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Inelastic neutron scattering study of the Kondo semiconductor YbB12
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Time-of-flight inelastic neutron scattering experiments on the archetype Kondo-insulator compound YbB12

are reported. At the minimum temperature ofT515 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 toT5159 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.@S0163-1829~99!05743-4#
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I. INTRODUCTION

Mixed-valence~MV ! semiconductors and Kondo insula
tors form a fascinating class of materials, which behave
metals or semimetals near room temperature, but dev
unconventional semiconducting properties when they
cooled to low temperatures. The formation of a narrow el
tronic gap ~or pseudogap! in these systems cannot be e
plained by the single-electron band structure, but likely
sults from complex correlation effects, involvingf-electron
quasiparticles hybridized with conduction-band states. T
best-known members of this family are SmB6 and Ce3Bi4Pt3,
but the compound YbB12, which has not been studied s
extensively in the past, also exhibits typical Kondo-insula
properties. Its crystal structure can be conveniently descr
as a variant of the NaCl type (Fm3m) in which boron atoms,
forming tightly bound dodecahedra, replace the anion.
cordingly, the lattice spacing is relatively largea0
57.469 Å. One salient physical property of YbB12 is the
non-integral population of the Yb 4f shell ~MV state!. This
was inferred from an analysis of the high-temperature m
netic susceptibility~estimated valencen52.85!,1,2 of x-ray
photoemission~XPS! spectra atT5300 K (n52.9),3 and
photoemission results atT530 K (n52.8660.06).4 All
these values are consistent and do not suggest a signifi
temperature dependence of the Yb 4f -shell occupancy. The
metallic, local-moment properties existing at high tempe
ture undergo dramatic changes as temperature decrease
magnetic susceptibility follows a Curie-Weiss behav
above 170 K but, around 75 K, it shows a broad maxim
PRB 600163-1829/99/60~19!/13507~8!/$15.00
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then rapidly decreases to reach a constant value2 character-
istic for nonmagnetic ground state. The low-temperature
havior of the electrical resistivity and of the electronic ter
in the specific heat are explained by the opening of a nar
gap, Eg /kB'140 K, around the Fermi energy in the ele
tronic density of states.5,6 From this point of view, YbB12 is
quite similar to the archetype MV system SmB6, in which
neutron7,8 and Raman9 experiments have recently reveale
unexpected characteristics of the spectral response. Both
tems have similar electronic properties:R31B6 andR31B12
are metals with one free electron per formula unit.10 How-
ever, there are significant differences in the formation
their ground states. In the case of Sm, one deals with a c
petition between two unfilledf-shell states, mediated by th
hybridization with conduction-band states. In YbB12, on the
other hand, the hybridization causes a partial localization
one extra electron from the conduction band to form
closed-shell 4f 14 configuration carrying no magnetic mo
ment. This situation may be more closely related to that
curring in Ce MV compounds, where the 4f 1 state of Ce31 is
admixed with the empty-shell configuration~electron-hole
symmetry!. From heat-capacity data and entropy calcu
tions, it was concluded that crystal-field~CF! effects split the
lower multipletJ57/2 of Yb31 into one quartet ground stat
G8 and two doubletsG7 andG6 ~Refs. 2 and 6!, with a total
splitting of more than 300 K.6 From theoretical consider
ations on thef-electron excitation spectra, an upper limit
this splitting, of about 60 meV, has even been suggeste11

However, this picture most likely applies only for temper
tures larger than;240 K ~i.e., T>TK! ~Refs. 2 and 4! since
13 507 ©1999 The American Physical Society
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13 508 PRB 60E. V. NEFEODOVAet al.
the appearance of the low-temperature Kondo-insulator s
is believed to reflect the formation of a nonmagnetic ma
body singlet state. Therefore, a detailed study of the m
netic excitation spectra in YbB12 by inelastic neutron scatter
ing is essential to clarify the exact nature of the ground st

