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Dynamic magnetic response in intermediate-valence CeNi
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The paramagnetic spectral response of the intermediate-valence compound CeNi has been studied by inelas-
tic neutron scattering on isotopicallf°Ni) enriched single-crystal and powder samples. At low temperature
(T~10K), no magnetic intensity was found up to an enefgy15 meV, indicating a spin-gap-like response.

The absence of detectable quasielastic scattering in high-resolution time-of-flight spectra provides clear evi-
dence for the formation of a singlet ground state due to electron correlations. The magnetic response measured
at T=11K on the single crystal consists @j a broad structureless contribution, extending beyond 60 meV,
which is a characteristic feature of valence-fluctuating materialsiantivo extra narrow peaks at about 18

and 34 meV, which exist for practically & vectors investigated, and whose intensities vary as a function of
both the reduced, vector and the direction in reciprocal space. This behavior is quite unusual among inter-
metallic intermediate-valence compounds. It implies that the mixed-valence state in CeNi cannot be described
by a single-ion Anderson model, and that magnetic correlations should be taken into account. The extra peaks
are tentatively related to crystal-field interactions, which are of the same order of magnitude here as the Kondo
temperature.

[. INTRODUCTION ample of a magnetic response that is not amenable to the
above picture is provided by the simple binary compound
The paramagnetic spectral response in intermediatéZeNi.

valence (IV) rare-earth compounds exhibits pronounced CeNi crystallizes in the orthorhombic CrB-type structure
anomalies, which reflect the unusual dynamics of their mag¢space groucmcn). Its bulk properties denote a rather con-
netic excitations:? Inelastic neutron scatteringNS) is a  ventional IV cerium compound similar to, e.g., CeRar
powerful tool for investigating these phenomena because €CeSn. The average Ce valence changes with temperature
directly probes the energy dependence @dependence of from approximately 3.15 af=80K to 3.07 atT=300K.>
the dynamical susceptibility. It is generally assumed that, irThe magnetic susceptibility is of enhanced Pauli type at low
the IV state, the hybridization of fAwave functions with temperature and displays a maximum arouhd 140K °
conduction-band state$ c-f mixing”) is large, causing the which is ascribed the characteristic energy of magnetic fluc-
suppression of sharp crystal-fie(@€F) excitations and the tuations(i.e., the Kondo temperatureThe magnetic compo-
appearance of a strongly damped, featureless, magnetic speent of the resistivity follows &2 law below 40 K, and also
tral function. In particular, the low-temperature dynamichas a maximum neaf= 150 K.° The dynamical properties,
magnetic response of intermetallic Ce-based IV compoundsowever, are rather unusual. A strong softening of acoustic
(CeSn,® CePd,* etc) is typically dominated by one broad phonon modes near the zone boundary has recently been
inelastic peak centered at an energy of several tens to sonfieund,” in comparison with the reference compound LaNi.
hundreds of millielectronvolts. When temperature isAccording to recent neutron time-of-flight(TOF)
increased, the spectral weight is gradually transferred texperiment$,the magnetic excitation spectrum at low tem-
a quasielastic line. There is growing evidence, howeverperature T=12K) extends to more than 200 m&Wyith a
that this simple description does not exhaust the varietyproad peak centered at about 50 meV, in accordance with the
of situations occurring in real IV systems. One striking ex-typical behavior expected for an intermetallic IV compound.
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On the other hand, it was observed that the magnetic interduced by crushing fragments of single-crystal material with a
sity essentially vanishes in the energy intervakB  large mosaicity.

<15meV, suggesting the existence of a gap or pseudogap in Single-crystal INS experiments were performed on the
the magnetic response. This result is quite surprising becau@ple-axis spectrometer 2T, located on a high-flux thermal
such a response was previously encountered only in IV ma@€am in the reactor hall ofOrphee (CEA Saclay.
terials that behave as narrow-gap semiconductors at low ten$-0nstantQ scans were measured Bt 11K for fixed final
perature, e.g., SmE° Ce;Bi,Pt, 1 or CeNiSn'2 The only ~ energies E;=30.5meV k=3.83A"%; energy range 0
notable exception to date was reported in the work of<A®@<60meV) and E;=14.7meV k=2.66A"% 0
Murani® on YbAl,;, where the magnetic signal measured at="@<25meV). A pyrolytic-graphite, P®02), analyzer
T=5K was found to vanish below approximately 30 mev. Was used in combination with either a @2 or a PG002)

