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Inelastic neutron scattering in single-crystal YbInCu,
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We have measured the momentum and energy dependence of the spin fluctuations in the low-temperature
mixed-valent state and the high-temperature integral-valent state of Yhlo€ing flux-grown single crystals
and a triple axis spectrometer. The magnetic scattering can be fit with a Lorentzian power spectrum, with
positions and halfwidths equ&él; =2.3 meV andl’*=1.8 meV in the high-temperature state at 50 K and
E, =40.2 meV and’~ =12.3 meV in the low-temperature state at 20 K. Within the experimental uncertain-
ties, the line shape as a function of energy tranéfer, the power spectrundoes not depend on momentum
transferQ. The static susceptibility(Q) is no more than 10% larger at the zone boundary than at zone center
for the [1,0,0] direction. The results compare reasonably well to the predictions of the Anderson impurity
model and to earlier measurements on polycrystalline san[864.63-18207)04121-0

INTRODUCTION mixed-valent compounds utilized polycrystals, and hence
were not designed to study the fl (momentum depen-

The compound YbInCuexhibits a first-order phase tran- dence of the scattering. Use of a single crystal enables us to
sition atT,=40 K (Refs. 1 and 2that is similar to then-y ~ test very general ideas about mixed-valent compounds, in
transition in cerium metal At high temperature the material Particular that the scattering is from highly localized spin
is nearly trivalent, with localized paramagnetit dlectrons; ~ fluctuations, with very littleQ dependence and with nearly
at low temperature, it becomes a mixed-valent Pauli paralorentzian line shape.
magnet. The density changes by 0.5% at the transition, but
conventipnal X-ray Qiffraction studies suggest that there is no EXPERIMENTAL DETAILS
change in the cubi¢C15b) structure. Recently, we have
found that large single crystals can be grown by precipitation The samples were high-quality single crystals grown by
from liquid InCu flux* Structural refinement, using neutron- precipitation from InCu flux, as described earftefhe crys-
diffraction data from a spallation neutron source, shows thatal was faceted, of irregular shape, and of approximate vol-
these crystals are more highly ordered than the polycrystalsme 0.5 cr with a uniform mosaic of order 0.3°. The mag-
used in past studies and confirms that the ground-state strunetic susceptibility of a crystal of YbInGuaken from the
ture isC15b.° Given the high quality of these crystals, and same growth batch and measured in a superconducting quan-
given that YbInCy provides an excellent example for study- tum interference devic€SQUID) magnetometer is shown in
ing the physics of mixed-valence and of first-order valence~ig. 1(@. The absence of a low-temperature “Curie tail,”
transitions, we have begun a thorough characterization aind the fact that the transition at 40 K is very sharp, attests to
this and related compounds. the quality of these crystals. The sample was oriented so that

The focus of the present paper is inelastic-magnetic neuthe [011] direction was vertical and thil00] and [011] di-
tron scattering. Our main goal is to use the single crystal taections were in the scattering plane. It was mounted in a
test for anyQ dependence of the dynamical susceptibility. closed-cycle He refrigerator, and mounted on the H8 triple-
Existing worl® on polycrystals, utilizing time-of-flight mea- axis spectrometer at the High-Flux-Beam reactor at
surements with maximum energy transfer of 50 meV,Brookhaven National Laboratory. For smaller energy trans-
showed that in the low-temperature mixed-valent state théer, we operated with a fixed final-ener@f=14.7 meV, a
scattering exhibits a broad maximum centered near 40 me\tollimation of 40-40'-80'-80', and a pyrolytic graphitéPG)
while at high temperature, a scattering maximum occurs nedilter after the sample; the resolution as measured by the
3 meV. The former energy represents the large characteristioll-width at half maximum(FWHM) of the elastic line was
energy of the mixed-valent state; the high-temperature scatf order 1-1.5 meV, depending on momentum transfer. To
tering was interpreted as arising from crystal-field levels.determine the temperature dependence of the lattice constant
Herein we report a study of the inelastic scattering from ave measured th€2,0,0 reflection and fit it to a Gaussian
single crystal, for which we used a triple-axis spectrometefine shape to determine the peak position in reciprocal space;
and extended the study to higher-energy tran@&rme\j.  for this we used a collimation of 20'-20'-20'. For larger
Most past studiege.g., Ref. 7 of inelastic scattering in energy transfer we utilized a fixed final energy=30.5
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FIG. 1. (8 The dc susceptibility of YbInCy measured in a L . .
SQUID magnetometer. The open circles give the static susceptibil- FIG. 2. Scattering intensity VS energy _tranief_or YbinCu, in
ity deduced from the neutron scattering measurem@igs. 3 and the Iow-temper_ature statepen circlesand in the h|gh-tem_peratyre
4): these are scaled to equal the dc susceptibility at 100KThe state(closed circles In (a) the data were collected at fixed final
lattice constant of YbInCuvs temperature, deduced from the tem- energyE;=14.7 meV and for momentum transf@r=(1.5,0,0 and