A previous neutron time-of-flight experiment was carri
out by Bouvet11 at the end of the 1980s, using a powd
sample of Yb11B12 with 98% 11B enrichment. These result
were subsequently discussed in several theoretical pub
tions by Kasuya~e.g., in Ref. 12!. The original data have
been published recently,13 together with an improved analy
sis of the phonon correction. In the meantime, we had un
taken new experiments using a powder sample with a hig
11B enrichment~99.5%!.14 The results are described in th
present paper. It is of particular interest to compare meas
ments performed on different specimens using differ
spectrometers, because the synthesis of good-quality Y12
is known to be difficult, and several aspects of the analysi
the neutron spectra are not straightforward within the lim
of experimental accuracy. The experiments reported in R
13 had been realized on the spectrometers IN4~ILL ! and
DN6 ~CEA/Grenoble! with incident neutron energies of les
than 70 meV and a resolution~full width at half maximum!
of about 5 meV at zero energy transfer. It will be shown
the following that the use of the time-of-flight spectrome
HET, located on the ISIS neutron spallation source, at in
dent neutron energies of 80 and 200 meV, together with
substantial reduction of the sample absorption, provide b
improved instrumental resolution and higher counting sta
tics. This turns out to be critical for correctly assessing
nature and temperature dependence of the various com
nents of the magnetic response.

II. EXPERIMENTS

Powder samples of Yb11B12 and of the reference com
pound Lu11B12 were prepared at the Institute for Problems
Materials Science NASU~Kiev, Ukraine! by borothermal re-
duction at 1700 °C under vacuum. Starting constituents w
Yb oxide Yb2O3, Lu2O3, and elemental11B ~99.5% enrich-
ment!. The 11B isotope was selected in order to decrease
absorption cross-section of the sample. X-ray diffract
measurements confirmed that both materials have the c
Fm3m structure, and no impurity phase was detected. T
room-temperature lattice parameters are 7.4634~2! Å for
Lu11B12 and 7.4684~2! Å for Yb11B12. The powder samples
of YbB12 ~8.6 g! and LuB12 ~5.85 g! were placed in a flat
square-shaped aluminum container with dimensions
342 mm and thicknesses of 2.060.3 mm and 1.460.3 mm,
respectively.

The neutron scattering experiments were performed
the time-of-flight spectrometer HET~ISIS, RAL! with two
incident energiesEi5200 and 80 meV. These incident ene
gies make it possible to explore a wide interval of mome
tum transfers~0.5 Å21<Q<11 Å21 for Ei580 meV, and
1.2 Å21<Q<24 Å21 for Ei5200 meV! in the positive en-
ergy transfer range. The measured transmission of the Yb12
sample was 0.85 at the incident energyEi5200 meV, 0.82 at
Ei580 meV, and 0.79 atEi550 meV. The Yb11B12 mea-
surements were performed at temperatures ofT515, 37, 55,
75, 105, and 159 K forEi580 meV, and atT515 K for Ei
te
-

g-

e.

r

a-

r-
er

e-
t

of
s
f.

r
i-
e

th
-

e
o-

f

re

e
n
ic
e

2

n

-

5200 meV. Lu11B12 was studied atT515 K for both inci-
dent energies, and only atT5159 K for Ei580 meV. Abso-
lute calibration of the measured cross sections was achie
by normalization to a vanadium standard. The detectors w
grouped into seven banks with average scattering an
^2u& of 5°, 11.5°, 16.5°, 21.5°, 26.5°, 115°, and 130°. T
flight path to the detectors was 4 m at^2u&55° and 115°,
2.5 m at^2u&511.5° to 26.5° and 130°. The resulting e
ergy resolutions~full width at half maximum of the elastic
peak in vanadium! for incident neutron energies ofEi
580 meV ~200 meV! were 2.15 meV~5.7 meV! for ^2u&
55°, and 3 meV~8 meV! for ^2u&511.5 to 26.5°. Spectra
were typically recorded with a total proton current of 10
mAh.