. : «~.dnonochromator. In both cases, a PG filter was placed after
M her sharpl h - ; ’ SO
agnetic intensity reappears rather sharply above the "ga the sample to suppress higher-order contaminations. The en-

like” region, with a complicated line shape denoting at least : . .
two inelastic spectral components, at energies of 27 and 49'9Y resolutiongfull width at half maximum(FWHM)] at
ero energy transfer were of order 2.5 and 0.9 meV, respec-

meV. No example of such a behavior has been found so f [ely. Let us mention that, because both Ce &R have

in intermetallic Ce compounds. | " b i " 063b for C
From the above discussion, it appears that IV phenomen:ﬁ’W neutron g) SOrption cross sec |9n$a% : or L€
nd 2.9 b for°*Ni), leading to an estimated transmission of

in CeNi display unconventional characteristics that may b i . :
of great significance for our understanding of this class of"ore than 95% foE; =60 meV, absorption corrections were

materials. From neutron experiments performed on singl&§°nsidered unnecessary. .

crystals, one can determine the dispersion, anisotropy, a TOF measurements were carried out on the spectrometer
polarization of various types of lattice and magnetic excita- IBEMOL, Iocateq on the cold neutron guide G6. The Inci-
tions. In a previous repoftwe have presented a detailed 9Nt €nergy was fixed d&; =3.27meV by means of a six-
study of the phonon dispersion curves showing that quit&hopper system, providing a resolution of 0.16 meV

anomalous electron-phonon interactions exist in this matel” WWHM) at zero energy transfer. Measurements were done

rial. The present paper is mainly devoted to the magneti@t different temperatures comprised between 30 and 120 K.
response of CeNi, measured on a single crystal containing

isotopically enriched®Ni. The latter point is essential be- IIl. RESULTS

cause the use dPNi isotope drastically reduces the contri- ) ) )
bution from nuclear scattering, making it possible to reliably ~ The main purpose of the present single-crystal study is to
single out the weak magnetic signal. New TOF results, witiétermine the Q dependence of the anomalous low-
an energy resolution better than 0.2 meV, are also includeffmperature spectral response revealed by the previous pow-
to demonstrate the absence of magnetic signal in the spifler €xperiments. In particular, we are interested in the pos-
gap region down to very low energies. The results confirnsible existence of dlsperswe excitations WhICh might have
that the magnetic response of CeNi is indeed quite anomg€en overlooked, owing tQ-space averaging, in the TOF
lous, exhibiting not only a definite spin-gap-like behavior, results. Measurements as a function of the redtq:edctor

but also additionaQ-dependent narrow peaks just above theNave thus been performed along the three main crystallo-

gap, which are reminiscent of the spectral structure observe@faphic axe$100], [010], and[001]. To test the anisotropy
in YbAIs. and polarization of the magnetic response, we have also re-