b . the intensity is for fixed monitor count of 451CF; in (b), E
erature dependence of the positionQrof the (2,0,0 reflection. . . f
P P P M 2,00 =30.5 meV andQ=(3.5,0,0 and the fixed monitor count is

15x 10P. (Throughout the papef) is given in units of Zr/a, and

N oy N
meV and a collimation of 4640°-40'-80", again with a PG ;- 1sities are given for fixed monitor count.

filter; here, the elastic line showed a FWHM of 3—3.5 meV.

Most studies were p_erformed at fixed momentur_n tra_”Sferécattering is observed. Figuréb? shows the scattering at
the values o given in the figures are expressed in units of jo\yer resolution, and for larger energy transfer. Here the
2m/a,. Scattering intensities in Figs. 2—7 are given for fixed j,omentum transfefQ=(3.5,0,0] is such that a phonon
monitor count(stated in the ordinate labebf incident neu- peak is observed &~15 meV at both 20 and 50 K. The
trons. The absorption length of YbIngat the wavelengths ne|astic scattering observed at 50 K for energy tran&fer

used in these experiments is 1 cm or more, comparable t0 Qf 19 mev is again observed to disappear at low temperature,

somewhat larger th'an the sample_dimensions. From studiq)seing replaced by a broad feature centered near 40 meV.
of how the absorption changed with sample angle we estihege results are similar to those observed efiifepoly-
mate that the effect of absorption on the magnetic line Shape{srystalline samples.

reported below is less than 10%. The observed scatterint,, is @ sum of the magnetic

scatteringl ,5g, Phonon scattering, background and multiple
RESULTS AND ANALYSIS scattering, and elastic scattering né&a+ 0. However, only
the magnetic scattering is expected to change at the first-
The lattice constant of YbanLaS a function of tempera- order phase transition which occurs 'EJ: 40 K. Further-
ture is shown in Fig. (b). The data foT<38 KandT=42K  more, for the small momentum transfer used for the higher
reproduce on warmingclosed circles and cooling(open  resolution studyfFig. 2a)] the phonon scattering should be
circles; the two-phase region extends over 3—4 K and issmall; and for the lower resolution stuflig. 2b)] the pho-
centered aﬂ-S:40 K. The lattice constant shows a disconti- non peak aE=15 meV is well defined, and does not Change
nuity at the transition of 0.165%, so that the discontinuity insignificanﬂy when the temperature increases from 20 to 50
density is 0.5%. K. Hence, by subtracting the low-temperature data from the

Figure 2a) shows the scattering in the low- and high- high-temperature data we should to a good approximation
temperature phases for energy trandter10 meV and at a eliminate all but the magnetic terms:

small momentum transféQ=(1.5,0,9] for which the scat-

tering should be primarily magnetic. At 50 KT>T,) in Imad E; Qi TT) = Imad E;Q; T ) =1opd E;Q;TT)
addition to the elastic peak centeredEat0 the scattering
shows a peak aE~2.5 meV; on transforming to the low- —lopd E;Q;T7),

temperature state, this peak disappears, and only background (h)
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FIG. 4. (a) The difference between the scattering intensity in the
E(meV) low-temperaturg20 K) and high-temperaturél00 K) states. The
final energy is 30.5 meV and the momentum transfe(3is§,0,0.