III. RESULTS

A. Subtraction of phonon scattering

Before analyzing the magnetic spectral response
Yb11B12, it is essential to achieve a proper separation of
magnetic and nuclear components in the experimental s
tra. In the earlier work of Bouvet,11 it had been found that a
strong phonon excitation exists atE516 meV, almost ex-
actly superimposed on one of the magnetic peaks of inter
which made the determination of the magnetic signal in t
region questionable. Subsequently, the same data w
reanalyzed13 by considering the B12 and rare-earth contribu
tions to the phonon density of states separately. In
present measurements, a more direct approach was m
possible by the use of a higher incident energy with a be
experimental resolution. The method is similar to that d
scribed in Ref. 15, and consists in deriving the nuclear c
tribution at low scattering angles (2uL) from that measured
at high scattering angles (2uH) by means of an energy
dependent scaling factorr (E,2uL,2uH). This factor is deter-
mined from independent measurements of an appropr
nonmagnetic reference material. This procedure is base
two main assumptions. The first one is that magnetic sca
ing makes a negligible contribution to the high-angle spec
because of the markedly different wave-vector dependen
of the magnetic~form-factor decrease! and phonon~approxi-
mately}Q2! signals. In the case of Yb31 ions, this is real-
ized for momentum transfersQ>9 Å21. The second re-
quirement is that the scaling functions~high angle to small
angle! for the phonon component of the spectra should be
same for YbB12 and the non-magnetic reference compou
LuB12. The validity of this assumption mainly relies on th
equivalence of multiple-scattering contaminations in the t
materials. In the present case, both have a relatively str
residual absorption for thermal neutrons~'270 barns per
YbB12 formula unit!, which results in a strong suppression
multiple-scattering effects because the transmission al
the sample is much lower than perpendicular to its surf
~i.e., in the direction of the incident beam!. Therefore, the
scaling functionr (E,2uL,2uH) derived from LuB12 should be
applicable to YbB12.

In our experiments, the spectra for YbB12 and LuB12 were
measured under identical conditions. Both materials have
most equal transmissions and, as noted above, the cont
tions from multiple scattering should be very similar a



nt

n
c

gl
ct
ril
v
o

t o
e

d
p

-
g
s
ta
(
r

r-
a
io
ot
/7
h

pr
e
br
he

e
on

ere
es
e

etter

t the
ted

for

tical
ig-

or-

eV,
ee-
low

ith

20
le

-
se

(

or
o
al

PRB 60 13 509INELASTIC NEUTRON SCATTERING STUDY OF THE . . .
relatively small. Moreover, since the Yb and Lu eleme
have comparable atomic masses, and YbB12 and LuB12 have
similar electronic band structures, one can expect the pho
densities of states to be nearly identical. Coherent effe
may exist at low energy transfers and small scattering an
because of the large coherent cross section, but this effe
partly compensated by the relatively small size of the B
louin zone inRB12 systems, which produces substantial a
eraging in the powder spectra. From our data, it can be c
cluded that coherent effects are notable only in the foo
elastic line, and this limited energy range was therefore
cluded from the following analysis.

The scattering functionsS(Q,E)5(ki /kf)(d
2s/dEdV)

of YbB12 and LuB12 obtained for a scattering angle of^2u&
5130° are shown in Fig. 1. Here,Q is larger than 13 Å21 for
all energies and only phonon scattering can be expecte
contribute. Both spectra exhibit several phonon peaks u
130 meV, as in the case of SmB6.

16 In the low-resolution
measurements (Ei5200 meV), it can be noted that the low
energy part of the phonon spectra, below 30 meV, is stron
modified upon replacing Lu by Yb. At higher energy tran
fers, the spectra are identical in the limits of experimen
accuracy. In the spectra measured with better resolutionEi
580 meV), one sees that the intensity of the peak cente
at E'15 meV is larger by a factor of 3.160.1 in YbB12 than
in LuB12 ~inset in Fig. 1!, whereas the signal at higher ene
gies is the same in both compounds. These results cle
indicate that the peak at 15 meV arises from the vibrat
modes of the rare-earth ions: indeed, the ratio of the t
nuclear scattering cross sections of Yb and Lu is 23.4
53.25, in good agreement with the experimental value. T
scattering observed at higher energies, in particular the
nounced peak above 20 meV, which is essentially indep
dent of the rare-earth element, can be ascribed to the vi
tion modes of boron. This distinction is the basis of t
analysis performed in Ref. 13.