corded spectra corresponding to the samesctor in differ-
ent Brillouin zones, in particular for different zone centérs
points.
Il EXPERIMENTS Because the magnetic cross section is weak and the re-
The determination of the magnetic component from thesponse is spread over a very broad energy range, a careful
INS spectra of CeNi can be considerably improved by re-subtraction of the phonon part of the signal is prerequisite,
placing natural Ni by an isotope with a low total nuclear despite the use dNi isotope, to extract the weak magnetic
scattering cross sectiomrs. The isotope®Ni (enrichment  signal accurately. The method is based on the diffe@nt
~99%) was selected for this purpose because it bas dependences of the magnetic and phonon contributions, as in
=1.0b, as compared to,=18.5b for the natural isotopic the standard treatment of TOF spectra, but its application is
composition. The reduction of the nuclear scattering from Nidifferent here because the measurements are performed on a
atoms by almost a factor of 20 makes it possible to extracsingle crystal. Let us first emphasize that, from the results of
the weak magnetic contribution from the Ce atdmsgnetic  Ref. 8, the phonon density of states measured on polycrys-
cross sectionr,, of only 3.7 B with sufficient reliability and  talline CENi has an energy cutoff at about 24 meV. Indeed,
accuracy. The starting polycrystalline materials were teste@ur data confirm that, in the energy range-22 meV, the
by x-ray diffraction, and found to be single phase within themagnetic contribution dominates even for rather large mo-
limit of a few percent. The single crystal of &li used in  mentum transferQ >3-4 A~*, whereas at lower energies
the present experiments was grown by the Czochralski tecithe nonmagnetic component becomes significant. The latter
nique and had a volume of approximately 0.8%cifhe lat-  contribution, which arises mainly from single-phonon pro-
tice parameters obtained from the neutron-diffraction dat&esses, should vary lik®?, whereas the former is expected
werea=3.78 A, b=10.54 A, andc=4.36 A, in reasonable to be proportional to the squared Cemagnetic form factor
agreement with Ref. 14. In order to ensure comparable puﬁf,,(Q), as derived from polarized-neutron resdftsTheir
rity, the powder used for the TOF measurements was proseparation can thus be achieved by combining data measured
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FIG. 1. Background-corrected energy spectra of single-crystal FIG. 2. Magnetic spectral response of single-crystdi®@eat
CéNi at T=11K for two scattering vectors at equivalent zone T=11K for two different scattering vectorga) Q=(2,0,0), (b)
centersi(a Q=(2,0,0), (b) Q=(4,0,0). O: experimental data®: Q=(0,0,2). Symbols: experimental datfO E;=30.5meV,
magnetic component;]: phonon componentfor the separation Cu(111) monochromator;] E;=14.7 meV, P®02 monochro-
procedure, see text maton. Lines are fits of the magnetic spectra by three inelastic

Lorentzian peakgsee text. Magnetic contributions have been nor-

. . . S .. malized toQ=2.9A"! [momentum transfer foQ=(0,0,2)] by
at equivalent reciprocal-lattice points in different Brillouin assuming a G& magnetic form factor,

zones, which have very different momentum transfers, pro-

vided their phonon structure factors are identical. This projoy 10 meV. A good fit to the data is obtained using the

cedure is correct so long as the dependence of the energyandard expression

resolution on the momentum transfer remains small, which

was checked to be the case here. An example of the decom- E

position is shown in Fig. 1 foQ=(2,0,0) and(4,0,0. It Sad B T)= 1—exp— E/kgT)

should be emphasized that the large difference in the mo-

mentum transfer$3.4 and 6.8 A% provides an excellent 3 (T2

“contrast” to separate the two types of componelftQuali- x> x{(T) T2+ (E—E)2" (1)

tatively, one sees that, at lo®@ values Q<3 A1), the =t ' '

magnetic contribution dominates as soon as the energy exonsisting of three Lorentzian spectral components, with ex-

ceeds 15 meV. The residual phonon intensity that is obeitation energie$ » of about 18, 34, and 46 meV, and half

served above the energy cutoff may be due to multiphonowidthsI'/2 of about 4—5 meV for the former two peaks, and

processes and/or spurious scattering from the Al samplg4 meV for the latter one. As evidenced by Fig. 2, the low-

holder (massm~1 g). energy components of the spectra are anisotropic: the peak at
The magnetic excitation spectra measure@atl1K for 18 meV is rather strong fa@=(0,0,2) and0, 4, 0, and less

two different zone centerf)=(2,0,0) andQ=(0,0,2), are pronounced folQ=(2,0,0). On the contrary, the excitation

plotted in Fig. 2. The intensities have been normalized to @t 34 meV is stronger foQ=(2,0,0), and weaker for the

momentum transferQ=2.9A ! [corresponding toQ other zone centers.