FIG. 3. The scattering intensity vs energy transfer in the high-The solid line corresponds to a least-squares fit to Etjs:(3)
temperature state for three temperatui®s, 100, and 250 K the where the parameters for the high-temperature state are fixed at
low-temperature data are treated as background and subtracted dffy =2.2 meV andl'*=1.9 meV; for the low-temperature state
to give the magnetic scattering. The final energy is 14.7 meV andhey areEj =40.2 meV andl'*=12.3 meV.(b) The normalized
the momentum transfer ®=(1.5,0,0. The solid lines correspond power spectrumP(E) predicted by Kuramoto and Mer-
to least squares fits to a Lorentzian power spectrins. (1)—(3)] Hartmann(KMH) (Ref. 14 for an Anderson impuritysolid sym-
centered atty and with a width(HWHM) I'. The fits give the bols) plotted in units of the Kondo temperature. The solid curve
following values: at 50 KE§ =2.3 meV and"*=1.8 meV; at 100  demonstrates that a Lorentzian gives a good approximation to the
K, Eg=2.2 meV andl "=1.9 meV, and at 250 KE; =1.4 meV  predictedP(E).
andI'* =2.9 meV.(In these fits the values for the low-temperature
state were fixed dE; =40 meV andl’ " =12 meV) The fit values
for the Lorentzian amplitudes are plotted in Figalas open
circles, scaled to the dc susceptibility at 100 K.

positionEg and the linewidthl™ have different values in the
low- and high-temperature phases. As discussed below, the
degree to which these three parameters depen@ as a
measure of the spatial correlation of the spin fluctuations.

whereT">T, and T~ <T,. We then assume that the mag-

; s = ) 200 : .
netic scattering intensity at any temperature obeys the fol- YbinCu
lowing relation: _ s E - 14 7meV
£ * = Q
I mad E: Qi T) = Ax(Q)[N(E; T)+ 1]fAQ)E P(E;T), E © 8% % o)
) w0 48 ,°,0 o (1.500)

) ) ) @ 100 B%e, + (1.9,00) -
whereA is an overall scale facto(Q) is the static suscep- S &zo A (0,1.5,15)
tibility, [n(E;T)+1] is the detailed balance factor, and 8 .,
f2(Q) is the Yb 4f form factor. For the normalized power = 3923 : .
spectrum we assume the form R 1% HTT R

P(E;T)=(T'/2m) (L[ E—Eg)%+T2]} % 5 10
E(meV)

+H{U(E+Ep)?+ T2} 3)

this is a commonly usédunctional form to analyze the in- FIG. 5. The scattering intensity vs energy transfer in the high-
elastic scattering of mixed-valent compounds. In the limittemperature stat€l00 K) for several values of momentum transfer
Q—0 the static susceptibility(Q) should vary withT pro-  Q and for fixed final energy 14.7 meV. The scattering is essentially
portional to the dc susceptibility4(T); the inelastic peak independent of.
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FIG. 7. (@ The scattering intensity vs energy transfer in the
FIG. 6. The difference between the scattering intensity in theOW-temperature state near zone cerl@=3.9,0,0] and at the
low-temperature staté20 K) and the high-temperature state00 ~ zone boundaryQ=(3,0,0] for the[1,0,0] direction; the scattering
K) for momentum transfeQ at three different locations in the at 100 K'is given to indicate the nonmagnetic backgroyhpiThe

Brillouin zone. The final energy is fixed at 30.5 meV. The scatteringScattering intensity at fixed energy transfér=45 meV (corre-
is nearly independent . sponding to the peak intensity in pajt\ss g where the momentum

