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Inelastic neutron scattering study of the Kondo semiconductor YbB,
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Time-of-flight inelastic neutron scattering experiments on the archetype Kondo-insulator compoupd YbB
are reported. At the minimum temperatureTof 15 K, the magnetic response clearly shows a spin-gaplike
behavior below 10 meV. Above this energy, the spectrum consists of three main components at 15, 20, and 38
meV. Above 40 K, substantial quasielastic scattering is recovered whereas the upper peak is rapidly sup-
pressed. An extra intensity remains visible in the 20 meV region up=td59 K. These results reflect the
formation of a singlet Kondo-insulator ground state, but an additional mechanism is needed to explain the
complex structure of the magnetic response. One possibility is an interplay between hybridization and crystal-
field effects.[S0163-18209)05743-4

[. INTRODUCTION then rapidly decreases to reach a constant Yatharacter-
Mixed-valence(MV) semiconductors and Kondo insula- 'SUC. for nonmagnet.|c ground.s.tate. The low tempergture be
L . ) havior of the electrical resistivity and of the electronic term
tors form a fascinating class of materials, which behave as ! ) .
: in the specific heat are explained by the opening of a narrow
metals or semimetals near room temperature, but develo : )
: . . : ap, E,/kg~140K, around the Fermi energy in the elec-
unconventional semiconducting properties when they ar 9 5 . . h .
. ronic density of state3® From this point of view, YbB, is
cooled to low temperatures. The formation of a narrow elec-

. . _quite similar to the archetype MV system SgiBn which
tronic gap (or pseudogapin these systems cannot be ex- o 1,18 ang Ramah experiments have recently revealed
plained by the single-electron band structure, but likely re

its | lati p ivolvireel ‘unexpected characteristics of the spectral response. Both sys-
sults from complex correlation effects, involvirfeglectron o "vove similar electronic properti&®®* B, and R3* By,
quasiparticles hybridized with conduction-band states. Th%re metals with one free electron per formula dRiow-

best-known members of this family are Sghd CeBisPl,  ever, there are significant differences in the formation of
but the compound YbB, which has not been studied SO thejr ground states. In the case of Sm, one deals with a com-
extensively in the past, also exhibits typical Kondo-insulatorpetition between two unfilled-shell states, mediated by the
properties. Its crystal structure can be conveniently describeglybridization with conduction-band states. In YBon the

as a variant of the NaCl typd=(n3m) in which boron atoms,  other hand, the hybridization causes a partial localization of
forming tightly bound dodecahedra, replace the anion. Acone extra electron from the conduction band to form a
cordingly, the lattice spacing is relatively largea, closed-shell 41 configuration carrying no magnetic mo-
=7.469A. One salient physical property of YpBis the  ment. This situation may be more closely related to that oc-
non-integral population of the Ybf4shell (MV state). This  curring in Ce MV compounds, where thé¥4state of C&" is
was inferred from an analysis of the high-temperature magadmixed with the empty-shell configuratiqelectron-hole
netic susceptibility(estimated valence=2.85,%? of x-ray ~ symmetry. From heat-capacity data and entropy calcula-
photoemission(XPS) spectra atT=300K (v=2.9)% and tions, it was concluded that crystal-figl@F) effects split the
photoemission results aT=30K (r=2.86+0.06)% All lower multipletd=7/2 of Yb** into one quartet ground state
these values are consistent and do not suggest a significalg and two doubletd’; andI'g (Refs. 2 and § with a total
temperature dependence of the Yb-ghell occupancy. The splitting of more than 300 K.From theoretical consider-
metallic, local-moment properties existing at high tempera-ations on thd-electron excitation spectra, an upper limit of
ture undergo dramatic changes as temperature decreases. This splitting, of about 60 meV, has even been suggested.
magnetic susceptibility follows a Curie-Weiss behaviorHowever, this picture most likely applies only for tempera-
above 170 K but, around 75 K, it shows a broad maximumtures larger than-240 K (i.e., T=Ty) (Refs. 2 and #since
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the appearance of the low-temperature Kondo-insulator state 200 meV. Ld'B,, was studied af=15K for both inci-

is believed to reflect the formation of a nonmagnetic manydent energies, and only @t=159 K for E;=80 meV. Abso-

body singlet state. Therefore, a detailed study of the magute calibration of the measured cross sections was achieved

netic excitation spectra in YbBby inelastic neutron scatter- by normalization to a vanadium standard. The detectors were