LuB12 spectra for different scattering angles have be
measured at 15 and 159 K, and the scaling functi

FIG. 1. Energy spectra of LuB12 ~open circles! and YbB12 ~black
dots! at T515 K, measured with the incident neutron energyEi

5200 meV at a scattering angle^2u&5130°. The spectra are nor
malized with respect to the intensity of the peak at 125 meV. In
energy spectra atT5159 K for ^2u&5130° andEi580 meV; the
two spectra have been normalized in the high-energy regionE
560– 70 meV).
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r (E,2uL,2uH) determined at these two temperatures w
found to coincide within experimental accuracy. The valu
obtained atT5159 K were used for the treatment of th
YbB12 spectra because the statistics at low energy was b
at this temperature.

B. Magnetic response

Magnetic spectra of YbB12 for different scattering angles
and temperatures have been obtained by subtracting ou
calculated nuclear component. This procedure is illustra
in Fig. 2~a!, which represents the neutron spectrum
^2u&55°, measured atT515 K with an incident neutron
energy of 200 meV. Data points in the range25 meV<E
<5 meV have been discarded because of the large statis
error caused by the strong nuclear elastic contribution. F
ure 2~b! shows the high-energy (Ei5200 meV) magnetic
spectra for two different scattering angles,^2u&55° and
21.5°, normalized with respect to a vanadium standard, c
rected for self-screening, and scaled toQ50 according to
the calculated magnetic form factor of Yb31 ~Ref. 17!. It can
first be noted that, at least for energies larger than 20 m
the two data sets coincide within error bars. A similar agr
ment was found for other magnetic spectra measured at
scattering angles~5°–26.5°!, lending strong support to the
procedure applied above to estimate the phonon term. W
this resolution, the magnetic response of YbB12 appears to
contain only two spectral components centered around
and 40 meV, which can be well fitted by assuming simp
Lorentzian spectral functions with half widthsG i /2 @thin

t:

FIG. 2. Energy spectra of YbB12 at T515 K measured with the
incident neutron energyEi5200 meV.~a! total scattering intensity
~open circles! and phonon contribution~dots! for the lowest scatter-
ing angle^2u&55°. ~b! Comparison of the magnetic spectra f
two different scattering angles. Intensities have been scaled tQ
50 using the Yb31 form factor. Lines represent a fit to a spectr
function consisting of two Lorentzian peaks.
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13 510 PRB 60E. V. NEFEODOVAet al.
lines in Fig. 2~b!# and representing the scattering function
the usual phenomenological expression

Smag~E,T!}
E

12exp~2E/kBT!

3(
i

x i8~T!
G i~T!/2

„G i~T!/2…21~E2Ei !
2 . ~1!

No significant additional intensity is detected up to 150 me
The low-energy part of the spectra, measured with a be
resolution atEi580 meV, is shown in Fig. 3 for two differ-
ent scattering angleŝ2u&55° and 26.5°. Again, the agree
ment between the two sets of data is quite good. In comp
son to the low-resolution data, the spectra shown in Fig
reveal that the lower peak actually consists of two com
nents atE515 and 20 meV. This explains incidentally wh
the two spectra shown in Fig. 2~b! were found to deviate a
low energies: the different scattering angles correspond
different flight paths and resolutions, and the effect becom
significant in the case of peaks with small line widths. T
upper peak is broader and centered atE538 meV. The most
remarkable feature is the absence of any detectable mag
intensity below 10 meV at this temperature (T515 K). In
particular, we do not observe any evidence of quasiela
scattering. More precisely, if such a signal exists, it has to
either very narrow (G/2,4 meV) or very broad with a low
intensity. We will see below that both possibilities are rath
unlikely. The experimental spectrum was fitted by thr
Lorentzians. The same analysis was performed for all spe
measured at different scattering angles. The integrated in
sities are plotted in Fig. 4 as a function of the moment
transfer Q. We recall that, since all experimental spec
have been scaled toQ50 ~see above!, the data plotted in
Fig. 4 are already corrected for theQ dependence of the
magnetic form factor. Therefore, the fact that the intensi
of the peaks at 20 and 38 meV do not vary appreciably w
Q indicates that these excitations follow the form factor
Yb31. On the other hand, it is clear that the intensity of t
lower peak at 15 meV decreases much more steeply.