transfer isQ=(4—q,0,0) in units of 2r/a,. The solid circles give
. ) the scattering in the low-temperature state; the crosses give the
In Fig. 3 we present fits to the low-energy transfer datenigh-temperature scatteririgepresenting the backgroundnd the
obtained at fixed final enerdy;=14.7 meV, in Fig. 4 we fit  open circles give the magnetic scattering, taken as the difference
the data forE;=30.5 meV. The solid symbols in Fig. 3 between the low- and high-temperature scattering. The solid line is
representl oo d TH)—1,dT~) where T"=20 K and T* a least-square fit for th® dependence of the magnetic scattering.
=50, 100, and 250 K.[In Fig. 4 we plot l,,d{T") (The final energy is fixed at 30.5 meV in this p)ot.
—lopdT").] The lines represent least-squares fits for
Imad T") — Imad T~) based on Eqg2) and(3); we have con-  Fig. 5 we show the observed scattering in the high-
voluted Eq.(2) with a Gaussian to account for the instrumen-temperature state for four differe@ in two different direc-
tal resolution and the known variation of the spectrometetions in reciprocal spac€1,0,0 and[0,1,1]); for theseQ
resolution withE;, Q, andE. The fits give the following and the given range of energy transfer, the observed scatter-
values: at 20 KE; =40.2 meV and" " =12.3 meV; at50 K, ing is dominated by the magnetic scattering. Minor varia-
E§=2.3 meV andl’*=1.8 meV; at 100 K,E3=2.2 meV tions in the scattering can be accounted for by the decrease
andT*=1.9 meV; and at 250 KE; =1.4 meV andr*  ©f the form factor with increasin@, the uncertainty due to

—2.9 meV. (The +/— superscripts refer to the high- and absorption effects, and statistical uncertainty. Apart from

low-temperature phasesThe other parameters of the fit are FhIS, the magnetic scattering in the high-temperature state is

the values ofAx(Q) at the four temperatures 20, 50, 100 independent of), both in intensity and in its energy depen-

) o " dence.
and 250 K; these are plotted in Fig(al, where the values In Fig. 6 we exhibit the magnetic scatteringgT")

have been scaled so thﬂQ):Xdc at 100 K; the valugs. 9f —Imad T") found by application of Eq(1) (with opposite
x(Q) clearly vary proportionally to the dc susceptibility. "5 as determined at lower resolution over a broader
Given the statistics, we do not intend to exaggerate the dgnqe of energy transfer, for three directions in the Brillouin
gree to which Eqgs(2) and(3) fit the data; nevertheless, itis ,one. We note that th@.5,0,0 point is halfway between the
clear that the proposed Lorentzian power spectrum gives ayyne center and zone boundary alorid,0,0; the
adequate representation of the data and allows for extractiqr2.5'2_5,2.5 point is at the[1,1,1] zone boundary and the
of meaningful values of the peak positions and linewidths ing,2.75,2.7% point lies at thd0,1,1] zone boundary. In this
the low- and high-temperature phases. plot, the broad peak near 40 meV is due to the low-
We next turn to theQ dependence of the scattering. In temperature magnetic scattering, while the negative peak at
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low energy is due to the high-temperature scattering. It ishe Q variation of the form factor. The ground-state line
clear that the scattering is very similar at all thf@eThere is shape for Pr(\E) predicted by Kuramoto and
a slight decrease in intensity f@=(2.5,2.5,2.5, which can  Mdller-Hartmann* (KMH) using the Anderson model is
be accounted for by the decrease in magnetic form factor athown in Fig. 4b) as the filled symbols. The power function
this Q; otherwise, we again assert that, within the uncertainis very nearly Lorentzian: the solid line represents the form
ties due to absorption effects and the counting statistics, the . 2 2
scattering is independent f, both in its energy dependence P(E)1R(2sina )"+ (E=1.15T¢)7, )
and its intensity. where simv=sin mn;/(2J+1)]~0.31 for YbInCuy where J

To examine this more closely, we show in Figaj7the =% and the Yb 4 hole occupation numbeas determined
scattering in the low-temperature state near zone centdfom Lz x-ray absorptiopis n;~0.8.
[Q=(3.9,0,0] and at the zone boundaf®=(3,0,0] along For YbInCy, a Lorentzian power spectrum gives an ad-
the[1,0,0] direction; the scattering at 100 K afy=(3.5,0,0 equate description of the data, and within the uncertainties,
is shown to demonstrate the level of background scatteringhere is noQ dependence of(E). Furthermore, while
As in Fig. 6 there is no variation of the energy dependence((Q) appears to be larger at the zone boundary than at zone
[i.e., of the power spectruf(E; T)] with Q; however, there center, the effect is sma(lllO%), so that the spin fluctuations
does appear to be a significant increase in the peak intensifff€ Very nearly localized. We note, however, that the ob-
of the scatteringnear E=45 me\) at the zone boundary Scrved ratio of the linewidth to the peak positioli/E,
along[1,0,0] which would reflect an increase in the static (_21|2n/31/410&%0052)1) is somewhat smaller than that of Ed)
susceptibilityx(Q). However, some of this apparent increase We élso p.oint.out the consistency with the earlier vfork
is due to variation in the background scattering withThis