ing is essential to clarify the exact nature of the ground stategrouped into seven banks with average scattering angles
A previous neutron time-of-flight experiment was carried(za) of 5°, 11.5°, 16.5°, 21.5°, 26.5°, 115°, and 130°. The

out by Bouvet' at the end of the 1980s, using a powderflight path to the detectors was 4 m &¢)=5° and 115°,

sample of YB'By, with 98% *'B enrichment. These results 2.5 m at(26)=11.5° to 26.5° and 130°. The resulting en-

were subsequently discussed in several theoretical public&rgy resolutiongfull width at half maximum of the elastic

tions by Kasuya(e.g., in Ref. 12 The original data have peak in vanadium for incident neutron energies oE;

been published recently together with an improved analy- —ggmev (200 meVj were 2.15 meV(5.7 meVj for (26)

sis of the phonon correction. In the meantime, we had under=5° and 3 meV(8 meV) for (26)=11.5 to 26.5°. Spectra

taken new experiments using a powder sample with a high&fere typically recorded with a total proton current of 1000

"B enrichment(99.5%."* The results are described in the ,a.

present paper. It is of particular interest to compare measure-

ments performed on different specimens using different

spectrometers, because the synthesis of good-quality;,YbB Il. RESULTS
is known to be difficult, and several aspects of the analysis of _ _
the neutron spectra are not straightforward within the limits A. Subtraction of phonon scattering

of experimental accuracy. The experiments reported in Ref. Before analyzing the magnetic spectral response of
13 had been realized on the spectrometers (N4) and  yp!'B,,, it is essential to achieve a proper separation of the
DN6 (CEA/Grenoble with incident neutron energies of less magnetic and nuclear components in the experimental spec-
than 70 meV and a resolutidfull width at half maximum  tra. In the earlier work of Bouveét, it had been found that a

of about 5 meV at zero energy transfer. It will be shown instrong phonon excitation exists &t=16 meV, almost ex-

the following that the use of the time-of-flight spectrometeractly superimposed on one of the magnetic peaks of interest,
HET, located on the ISIS neutron spallation source, at inCiwhich made the determination of the magnetic signal in this
dent neutron energies of 80 and 200 meV, together with th%gion questionab|e_ Subsequenﬂy, the same data were
substantial reduction of the sample absorption, provide botkeanalyzetf by considering the B and rare-earth contribu-
improved instrumental resolution and hlgher Counting StatiStionS to the phonon density of states Separate|y_ In the
tics. This turns out to be critical for Correctly assessing thqgresent measurements, a more direct approach was made
nature and temperature dependence of the various compgossible by the use of a higher incident energy with a better

nents of the magnetic response. experimental resolution. The method is similar to that de-
scribed in Ref. 15, and consists in deriving the nuclear con-
Il. EXPERIMENTS tribution at low scattering angles ¢2) from that measured

at high scattering angles 6) by means of an energy-

Powder samples of ¥#B;, and of the reference com- dependent scaling factofE,26, ,26,;). This factor is deter-
pound LU'B,, were prepared at the Institute for Problems of mined from independent measurements of an appropriate
Materials Science NASU(Kiev, Ukraing by borothermal re- nonmagnetic reference material. This procedure is based on
duction at 1700 °C under vacuum. Starting constituents wer@vo main assumptions. The first one is that magnetic scatter-
Yb oxide Y05, Lu,Os and elementat'B (99.5% enrich-  ing makes a negligible contribution to the high-angle spectra,
men). The 'B isotope was selected in order to decrease thdecause of the markedly different wave-vector dependencies
absorption cross-section of the sample. X-ray diffractionof the magneti¢form-factor decreageand phonor(approxi-
measurements confirmed that both materials have the cubinately «Q?) signals. In the case of ¥b ions, this is real-
Fm3m structure, and no impurity phase was detected. Thézed for momentum transfer=9 A~!. The second re-
room-temperature lattice parameters are 7.4834 for  quirement is that the scaling functiofisigh angle to small
Lu''B,, and 7.468&) A for Yb!'B,,. The powder samples angle for the phonon component of the spectra should be the
of YbB, (8.6 g and LuB,, (5.85 g were placed in a flat same for YbB, and the non-magnetic reference compound
square-shaped aluminum container with dimensions 42uB,,. The validity of this assumption mainly relies on the
X 42 mm and thicknesses of 2z@.3mm and 1.40.3mm, equivalence of multiple-scattering contaminations in the two
respectively. materials. In the present case, both have a relatively strong

