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Anomalous lattice dynamics in intermediate-valence CeNi
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The low-energy phonon modes of the intermediate-valence system CeNi and the isostructural reference
compound LaNi have been measured at room temperature by inelastic neutron scattering in the scattering
planes(001) and(100). In general, the frequencies of the acoustic and lower optical-phonon branches are found
to be appreciably lower in CeNi. This effect is especially dramatic for the acoustic modes propagating along
thea andb directions. Maximum softening was observed near the zone boundary, where it can exceed 20% for
some of the branches. These data represent the most pronounced effect of electron-lattice coupling in a
Ce-based intermediate-valence compound that we are awdr®0df63-182¢08)51514-1

Intermediate-valenc@V) rare-earth compounds, in which measurements of an isostructural reference system, e.g.,
a lanthanide ior(typically Ce, Sm, Eu, Tm, or Ybcan be LaPd;, have been reported. More recently, definite softening
regarded as fluctuating between two different valence statesf the lowest LO phonon branch at thepoint of the Bril-
are prone to display anomalies in their vibrational propertiegouin zone was discovered in Ceji showing a decrease in
because changes in the€-4hell occupancy are associated frequency by 0.17 THz in comparison with the reference
with large differences in the ionic radius. Therefore, the possystems LaNjand PrNi.
sibility of a strong coupling between valence fluctuations and The intermetallic compound CeNbrthorhombic space
the lattice dynamics of such materials has been contemplategtoup Cmcm exhibits typical IV properties. At low tem-
early in the development of this field, causing numerous experatures, it behaves as an enhanced Pauli paramagnet with a
perimental studies to be undertaken on a variety of systemmaximum nearT,,=140 K in the T dependence of the
(see Ref. 1 and references thejeiBut whereas significant magnetic susceptibility. The characteristic Kondo energy
phonon anomalies have been found in Sm- and Tm-based IWas estimated on the basis of macroscopic measurements to
systems, such aéSm,Y)S? SmB;,° or TmSe? only a few  be about 100-150 K. Unique to this compound is the strong
indications have been reported so far in the case of Ce, posemperature change of its valence state frem3.15 atT
sibly due to some mismatch between the characteristic en=80 K to 3.07 aff =300 K ° Anomalies have been found in
ergy scales for lattice vibrations and charge fluctuatfons.the linear thermal-expansion coefficients, which go through a
The first conclusive results were obtained by Seveeingl®  pronounced maximuma(andc directions or minimum @
for CePd, where unusual temperature effects were observedirection at temperatures of the order of 100M? The
in the LA modes alond111]. The authors argued that the elastic constant,; derived from inelastic neutron scattering
room-temperature spectra contained anomalies which thegxperiments' also exhibits a minimum at about the same
accounted for by introducing an extra “breathing term” in temperature, resulting from an anomalous softening of the
the model calculation. However, the interpretation of thesd A phonon branch in th¢100] direction near the zone cen-
anomalies was not supported by an independent study @ér. From time-of-fight measurements on polycrystalline
Loong et al,” who described their phonon spectra of CgPd materials'® it turned out that the phonon spectrum of CeNi is
using a three-nearest-neighbor Born—vonri{an force-  rather soft(cut off in the density of states at about 6 THz
constant model without any breathing term. Up to now, nocomparison with the phonon spectra of other Ni-based sys-
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FIG. 1. Room-temperature scans[0£0] TA phonon modegopen circles in Fig. Rfor CeNi (a) and LaNi(b) measured at fixe#;
=2.66 Al g denotes the reduced phonon wave vector. Counting times are approximately 60 sec.