=(0,0,2)] using the magnetic form factor of €e In Fig. Salient features of th® dependence of the magnetic sig-

2(b), data points obtained with a better energy resolutiomal are summarized in Fig. 3. The dispersion of the lower

(E;=14.7 meV) have been includédpen squarggo reveal two excitations was found to be weak along the main sym-

the intensity drop at low energies, which is otherwise ob-metry directiongsee Fig. 8) for Q=(0,7,0)], but thein-

scured by incoherent elastic scattering. b« (0,4,0), the tensitiesof the peaks at 18 and 34 meV are clearly modu-

spectrum was found to be similar to that obtained @r lated alongb* [Fig. 3(c)]. Significant intensity variations

=(0,0,2). In all cases, two narrow peaks are observed on theere also observed along the other directions. In particular,

low-energy side E<40 meV) of a broad contribution which for Q=(0,0¢), the intensity of the 34-meV peak appears to

seems to have its maximum at about 50—-60 meV. Furtherbe stronger at th& zone-boundary poinQ=(0,0,2.5), than

more, essentially no significant magnetic intensity exists beat the zone centeQ=(0,0,2). The 18-meV peak also ex-
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FIG. 3. Q dependence of the magnetic spectral components ipbvious that this factor cannot account for the experimentfil

CeNi atT=11 K. (a) schematic representation of the Brillouin zone temperature dependence. We _are thus led to the conclusion
and points of symmetry in the notation of C. J. Bradley and A. p.that most of the spectral weight has been transferred to
Cracknell, The Mathematical Theory of Symmetry in SoliGar- hlgherg energies, in agreement with the previous TOF
endon, Oxford, 1972 p. 98; (b) excitation energies, an) corre-  'e€sults; and that no significant in-gap intensityn particular
sponding integrated intensities of the low-energy magnetic excital0 quasielastic scatteringemains at the lowest temperature.
tions (i w~18 and 34 meYfor Q=(0,7,0); the valuesy=4 and  Consistent results have also been obtained using a cold-
n=6 correspond to zone centers, wheregs5 is on the zone Source triple-axis spectrometer operated in the confant-
boundary. mode for a fixed final energy of 14.7 m&¥nergy resolution

of 0.9 meVj.
hibits aq-dependent intensity, but a quantitative determina-

tion for all directions was not possible because of difficulties
with the phonon subtraction procedure. Finally, the data for
the broader peak cannot be simply interpreted at the present The first salient result of the present work is the confir-
stage because only the low-energy tail of the sigral ( mation, with a greatly improved experimental resolution, that
<60 meV) was accessible with the existing experimentakhe inelastic magnetic signal in CeNi at low temperature es-
conditions. sentially vanishes below 15 me¥t least down to 0.2 mey

A few measurements have been performed as a functiogiving rise to a spin-gap-like spectral response. It is impor-
of temperature. There is clear indication that the low-energyant to note that no quasielastic line is observed with an
excitations persist up to about 100-150 K, but a more deenergy resolution of better than 0.2 meV, even though the
tailed analysis of their intensities is hampered by the temtypical spin-fluctuation energy can be estimated from the
perature dependence of the broad high-energy componeriiulk measurements to be of the order of 7—15 meV. There-
Experiments on a hot source would be useful to clarify thisfore the ground state cannot be a Kramers doublet, as would
point. be expected for G in a low-symmetry CF. We ascribe this

The TOF spectra measured on MIBEMOL with a high behavior to the formation of a nondegenerate many-body
energy resolution confirm that the magnetic signal definitelyeigenstate due to electronic correlations. Whereas the pre-
vanishes below 10 meV. The data plotted in Fig. 4 have beedominantly inelastic character of the magnetic response
obtained for a polycrystalline sample of ®Wi with a mass  function at low enough temperature had been previously re-
of about 20 g. Our analysis is restricted to the energy-gaimported for other Ce-based intermetallic compounds, here the
part of the spectrdnegative energy transfershecause the complete suppression of the quasielastic contribution is ex-
energy-loss side contains a contamination around 0.3 me\perimentally established.
Whereas a rather large intensity, mainly magnetic in origin, For energies larger than the gap, the general structure of
exists atT=120K between—4 and —0.5 meV, this signal the magnetic response of single-crystalline CeNi is consis-
disappears almost completely B=30K. Indeed, the inte- tent with the earlier powder results: appreciable magnetic