The neutron scattering experiments were performed omesidual absorption for thermal neutrofrs270 barns per
the time-of-flight spectrometer HETISIS, RAL) with two  YbB, formula uni), which results in a strong suppression of
incident energie&; =200 and 80 meV. These incident ener- multiple-scattering effects because the transmission along
gies make it possible to explore a wide interval of momen-the sample is much lower than perpendicular to its surface
tum transfers(0.5A '<Q=<11A"! for E;=80meV, and (i.e., in the direction of the incident beaniTherefore, the
1.2A 1<Q=24 A1 for E;=200meV in the positive en- scaling functiorr (E,26, ,26,) derived from LuB, should be
ergy transfer range. The measured transmission of the )YbB applicable to YbB,.
sample was 0.85 at the incident eneEgy- 200 meV, 0.82 at In our experiments, the spectra for Ygand LuB,, were
E;=80meV, and 0.79 aE;=50meV. The YB'B;, mea- measured under identical conditions. Both materials have al-
surements were performed at temperatureg-efl5, 37, 55, most equal transmissions and, as noted above, the contribu-
75, 105, and 159 K foE;=80meV, and alf=15K for E; tions from multiple scattering should be very similar and
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FIG. 1. Energy spectra of LuB(open circlesand YbB,, (black 3 5 _
dotg at T=15K, measured with the incident neutron enefgy £ |
=200 meV at a scattering ang{@6)=130°. The spectra are nor- [m 0
malized with respect to the intensity of the peak at 125 meV. Inset: =) I
energy spectra af=159K for (26)=130° andE;=80 meV; the é T
two spectra have been normalized in the high-energy region ( e 0 50 100 150
—R0_ £
=60-70meV). o Energy (meV)

relatively small. Moreover, since the Yb and Lu elements FIG. 2. Energy spectra of YhBat T= 15 K measured with the
have comparable atomic masses, and Yl#Ehd LuB, have incident neutron energ; =200 meV.(a) total scattering intensity
similar electronic band structures, one can expect the phond@pen circlegand phonon contributiofdots for the lowest scatter-
densities of states to be nearly identical. Coherent effecti®g angle(26)=5°. (b) Comparison of the magnetic spectra for
may exist at low energy transfers and small Scattering ang|é§/0 different Scattering angles. Intensities have been Scalé@ to
because of the large coherent cross section, but this effect 50 using the YB' form factor. Lines represent a fit to a spectral
partly compensated by the relatively small size of the Bril-function consisting of two Lorentzian peaks.
louin zone inRB;, systems, which produces substantial av-
eraging in the powder spectra. From our data, it can be cor<(E,26, ,26,;) determined at these two temperatures were
cluded that coherent effects are notable only in the foot ofound to coincide within experimental accuracy. The values
elastic line, and this limited energy range was therefore exebtained atT=159K were used for the treatment of the
cluded from the following analysis. YbB;, spectra because the statistics at low energy was better
The scattering function$(Q,E) = (k; /k¢) (d?c/dEdQ) at this temperature.
of YbB,, and LuB,, obtained for a scattering angle ¢ 6)
=130° are shown in Fig. 1. Her@ is larger than 13 A for
all energies and only phonon scattering can be expected to
contribute. Both spectra exhibit several phonon peaks up to Magnetic spectra of YbB for different scattering angles
130 meV, as in the case of Sm& In the low-resolution and temperatures have been obtained by subtracting out the
measurementsE; =200 meV), it can be noted that the low- calculated nuclear component. This procedure is illustrated
energy part of the phonon spectra, below 30 meV, is stronglyn Fig. 2@, which represents the neutron spectrum for
modified upon replacing Lu by Yb. At higher energy trans-{26)=5°, measured al=15K with an incident neutron
fers, the spectra are identical in the limits of experimentakenergy of 200 meV. Data points in the rangé meV<E
accuracy. In the spectra measured with better resoluipn ( <5 meV have been discarded because of the large statistical
=80meV), one sees that the intensity of the peak centeredrror caused by the strong nuclear elastic contribution. Fig-
atE~15meV is larger by a factor of 3:10.1 in YbB;,than  ure 2b) shows the high-energyE{=200 meV) magnetic
in LuB;, (inset in Fig. 1, whereas the signal at higher ener- spectra for two different scattering anglé26)=5° and
gies is the same in both compounds. These results clearB1.5°, normalized with respect to a vanadium standard, cor-
indicate that the peak at 15 meV arises from the vibratiorrected for self-screening, and scaledQe=0 according to
modes of the rare-earth ions: indeed, the ratio of the totathe calculated magnetic form factor of ¥b(Ref. 17. It can
nuclear scattering cross sections of Yb and Lu is 23.4/7.2irst be noted that, at least for energies larger than 20 meV,
=3.25, in good agreement with the experimental value. Théhe two data sets coincide within error bars. A similar agree-
scattering observed at higher energies, in particular the praonent was found for other magnetic spectra measured at low
nounced peak above 20 meV, which is essentially indeperscattering angle$5°—26.59, lending strong support to the
dent of the rare-earth element, can be ascribed to the vibrgrocedure applied above to estimate the phonon term. With
tion modes of boron. This distinction is the basis of thethis resolution, the magnetic response of YpBppears to
analysis performed in Ref. 13. contain only two spectral components centered around 20
LuB,, spectra for different scattering angles have beerand 40 meV, which can be well fitted by assuming simple
measured at 15 and 159 K, and the scaling functiondorentzian spectral functions with half widthis;/2 [thin