tems: CeNj, for instance, has a maximum phonon frequency The crystallographic structure of CeNfour ions per
of the order of 10 THz. primitive cell) gives rise to 12 phonon branches, which are
In view of the physical properties outlined above, it cannondegenerate along the orthorhombic directions. Experi-
be concluded that the energies of valence fluctuations anehental data were collected along four high-symmetry direc-
lattice vibrations are close to each other in CeNi and, theretions ([100], [010], [001], and[110]) within thea-b andb-c
fore, sizeable effects of the electronic instability on the pho-scattering planes. Figure 1 shows typical scans of TA pho-
non modes can be anticipated. In order to sort out the effectson modes in CeNi and LaNi. Acousticlike phonon branches
of electron-phonon coupling associated with the valenceneasured along the above-mentioned directions are plotted
fluctuations, one needs to estimate the normal lattice dynanmn Fig. 2. The results for CeNi are in excellent agreement
ics expected for this material. The latter may be calculated awith the more limited set of dat@long the[100], [010], and
in Ref. 6 but, for systems with a low symmetry, it is more [110] directions near the center of the Brillouin zorpevi-
reliable to proceed by comparison to a reference compoundusly reported by Gignougt al!! The most striking feature
In this paper, we describe inelastic neutron scattering experof the results is a general softening of the phonon frequencies
ments performed on CeNi and LaNi single crystals. Thein CeNi, as compared to LaNi. This effect is particularly
lower branches along several high-symmetry directions havelear for the acoustic modes propagating alpdt0]. Strong
been determined for both compounds. Their comparison rezhanges also occur alofg00] and[110] but their analysis is
veals striking differences, which are discussed in connectiomore delicate(see below. For some particular directions,
with the anomalous electronic properties of cerium in CeNihuge deviations occur near the zone boundary, e.g., the pho-
A more complete survey of the phonon spectra of CeNi andhon frequency is reduced by as much as 20% in CeNi for
LaNi, including optical branches and temperature depeng=(1,1,0. Even though only limited information is as yet
dences, will be the subject of a forthcoming paper. available for the optical modes, we have found that some of
Single crystals of CeNi and LaNi with volumes of ap- them also exhibit considerable softening. It should be em-
proximately 0.7 cm were grown by the Czochralski tech- phasized that these effects are by far the strongest ever re-
nique. The orthorhombic lattice parameters were determinegdorted for a Ce-based compound: iny@er, ;Nis, the maxi-
by neutron and x-ray diffraction[a=3.7842) A,  mum softening of the lowest optical mode at the zone center
b=10.5434) A, c=4.3634) A for CeNi, anda=3.913(2) did not exceed 10%.
A, b=10.8084) A, c=4.3944) A for LaNi], and found to be Before discussing the physical origin of these effects, a
in good agreement with previous determinations. comment should be made regarding the identification of the
The phonon-dispersion relations were measured on thabove branches as “acoustic.” It is clear, for instance, that
triple-axis spectrometer 4F2, installed on a cold neutrorthe zone-boundary points in tH&00] and[010] directions
source at the reactor Orphé.LB, Saclay. ConstantQ and  are actually identicalZ point in Slater, Koster, and Wood's
constant-energy scans with fixed final neutron energies afiotation). This implies that, in Fig. 2, an additional branch,
E¢=14.7 meV andE;=8.05 meV ;=2.66 A"! andk;  with a frequency of 1.6 THz at the zone boundary, must also
=1.97 A%, respectively were used in the experiments, exist in the[£00] direction. To understand this behavior, one
with corresponding energy resolutioffull width at half  needs to assume that the LA branch alph@0] intersects a
maximum(FWHM)] of 0.90 meV and 0.44 me\0.22 THz  low-lying optical branch with negative slope belonging to
and 0.11 THz at the elastic position. A pyrolytic graphite the same irreducible representation and, due to their mutual
filter was placed between sample and analyzer in order tmteraction, folds down to reach the zone boundary at the
suppress second-order contamination. In this configuratiorgbove frequency. Therefore, the continuation of the branch
the accessible neutron energy-transfer range wasE 0 denoted LA in the figure becomes, strictly speaking, an op-
<13.5 meV (photon frequencies up to 3.4 THZAIl mea- tical branch, even though these modes will retain predomi-
surements reported here were carried oufat300 K. nant acoustic character. A similar effect occurs for the TA
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this system, a strong depression of optical branches occurs at
low temperature, due to their coupling with crystal-field ex-
citations leading to an apparent softening of “acoustic”
modes with the same symmetry. However, such a scenario
seems unlikely in the present system because the energies of
the crystal-field excitations in CeNwhich cannot be ob-
served directly owing to strong magnetic fluctuatidhgave
been estimated to be approximately 14 and 25 rifeivear

the upper limit of the phonon spectrum. Possible magnetovi-
brational effects, if any, should thus be restricted to the
higher optical branches. Furthermore, in the CeNi dispersion
curves, softening is a much more general effect than in
CeAl,, not being restricted to modes of a given symmetry.
Therefore, the strong softening observed in CeNi should
have a different origin.