FIG. 3. Magnetic energy spectra of YbB12 at T515 K, mea-
sured with the incident neutron energyEi580 meV, for two differ-
ent scattering angles. Intensities have been scaled toQ50 using the
Yb31 form factor. Lines represent a fit to a spectral function co
sisting of three Lorentzian peaks.
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Next, the evolution of the magnetic excitation spectrum
YbB12 was investigated as a function of temperature. Qu
remarkably, increasing temperature up to only 159 K p
duces drastic changes in the entire spectral response bet
0 and 50 meV. A selection of spectra for different tempe
tures T515, 55, 75, and 159 K is shown in Fig. 5. AtT
575 K @Fig. 5~c!# the peak at 38 meV has its intensity r
duced almost by a factor of two, without substantially shi
ing its position. Moreover, a quasielastic component appe
at low energy. The two inelastic peaks at 15 and 20 meV
clearly observed forT,100 K. At the highest temperature

-

FIG. 4. NormalizedQ dependence of the integrated intensiti
of the different magnetic spectral components of YbB12 at T
515 K ~incident energyEi580 meV!.

FIG. 5. Magnetic energy spectra,Smag(Q50,E), of YbB12 at
four different temperatures, measured at the lowest scattering a
^2u&55° with the incident energyEi580 meV. The lines represen
a fit to a spectral function consisting of inelastic~thin lines! and
quasielastic~dashed line! Lorentzian peaks.
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T5159 K, they are replaced by one broad peak centere
aboutE523 meV. Simultaneously, the peak at 38 meV d
appears completely and the quasielastic contribution
comes dominant. In Fig. 5~d!, one sees that the spectrum
T5159 K could be fitted using only the quasielastic peak a
one inelastic peak, both with Lorentzian line shapes. T
parameters obtained from the different fits are summarize
Fig. 6 ~peak positions! and Fig. 7~integrated intensities!. In
the latter figure, the values corresponding to the quasiela
peak have been calculated as *(1/E)(1

FIG. 6. Temperature dependence of the magnetic peak posi
in YbB12 in spectra measured for two different scattering ang
The values for̂ 2u&'19° were obtained by averaging the spec
over the angular range 11°<2u<26.5° prior to fitting. The dashed
lines correspond to the constant energiesE515, 20, and 38 meV.

FIG. 7. Temperature dependence of the integrated intensitie
~a! the quasielastic peak, and the inelastic peaks at~b! 15, ~c! 20,
and~d! 38 meV. Two sets of points correspond to different avera
scattering angles and different resolution conditions.
at
-
e-
t
d
e
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tic

2exp(2E/kBT))Smag(Q50,E)dE to correct the results for
the effect of the temperature factor. On the other hand,
intensities of the inelastic peaks have been obtained
*Smag(Q50,E)dE, which corresponds, in the case of C
excitations, to the usual product of the Boltzmann populat
factor by the squared transition matrix element. The exp
mental half widths of the peaks at 15, 20, and 38 meV
G/252.561, 562, and 1063 meV, respectively, andG/2
51565 meV for the quasielastic peak. TheT dependencies
of the line widths have not been plotted because their va
tions were not considered significant. It can only be no
that the widths of the peaks at 15 and 20 meV are syst
atically smaller at 15 K than at higher temperatures.