B. Magnetic response
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FIG. 3. Magnetic energy spectra of YpBat T=15K, mea- =15k (incident energyE; =80 me\).
sured with the incident neutron enerBy=80 meV, for two differ-
ent scattering angles. Intensities have been scal@0 using the Next, the evolution of the magnetic excitation spectrum in
Yb3* form factor. Lines represent a fit to a spectral function con-ypB,, was investigated as a function of temperature. Quite
sisting of three Lorentzian peaks. remarkably, increasing temperature up to only 159 K pro-

duces drastic changes in the entire spectral response between
lines in Fig. 2b)] and representing the scattering function by g and 50 meV. A selection of spectra for different tempera-
the usual phenomenological expression turesT=15, 55, 75, and 159 K is shown in Fig. 5. At

=75K [Fig. 5(c)] the peak at 38 meV has its intensity re-

duced almost by a factor of two, without substantially shift-

Stad E, T) 1—exp(—E/kgT) ing its position. Moreover, a quasielastic component appears
at low energy. The two inelastic peaks at 15 and 20 meV are
O ri(m/2 clearly observed fof<100K. At the highest temperature,
= Xi
I

DemrrrEz Y

v 1 M 1 M d 1 M T v T
No significant additional intensity is detected up to 150 meV. 15 [ YPB,, E;=80meV (@)
The low-energy part of the spectra, measured with a better L <20>=5°
resolution atE;=80meV, is shown in Fig. 3 for two differ- 10 -
ent scattering angle®6)=5° and 26.5°. Again, the agree- s T=15K
ment between the two sets of data is quite good. In compari- -
son to the low-resolution data, the spectra shown in Fig. 3 .~ 0 et
reveal that the lower peak actually consists of two compo- = 15[ T=55K (b)
nents atE=15 and 20 meV. This explains incidentally why b A
the two spectra shown in Fig(l® were found to deviate at g 10
low energies: the different scattering angles correspond to 2 5'
different flight paths and resolutions, and the effect becomes = L o TN\ T P
significant in the case of peaks with small line widths. The g TR e : T :
upper peak is broader and centere@at38 meV. The most = 15L T=75K ()
remarkable feature is the absence of any detectable magnetic g L
intensity below 10 meV at this temperaturé<15K). In o 10
particular, we do not observe any evidence of quasielastic i 5|
scattering. More precisely, if such a signal exists, it has to be % I
either very narrow ['/2<4 meV) or very broad with a low o 0=
intensity. We will see below that both possibilities are rather I
unlikely. The experimental spectrum was fitted by three 15_
Lorentzians. The same analysis was performed for all spectra 10F o
measured at different scattering angles. The integrated inten- I o 0 N
sities are plotted in Fig. 4 as a function of the momentum 5_' X A NG 5
transfer Q. We recall that, since all experimental spectra 0 — R Y B
have been scaled =0 (see above the data plotted in -40  -20 0 20 40 60