The valence instability of Ce appears to be the most plau-
sible candidate, even though the exact mechanism through
which it may affect the lattice dynamics is still an open ques-
tion. One interpretation is connected with the breathing de-
formability of the Ce shell, as invoked in Ref. 6 for CgPd
Alternatively, phonon softening in CefNivas traced back to
a coupling between lattice distortions having dipolar charac-
ter with respect to the Ce atom and virtual electronic transi-
tions betweerf andd state$!’ It is interesting to note, in
connection with the present work, that the latter model pre-
dicts the strongest softening to take place near zone center
for optical modes and near zone boundary for acoustic ones.
However, it would be premature to draw definite conclusions
without a more detailed knowledge of the optical branches
and their symmetry properties. One should also consider the
possibility that phonon softening in CeNi might be related
with the proximity of a crystallographic phase transitign.
Up to now, x-ray diffraction measurements performed on
pure CeNi and Ce ,(La,Y),Ni solid solutions in the tem-
perature interval 15-300 K did not reveal any structural
transition!?'6 On the other hand, CeNi has been reported to
undergo a first-order, isostructural, electronic phase transi-
tion as a function of temperature, accompanied by a volume
collapse of almost 5%, when it is subjected to a hydrostatic
pressure in excess of 0.13 GPaTat0 and 0.5 GPa at

FIG. 2. Room-temperature phonon dispersions of éaJiand 19— " y A
(©)], and LaNi[(b) and(d)] measured in tha-b andb-c scattering  — 150 K.~ This transition was denotedy—a-like” in ref-
planes. Only branches with dominant acoustic character have be&f€nce to elemental Ce, even though the ambient-pressure

plotted. Dashed lines represent interactions with optical mautets ~ Phase of CeNi already belongs to the IV regime. In the case
shown. of pure Ce, it was arguédithat phonon anomalies observed

o ) at P=0 bear direct relation to this pressure-induced lattice
branch along100]. Preliminary datgshown as dashed lines collapse. In order to check whether this idea might apply to
in Fig. 2 actually support this interpretation. CeNi, it is necessary to investigate selected phonon branches

Clearly, the large overall softening observed here cannojt high pressure to see how they are affected by the approach
be due to the difference in the lattice parameters since thg) the transition.

volume of the unit Ce”. of CeNi is 7% smaller than that of In Condusion, CeNi provides the first examp|e of strong
LaNi and, based on Gneisen relations, one would rather phonon anomalies in a Ce-based mixed-valence compound.
predict an overallincreaseof the phonon frequencies by The comparison with LaNi clearly shows that a pronounced
about 10%. It can be noted that, in this sense, evefil®#  softening occurs at room temperature in several branches
branches, which are nearly identical in both compoundswith acoustic character, especially near the zone boundary.
have to be regarded as anomalous in CeNi. Despite some complications arising from the interaction of
We are thus led to the conclusion that the anomalies in thﬁ‘]ese modes with |OW_|ying optica| branchesy it appears most
lattice dynamics of CeNi, are a genuine effect of the peculialjkely that the effect has an electronic origin and reflects the
magnetic properties of felectrons in this material, as in peculiar state of # electrons in cerium. This system thus
CeNi and, probably, in CeRdOne possible mechanism is & seems very promising for a detailed study comprising a full
coupling between phonons and crystal-field excitations, agetermination of all dispersion curves, their modelization by
reported previously for the Kondo compound CeXl In an appropriate lattice-dynamics model, and a study of the
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