IV. DISCUSSION
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WO——F T T 17— herently at each Ce site. It is well known that this Hamil-
tonian eventually produces a ‘“hybridization gap” in the
electron density of states. In the case of the orthorhombic
compound CeNiSn, Ikeda and MiyaRenave further shown
that, owing to theq dependence of the hybridization matrix
elements, this gap can be strongly anisotropic, and the results
of their model calculation seem to account for a number of
anomalous physical properties of the material. Experimen-
tally, CeNiSn has been reported to exhibit an anisotropic and
: . . . ‘ : g-dependent magnetic excitation spectrtfrith a spin gap
0 20 40 60 80 100 120 (Eg~1meV) and two peaks dE=2 and 4 meV. These
Energy (meV) excitations, which have attracted considerable attention, have
been claimed to reflect the coherent origin of the ground
FIG. 5. Magnetic spectral response of polycrystalliné®eat  state. In view of the similarities with the situation in CeNi,
T=12K(time-0f-flight data from Ref. B Lines: fit by three inelas- gne might be tempted to apply a similar description to the
tic Lorentzian peakgsee text latter compound. However, the underlying physics is basi-
cally that of a “Kondo insulator” (the existence of a
intensity appears abovel5 meV and a very broad peak, pseudogap in the magnetic response is associated with a
with its maximum located above 50 meV, is observed for allsemiconducting character of the electron density of states
Q values. As noted above, this is indeed a rather commowhich certainly does not correspond to the case of CeNi, and
feature among IV cerium compounds at low temperature. Fopossibly not even to that of CeNiSn which is now believed to
instance, it was shown in Ref. 4 that the magnetic excitatiorstay metallic aff =0. Furthermore, the existence of narrow
spectrum of CePdat T=10K can be fitted by a single extra peaks in the magnetic response of CeNi provides some
Lorentzian withZw=53meV andI'/2=38meV, compa- evidence that other mechanisms, in particular the crystal field
rable to our values for CeNi. This type of behavior is con-and electron-phonon interactions, might play a part, in addi-
sistent with the results obtained by various theories for dion to the usuabkd-f hybridization.
single-ion Anderson model using the noncrossing In trivalent Ce compounds with localized 4tates and a
approximationt.” 8 point-group symmetry lower than cubic, the CF interaction
In the present case, however, additional narrow lines arsplits the ground-state multipl¢total angular momenturd
observed on the low-energy side of the above broad peaks 3) into three Kramers doublets, which produce narrow ex-
Furthermore, we have found that the magnetic spectral resitations in the neutron scattering spectra. In the 1V regime,
sponse in CeNi ig| dependent and anisotropice., polar- these excitations are normally smeared out by magnetic fluc-
ization dependeitIndeed, the peculiar shape of the powdertuations. However, the idea that the CF might play a role in
spectrum reported in Ref. 8, with a steep rise of the intensitghe formation of the excitation spectra in IV materials, even
just above the upper limit of the gap, can now be traced back: the case of relatively high fluctuation temperatures, has
to the reciprocal-space averaging of the narrow spectral conbeen substantiated by the observation of several peaks in the
ponents at 18 and 34 meV. This is illustrated in Fig. 5, wherenagnetic spectra of YbB8i, and YbCySi,.?* For CeNi, the
the TOF data are well reproduced by a phenomenological fisplitting that would exist without the valence fluctuations can
using the same three spectral features as for the single crystad¢ estimated in two different ways. First, one can extrapolate
(the energy positions, as well as the half width of the broadhe energy positions of the CF levels determined experimen-
Lorentzian were kept constantPhysically, the observed  tally in the solid solutions Ce ,La,Ni (x=0.5,0.8)2% in
dependence indicates that single-ion processes alone cannahich the Ce 4 state is trivalent and localizeondo re-
account for the magnetic excitation spectrum of CeNi at lowgime), by taking into account the change in the lattice pa-
temperature, and that coherence and/or magnetic correlatioameter. The starting energy values are 0-7-15 meVxfor
effects should be taken into account. This assumption is sup=0.8 and 0-11-20 meV foxk=0.5. Alternatively, one can
ported by the previous observation that the gaplike behaviocalculate the C¥ energy level scheme by using the param-
in the inelastic response disappears when 20% of the Ce &ters of the CF potential derived from the measurements of
substituted by L&.On the other hand, the quasielastic spec-CF effects of other rare-earth impurities in the CeNi
tral response observed in Ref. 9Tat 200 K suggests that a matrix!° Both methods were found to give consistent results,
single-ion behavior is practically recovered at this temperaand the “nominal” CF scheme of Gé& in pure CeNi is thus
ture. It is worthwhile to mention, in this connection, that the estimated to be approximately 0-14-25 meV.
electronic component of the thermal expansion coefficient From this analysis, it appears that the CF interaction
«a(T) varies nonmonotonically as a function of the lattice might account qualitatively for the extra peaks observed near
constant in solid solutions containing either Uattice ex- 18 and 34 meV. However, the application of such a picture
pansion or Y (lattice compressionthe peak which exists at to the present system poses several problems. First, the ab-
T=100K in pure CeNi, is strongly depressed and shifted tesence of quasielastic signé&ee aboveimplies a drastic
lower temperatures in both types of alloys ¢@eayNi and  change in the nature of the ground state, incompatible with
CeygY,Ni), ! again indicating that coherence effects occurthe assumption of a normal CF Kramers doublet. Second, the
in pure CeNi. peaks measured in IV CeNi are significantly narrower(
To describe such a situation, one can start from a periodie=4 meV) than the CF excitation observed in the Kondo
Anderson model, in whiclsd-f hybridization takes place co- compound CgdlayNi (I'/2=7 meV) 8 This seems to con-