Fig. 4 are already corrected for th@ dependence of the Energy (meV)

magnetic form factor. Therefore, the fact that the intensities g 5. Magnetic energy spectr&,.{Q=0), of YbB,, at

of the peaks at 20 and 38 meV do not vary appreciably witifour different temperatures, measured at the lowest scattering angle
Q indicates that these excitations follow the form factor of(2¢)=5° with the incident energf; =80 meV. The lines represent
Yb3*. On the other hand, it is clear that the intensity of thea fit to a spectral function consisting of inelasttbin lines and
lower peak at 15 meV decreases much more steeply. quasielastiddashed ling Lorentzian peaks.
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[ 3 E = 80 meV —exp(—E/kgT))Syad Q=0,E)dE to correct the results for

a0k 5 : i the effect of the temperature factor. On the other hand, the
I ‘a"%"ﬁ" TR T ] intensities of the inelastic peaks have been obtained as

JSmad Q=0E)dE, which corresponds, in the case of CF

30 excitations, to the usual product of the Boltzmann population
I é % g | factor by the squared transition matrix element. The experi-

20 --ﬂ---é--é --------------- . mental half widths of the peaks at 15, 20, and 38 meV are
t -B--4--9--8----5-- 1 I'/’2=2.5+1, 5£2, and 133 meV, respectively, and'/2

10k g ?O oo —5° H =15+5 meV for the quasielastic peak. Thiedependencies

I o <26>=19%]

P 1 N

Peak energy (meV)

of the line widths have not been plotted because their varia-
tions were not considered significant. It can only be noted
that the widths of the peaks at 15 and 20 meV are system-
atically smaller at 15 K than at higher temperatures.

) B The main effects of temperature can be summarized as
FIG. 6. Temperature dependence of the magnetic peak positiong)|jows. The peak at 38 meV does not appear to shift signifi-
in YbB,, in spectra measured for two different scattering anglesct,_mﬂy with increasing temperatutig. 6), but its intensity

The values fo26)~19° were obtained by averaging the spectra;o strongly reduced between 15 and 55 K, then decreases
over the angular range 1£°20<26.5° prior to fitting. The dashed more slowly[Fig. 7(d)]. This very steep temp’erature depen-
lines correspond to the constant energzes15, 20, and 38 meV. dence cannot be explained by thermal population effects for
any realistic CF scheme. It rather seems to correlate with the
T=159K, they are replaced by one broad peak centered &mergence of the quasielastic peak, which is observed above
aboutE=23meV. Simultaneously, the peak at 38 meV dis-1—37k_ This signal grows rapidly with increasing tempera-
appears co_mpletely a_md the quasielastic contribution beg, e up to 75 K[Fig. 7(&]. For higher temperatures its in-
comes dominant. In Fig.(8), one sees that the spectrum at (gngjty increases more gradually. On the other hand, the
T=159K could be fitted using only the quasielastic peak antheaks at lower energies seem to be related to each other. The
one inelastic peak, both with Lorentzian line shapes. Thﬁ)eak at 20 meV increases with temperature, while the peak at
parameters obtained from the different fits are summarized ifg ey peak decreasfigs. 1b) and 7c)]. The latter peak

O " i n n 1 i n " 1 1 L
0] 50 100
Temperature (K)

150

Fig. 6 (peak positionsand Fig. 7(integrated intensitigsIn

could be traced up to 105 K and its energy does not change.

the latter figure, the values corresponding to the quasielastigo position of the 20 meV peak shifts slightly up

peak have been calculated as [(1/E)(1 ~23meV at T=159 K.
60 T T T T T
L quasielastic E, =80 meV ‘? IV. DISCUSSION
401 + o ] The unusual magnetic excitation spectrum of YhBas
I + e} $ well as its pronounced temperature dependence, clearly re-
201 ] flect the formation of the Kondo-insulator state at low tem-
I + + (@) perature. AtT=15K, three main components are found to
0 === : 3 : 5 : exist: one narrow peak &= 15 meV, whose intensity varies
- 30 _'E =15 meV ) with Q faster than the Yd form factor, and two broader
-‘§ 20 | ¢ %} i ones at 20 meV and 38 meV. Most remarkable is the abse_nce
5 I $ ‘{’ ] of appreciable magnetic scattering at low energies, which
3 10F ‘{’ - proves that a gap,, of about 10 meV exists at this tempera-
= J] rL(b)- ture in the magnetic excitation spectrum of YhBThese
g 0 — : 7 results are in line with those reported recently by Bouvet
g 60 '_E =20 meVD 8 '{J ] et al® In view of the various experimental problems to be
3 o & overcome(difficult sample preparation, absorbing material,
40 - 8 . coincidence of magnetic, and lattice excitatiprisis satis-
o0 k ] fying that data obtained on different specimens, using differ-
©)] ent spectrometers, and treated by different procedures, lead
0 - : r ; : to a consistent description of the low-temperature magnetic
o 0 <20>=5° response in YbB.
100 |- O <20>=19° ] One advantage of the present measurements is that the
50 - © 3 i spectra coult_j be calibratgd in absolqte units. Ther(_afore, the
lE=38meV 8 a (d)1 total magnetic cross section was _es'umated, at a given tem-
0o : 5'0 : 1(')0 . 1505— perature, by integrating the experimental scattering function