. - performed in polycrystals. In that study, a time-of-flight
IS ShO.W” in Fig. ), where we present results for the peakspectrometer was employed; by summing the data for a num-
intensity, as measured at a fixed energy transfed5 meV,

: LY ber of detectors spanning a range of andksd henceQ)
as a function oRQ along the[1,0,0] direction. At eaclQ we  (g|atively good count rates and statistics were obtained. The

again subtract the high-temperatuteckground scattering  corectness of this procedure is reinforced by our observation
from the low-temperature data, and plot the resulting low-of the lack of significantQ dependence. The ground-state
temperature magnetic scattering as open circles; the solighe shape was fit with a Lorentzian function centered at 40
line is at least-square fit to the data points. The scatteringneV, with a half-width of 18 meV; the rati®'/E,=18/40
increases by a factor of 1.37 from zone cefi@+(4,0,0]to  =0.45 is in better agreement with E¢) than our result.
zone boundaryQ=(3,0,0] of which a factor of 1.23 is due However, this fit was obtained for a more limited range of
to the larger form factof?(Q) at the smallerQ. Hence. energy transfer; the maximum energy transfer was 50 meV
there may be a weaki0%) increase iny(Q) from zone in that experiment compared to 65 meV in the present case.

center to zone boundary alofig),0,0. It would be worthwhile to repeat the time-of-flight study on
polycrystals to higher-energy transfer to obtain a better de-
DISCUSSION termination of the line shape. In that study, the scattering in

) ) the high-temperature state was interpreted as arising from a
The degree to whicty(Q) and P(E) depend oQ is @ pajr of crystal-field levels; but since the linewidth of the

measure of the static and dynamic spatial correlations of thgcattering'is as large as the excitation endrg® meV) we
spin fluctuations. AQ-dependence characteristic of antifer- haye chosen to treat it as a single broadened excitation, of
romagnetic correlations has been observed in several heagbndo type.

fermion compounds that are close to the trivalent limit and The relationship of our results to the static susceptibility
that have small(1-10 K) values for the characteristic is also in good agreement with the theory of a Kondo/
(Kondo) temperatureT.° For mixed-valent compounds Anderson impurity. The susceptibility predicted for a mixed-
with large Tx, most experimental studies gf (Q;E) have valent compound, using the Anderson model in the same
been performed in polycrystalg.g., Ref. 7, where theQ  approximatioh’ as that leading to Fig.() and Eq.(4), sat-
dependence cannot be determined. Theoretical studies of tfigfies x(0)=n;C/T, whereC is the Curie constanfor J
Anderson lattice based on the random-phase approxintation= 3 Yb, C=2.58 emu K/mol. Given the peak positioi,

or variational treatment$ exhibit considerableQ depen- =40.2meV, then Eq(4) givesT,=405 K. Forn;=0.8, the
dence in bothy(Q) and P(E), arising from interband tran- predicted susceptibility is¢(0)=0.0051 emu/mol. For the
sitions across a gap that is predicted to arise frofa 4 data of Fig. l(after correction for a very small “Curie tail’
conduction electron hybridization. For small hybridization, athe measured value jg0)=0.0056 emu/mol. Similarly, for
peak in y(Q) is expected at the zone boundary; a zonethe hlgh-temperature stateE, =2.3 meV, then KMH
boundary peak observed in TmSe has been interpreted in thigeory* for the casen;=1 givesTy =25 K; comparisofy of
manner® Studies? of the one-dimensional Anderson lattice the dc susceptibility data to the prediction of the=3

at half-filling (for which a “Kondo insulator” state occuys Kondo model gives =20 K. Given the uncertainties in our
show that the Ruderman-Kittel-Kasuya-Yoshida correlationdlat@, this is excellent agreement.

observed for the symmet_r(cnearly integral valentcase dis- ACKNOWLEDGMENTS
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