized 4 f-electrons. For LaNiSn the lattice properties give rise
to the similar temperature dependence of this coefficient.

On the basis of the approach developed in Ref. 17 for
Ni-bearing systems, an important parameter associated with
the intermediate-valence state is the distance from the rare-
earth ion to the nearest neighboring ions whose valence elec-
trons form the conduction band. Figure 11 displays the ther-
mal expansion coefficients for the shortest R—Ni and R—Sn
distances in the RNiSn (R=Ce, La, Y) lattices, as determined
from the temperature dependences of the lattice parameters
using the coordination indicated in Ref. 6 for atoms in the
unit cell of CeNiSn. Comparing the data on the thermal ex-
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FIG. 11. Thermal expansion coefficients for the shortest distances R—Ni (a)
and R-Sn (b) in the compounds CeNiSn (Z), LaNiSn (2), and Lag ;Y 3NiSn
(3), as determined from the temperature dependence of the lattice param-
eters of these systems and coordinations of the atoms in the unit cell of
CeNiSn.

pansion coefficients for the cerium system and lanthanum-
yttrium compounds suggests that, on the whole, the contri-
bution of the 4f electron subsystem to the interionic
interaction potential is manifested in the Ce—Sn distance
(curve I in Fig. 11b) over a wide temperature range, right up
to T=300 K. At temperatures of the order of E*, the thermal
expansion coefficient for the nearest distance Ce—Ni in
CeNiSn is different from the thermal expansion coefficient
for the nearest distance R—Ni in Lag,;Y(;NiSn (Fig. 11a).
This difference may be associated with the change in the
occupancy of the 4 f-shell of the cerium ions with increasing
temperature.ZS

4. CONCLUSIONS

The spectrum obtained for the magnetic excitations in
the CeNiSn system by means of inelastic neutron scattering
suggests that the Ce ions in this compound are in an
unstable-valence state that cannot be classified as a typical
state for intermediate-valence or heavy-fermion compounds.
The width of the quasielastic magnetic spectral response and
its temperature-dependence indicate that the CeNiSn system
falls between the classical intermediate-valence and heavy-
fermion systems. The characteristic energy of Kondo spin
fluctuations in this compound is 4 meV.

According to Ly; spectroscopy, the valence of Ce at
T=300 K is 3.12+0.04 and does not change when Ce is
replaced by La, even at high La concentrations. The lack of
such a transition may be due to the fact that the change in
distance between Ce and the nearest ions when Ce is re-
placed by La is small.

The lack of differences between the parameters of the
intermediate-valence state of Ce ions for samples in which
the electron density of states contains a gap and those
samples in which this gap is suppressed (at La concentrations
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greater than 0.1) is important evidence that the gap is pro-
duced by a coherent mechanism.

The splitting scheme (the energies and wave functions of
states in the 4 f-multiplet) for C** ions in the crystal field of
RNiSn was calculated. It was found that the splitting be-
tween the ground and first excited doublets (4.4 meV) is
close to the Kondo energy of the CeNiSn system (about 4
meV according to the results of this work). This is important
for understanding the conditions of formation of the proper-
ties of the electronic subsystem of CeNiSn. The experimental
results obtained substantiate the hypothesis of Ref. 26 that a
pseudogap forms by a coherent mechanism as a result of
hybridization of the crystal-field excitations with Kondo ex-
citations.

It was found that the linear thermal expansion coeffi-
cients of cerium compounds are qualitatively different from
those of lanthanum compounds. This difference is due to
both the peculiarity of the labile LaNiSn lattice and the va-
lence instability of cerium.
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