FIG. 7. Temperature dependence of the integrated intensities for

Temperature (K)

over the energy,

+ oo
=4 =0,E)dE, 2
(a) the quasielastic peak, and the inelastic peaké)al5, (c) 20, Im Wf_oc S(Q ) )

and(d) 38 meV. Two sets of points correspond to different average
scattering angles and different resolution conditions. with Sin (barn meV'! sr/Yb).
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Because of the limited energy range of our experimentalike response was recovered B&150K. A simple model
data, the values of the scattering function néarO and for \as proposed, in which the magnetic response at low tem-
E>E; were approximated by the same analytical expressiongerature was ascribed to interband spin-flip transitions across
(Lorentzian that were used for the fits in the preceding sec-a hybridization gap, and the temperature dependence to a
tion. The resulting total magnetic cross section atl5K  rapid closing of this gap between 50 and 100 K. In the case
are 8.8-0.8 barn forg;=80meV and 1+ 1 barn forE;  of YbB,, a more detailed analysis is possible because sev-
=200 meV (with an integration cutoff of 500 me)V These  eral distinct components could be singled out in the experi-
values are somewhat smaller than the cross section calcmental spectra. The influence of temperature on the magnetic
lated for the YB* ion ground-state multipled=7/2 (o response is of particular interest as these components exhibit
=12.6 barn. The difference between the results obtained forcontrasted behaviors in the temperature range- 70 K)
different values of; may indicate that our extrapolations of where the gaplike behavior appears. On several important
the scattering functions to high energy transfers are not sufoints, our analysis of the evolution of the different spectral
ficiently accurate, especially in the case of the lower incidentomponents is at variance with that reported in the work of
energy where the experimental range is more limited. On th@ouvet et al*® In our data, the main effects of increasing
other hand, the missing cross section Eg=200meV can temperature are the recovery of a quasielastic component
be roughly accounted for by the “substitution” of 10% of above 50 K, accompanied by the suppression of the peak at
the YB** by nonmagnetic Y&". Therefore, if we assume a 38 meV with no substantial shift in its energy position. From
valence of 2.8 to 2.9 the experimental magnetic cross sec-the sequence of spectra presented in Fig. 5, it is cleafithat
tion measured at=15K implies that other components of the peak at 23 meV observedTt 159 K isnot the result of
the spectrum that might have been overlooked in the above gradual shift of the 38-meV peak to lower energies as
analysis (for instance quasielastic scattering with a veryclaimed in Ref. 13, andi) the appearance of the quasielastic
small line width representess thanl5% of the total spectral signal correlates with the suppression of the 38 meV peak
weight. rather than with a softening of the excitation at 20 meV.