S,o(E) (arb. units)
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tradict the general observation that, in unstabldectron of the extra magnetic components. In recent INS experi-
systems, CF excitations gradually broaden in the neutroments, it has been shown that the phonon dispersion curves
spectra as the hybridization energy increases. Finally, as aln CeNi exhibit considerable softening in comparison with
ready noted, the modulation of the intensities in reciprocathe nonmagnetic reference compound La&Nihis strongly
space indicates that correlations exist from site to site, evesuggests that anomalous electron-phonon interactioms-
though no long-range magnetic order is observed. pling of charge fluctuations with lattice vibrationsexist in
It is important to keep in mind that, in Celjiossibly also  CeNi. Whereas it is likely that this mechanism could produce
in YbCwSi,), the spin fluctuation KgTx) and CF QAcp anomalies in the magnetic excitation spectra, the nature and
energies are of comparable magnitude. The interplay benagnitude of these anomalies has not yet been determined
tween spin fluctuations and CF excitations was recently intheoretically for IV compounds.
vestigated in Ref. 22, with emphasis on the case when the
co_ndition kBT_K<ACF _is not fuI_fiIIed. The theory considers V. CONCLUSION
spinon (fermion) excitations in a resonance-valence-bond
(RVB) spin liquid, coupled by Ruderman-Kittel-Kasuya- In summary, the present work provides novel experimen-
Yosida (RKKY) exchange interactions. In the specific casetal information on the dynamic magnetic response of the IV
of CeNiSn, a pronounced minimum is predicted to occur incompound CeNi. The low-energy powder data clearly indi-
the spin density of states near the spinon Fermi level, leadingate that the ground state is a nonmagnetic singlet. The ex-
to an anisotropic pseudogap in the magnetic spectrabtence of a spin-gap-like respondgy(- 15 meV) in this me-
responsé? Various low-temperature propertiegspecific  tallic compound is confirmed by the single-crystal results.
heat, magnetic susceptibility, thermal expansion, and magneébove the gap energy, the structure of the excitation spec-
tostriction are also explained by assuming that the thermotrum is rather complex. Several components could be singled
dynamics is dominated by the spin-liquid-type excitatiGhs. out, in particular two relatively narrow peaks at energies of
At the same time, because charge and spin degrees of fre8 and 34 meV, superimposed on the usual broad inelastic
dom are decoupled in the model, the charge carrier spectruitrorentzian, which have no counterpart in any of the Ce IV
can be gapless, and the system retain a metallic conductivigompounds studied previously. These anomalies may be due
as observed in the best CeNiSn single crystals. to modified CF effects or resonant electron-phonon interac-
In CeNi, the metallic character is unequivocal, and a numtions, both of which have energy scales comparable to the
ber of spectral features reported in the present work closelitondo temperature of the material.
resemble those of CeNiSn: existence of a low-energy gap at
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