As noted in the Introduction, there is strong experimentaBoth measurements agree, however, on the remarkable ob-
evidence that the magnetic properties of YbBre domi- servation that the original signal at 38 meV is strongly sup-
nated by the Kondo effect, both in the pure compound and itpressed by heating to a temperature of 100 K, even though
solid solutions Yh_,Lu,B;,, with Kondo temperatures esti- its excitation energy is much largéy a factor of about ¢
mated to be on the order of 250—300 K over a wide range ofhan the corresponding thermal energy. The rapid transfer of
concentrationd. For normal metallic Kondo systems with spectral weight from this inelastic signal to a quasielastic
moderateTk , the magnetic excitation spectrum at low tem- response as temperature increases indeed corresponds to
perature is expected to contain one quasielastic componenthat was observed for GRi,Pt;, and can be ascribed to the
originating from the many-body ground state, and well-collapse of the electronic gap. Interestingly, recent optical
defined inelastic peaks related to the ionic CF scheme. It isonductivity experiments on YhB single crystd® have re-
easy to see that our data are not amenable to such a descrijealed the existence of a peak a0 meV for T=20K,
tion. For an YB" ion at a cubic site, the ground state= which disappears, together with the gap, when temperature is
splits into one quartel's and two doubletd™; andI'g. All raised to above 70 K. One should be careful, however, in
wave functions and transition-matrix elements are fixed incomparing optical and magnetic spectra because the latter
this case® If the ground state i§'g, as suggested by previ- correspond to excitations with spin reversal but no charge
ous studie$;*? the spectrum at low temperatukgT<Aor  transfer.
should consist of one quasielastic and two inelastic lines with  The origin of the two peaks at 15 and 20 meV in YbB
intensity ratios 7.2:6.0:7.8.1n other words, the quasielastic deserves special attention because such structures were not
signal should amount to more than 50% of the sum of theletected in CBi,Pt;. On the other hand, a narrow peak at
inelastic components, in complete contradiction with the exabout 14 meV, ascribed to an excitonlike bound stéteas
perimental result. For other choices of the ground state, elbeen reported for SmBFrom our data, it seems that the two
therI'g or I';, only one excitation would exist at low tem- spectral components in YQBchange gradually to a single-
perature because the transition to the other doublet has itwoadened excitation at about 23 meV, which is clearly vis-
matrix element equal to zero, but an additional peak shouldble in the spectrum folf =159 K. At this temperature, the
appear whenT becomes of the order of the crystal field. intensity of the quasielastic signal is comparable to, or even
Therefore, it is evident that the low-temperature magneticstronger than, that of the latter inelastic peak. Therefore, if a
response of YbB, is deeply altered by the formation of the single-ion regime is considered to be recovered at this tem-
Kondo-insulator ground state accompanied by the opening gferature, as demonstrated in Ref. 2, it is reasonable to ascribe
a gap in the electronic density of states, and that it cannot bne inelastic peak to a CF-like excitation, with an estimated
interpreted in terms of a single-ion (Kon#l€F) picture. splitting of the order of 20 meV(at least the total splitting
The data indicate that the local magnetic moment in theshould not exceed twice this value for the case of an equi-
ground state is strongly reduced, or possibly cancelleddistant level scheme
which is consistent with the recent susceptibility restilts. In several respects, the spectral structure of Ybifis-

The appearance of a gap in the magnetic excitation speglays interesting similarities with that reported recently for
trum of a Kondo insulator at low temperature was reportedCeNi??Z3Although the latter material is not a semiconductor
previously for the compound GBI Pt (A,=12meV)?°In  like YbB,, but a rather conventional intermetallic mixed
that case, the gap started to fill when the system was heate@lence compound, it demonstrates a spin gap of the order of
to a temperature of about 50 K, and a damped, quasielastidb meV, a nonmagnetic ground state, narrow peaks just



PRB 60 INELASTIC NEUTRON SCATTERING STUDY OF TH . .. 13513

above the gap edge, and a broad response centered at about

— ¥ T !
60 meV, which somehow transforms to a quasielastic peak 3 251

upon a moderate increase in temperaturé t0100—200 K. E

It was estimatetf that CF effects can produce a splitting of g 20 % Yoo .
the CE" energy levels roughly compatible with the energies @ | neutron res”"f:

of the peaks near the spin gap. These peaks, which demon- 2 5L v <20>=5 i
strate some collective character, were thus tentatively as- 5 | 4 <2®=1% |
cribed to former CF excitations modified by hybridization Z * & :ﬁ:u.ﬁ‘ \\\\
effects. In the case of YbB, the occurrence of a doublet S0, 7o° “”“n% s -
structure at low temperature could result from Yb-Yb corre- § a “foopgy, Ooag
lations. This point requires further investigations, especially 3 5F o bulk
experiments on single-crystals. Measurements on solid solu- % |

tions with an Yb valence closer tot3would also be useful & o . . .

to clarify the CF structure. 0 100 200 300
An alternative interpretation of the spectral response in
YbB,, may be suggested based on a comparison withgSmB
Indeed, the behavior of the 15 meV excitation in YbiBs FIG. 8. Temperature dependence of the static magnetic suscep-
reminiscent of the “exciton” peak found at 14 meV in the tibility. A, ¥: data derived from the neutron spectra for two differ-
latter compouna,as its intensity drops more steeply at in- ent average scattering anglégror bars denote the estimated un-
creasingQ than the magnetic form factor. However, it has to certainty in the absolute normalization of the datal: bulk
be noted that this effect is far less pronounced here than igusceptibility from Ref. 2; dashed line: static susceptibility calcu-
SmB,. The double structure at 15 and 20 meV in YpBin  lated asys(T) =pioeud/3keT, with p=4.54 for YB'".
contrast to the single peak in SgBlso implies that the two . .
systems are not gtricpt)ly equiva%I]ent. In trrl)e interpretation of_ 0.9pioc( YD) =4.09u5, and a paramagnetic Curie tem-
Refs. 12 and 13, the two peaks are attributed to distincPer""turegP:_79 K. From_the magnetic neutron spectrum,
mechanisms, and the upper one is assumed to be too weakllifan be suggested that this rat_her large value resu_lts, at least
SmB; to be detected by inelastic neutron scattering. On the?amy' .from a Van-Vieck term 'W.(T) . W't.h t_he
other hand, these two peaks might result from a mixed collneIaStIC p?ak a1E=_20 meV, which produces_ deviations
lective excitation arising from the interaction of two disper- from the simple Curie law for temperatures in the range
sive magnetic modes, or possibly of one magnetic and 0né00—300. K. :
phonon mode. The latter effect, which has been reported The discrepancy betweem’“”‘ a_nd Xst below 5.0 Kis
previously® for the compound CeAlis not unlikely in the un_hkely to result from an artifact in the calculqt!on o
case of YbB, because the magnetic excitations nearly coin-YSiNg equat!or(3). F.or'T<50 KXt becomes sensitive t.o' the
cide with strong peaks in the phonon density of states at 15P€ctral weight existing at energies below a few millielec-
and 22 meV. tronvolts, but this part of the spect.rum gannot be responsible
In the preceding discussion, it has been suggested thgi)r the .de.creas.e ".XSt(T) on cooling s!mply peca_use the
magnetic correlations among Yb ions might play an impor_magnetlc mten_slty is found_to be negllglb_le in this energy
tant role at low temperaturéfor instance by causing some '@nge. Alternatively, to obtain a decreasexiq of the same
dispersion in the low-energy magnetic excitatiprhis as- magnitude as inxyyy from the higher-energy regiofi0 to
sumption can be substantiated by comparing the bulk mag?® M€V, one should suppose that the real intensity there is
netic susceptibilityy,(T) to the local susceptibility(T) only one half of tha}t estimated from fche fit to the experimen-
derived from the neutron magnetic response. Here, we appl | spectra, which is totally unrealistic. We thus believe that

Temperature (K)

the standard Kramers-Kronig relation e difference between the neutron and the bulk results has a
physical origin, namely that the lo® dependence of the
o magnetic signal foif <50 K does not follow the single-ion
x(T)= KJ (L/E)S(Q=0,E,T)[1—exp —E/kgT)]dE form factor of YB'", as was assumed in our extrapolation to

Q=0 of the experimental values &(Q,E,T) (most of
(3 which were measured witf>0.7 A-1). A reduced inten-
to the data obtained by extrapolating our experimental specﬁ-gﬁ atQ;z(a)I’I asin%?g‘t):;e?h;? tgritifg?rg\r/ﬁg frrlgrt?cflg?gr\é?gtions
tra toQ=0. In Eq.(3), the numerical value of the prefactor » typically 9

K is 0.22 if Sis expressed in units of bafmeVsr f.u] -2 exist between near-neighbor Yb ions, making @elepen-
and y ' in emu/mole e dence nonmonotonic. Other mechanisms might in principle
st .

The temperature dependence of the static magnetic su roduce the same effecfor instance a change in the Yb
ne temp P . L 9NEUC SUpsi factor associated with the formation of the hybridized
ceptibility calculated using this expression is plotted in Fig.

8, together with the bulk susceptibility from Ref. 2. The many-body ground statut no experimental information is

agreement between the neutron and bulk measurements a}\s/a"able to support such speculations.

quite good at high temperatures. However, the two curves
start to deviate folT<50K, and the difference exceeds a

factor of two at the lowest temperature. In Ref. 1, the high- The magnetic response of the Kondo-insulator compound
temperature part of the data was described by a Curie-WeisgbB;, in a wide range of energies has been determined from
law with a reduced value of the local momemi,. time-of-flight inelastic neutron scattering measurements, tak-

V. CONCLUSION
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ing special care to accurately separate the superimposed phzalculated static magnetic susceptibility agrees well with the
non contribution. Magnetic excitations were observed up tdulk measurements fof >50K, but it deviates strongly at
E=40meV, and their spectrum strongly transforms as dower temperatures, suggesting that Yb-Yb correlations be-
function of temperature. AT=15K, no evidence of either come significant.

guasielastic or inelastic magnetic scattering was found below

10 meV. This result clearly shows that the formation of the
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