The main effects of temperature can be summarized
follows. The peak at 38 meV does not appear to shift sign
cantly with increasing temperature~Fig. 6!, but its intensity
is strongly reduced between 15 and 55 K, then decrea
more slowly@Fig. 7~d!#. This very steep temperature depe
dence cannot be explained by thermal population effects
any realistic CF scheme. It rather seems to correlate with
emergence of the quasielastic peak, which is observed ab
T537 K. This signal grows rapidly with increasing temper
ture up to 75 K@Fig. 7~a!#. For higher temperatures its in
tensity increases more gradually. On the other hand,
peaks at lower energies seem to be related to each other
peak at 20 meV increases with temperature, while the pea
15 meV peak decreases@Figs. 7~b! and 7~c!#. The latter peak
could be traced up to 105 K and its energy does not chan
The position of the 20 meV peak shifts slightly up toE
'23 meV at T5159 K.

IV. DISCUSSION

The unusual magnetic excitation spectrum of YbB12, as
well as its pronounced temperature dependence, clearly
flect the formation of the Kondo-insulator state at low te
perature. AtT515 K, three main components are found
exist: one narrow peak atE515 meV, whose intensity varie
with Q faster than the Yb31 form factor, and two broade
ones at 20 meV and 38 meV. Most remarkable is the abse
of appreciable magnetic scattering at low energies, wh
proves that a gapDm of about 10 meV exists at this temper
ture in the magnetic excitation spectrum of YbB12. These
results are in line with those reported recently by Bou
et al.13 In view of the various experimental problems to b
overcome~difficult sample preparation, absorbing materi
coincidence of magnetic, and lattice excitations!, it is satis-
fying that data obtained on different specimens, using diff
ent spectrometers, and treated by different procedures,
to a consistent description of the low-temperature magn
response in YbB12.

One advantage of the present measurements is tha
spectra could be calibrated in absolute units. Therefore,
total magnetic cross section was estimated, at a given t
perature, by integrating the experimental scattering funct
over the energy,

sM54pE
2`

1`

S~Q50,E!dE, ~2!

with S in ~barn meV21 sr21/Yb!.
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Because of the limited energy range of our experimen
data, the values of the scattering function nearE50 and for
E.Ei were approximated by the same analytical express
~Lorentzian! that were used for the fits in the preceding se
tion. The resulting total magnetic cross sections atT515 K
are 8.860.8 barn forEi580 meV and 1161 barn for Ei
5200 meV~with an integration cutoff of 500 meV!. These
values are somewhat smaller than the cross section ca
lated for the Yb31 ion ground-state multipletJ57/2 ~sM
512.6 barn!. The difference between the results obtained
different values ofEi may indicate that our extrapolations o
the scattering functions to high energy transfers are not
ficiently accurate, especially in the case of the lower incid
energy where the experimental range is more limited. On
other hand, the missing cross section forEi5200 meV can
be roughly accounted for by the ‘‘substitution’’ of 10% o
the Yb31 by nonmagnetic Yb21. Therefore, if we assume
valence of 2.8 to 2.9,1,3 the experimental magnetic cross se
tion measured atT515 K implies that other components o
the spectrum that might have been overlooked in the ab
analysis ~for instance quasielastic scattering with a ve
small line width! representless than15% of the total spectra
weight.

As noted in the Introduction, there is strong experimen
evidence that the magnetic properties of YbB12 are domi-
nated by the Kondo effect, both in the pure compound and
solid solutions Yb12xLuxB12, with Kondo temperatures est
mated to be on the order of 250–300 K over a wide range
concentrations.2 For normal metallic Kondo systems wit
moderateTK , the magnetic excitation spectrum at low tem
perature is expected to contain one quasielastic compo
originating from the many-body ground state, and we
defined inelastic peaks related to the ionic CF scheme.
easy to see that our data are not amenable to such a de
tion. For an Yb31 ion at a cubic site, the ground stateJ5 7

2

splits into one quartetG8 and two doubletsG7 andG6 . All
wave functions and transition-matrix elements are fixed
this case.18 If the ground state isG8 , as suggested by prev
ous studies,2,12 the spectrum at low temperaturekBT!DCF
should consist of one quasielastic and two inelastic lines w
intensity ratios 7.2:6.0:7.8.19 In other words, the quasielasti
signal should amount to more than 50% of the sum of
inelastic components, in complete contradiction with the
perimental result. For other choices of the ground state,
ther G6 or G7 , only oneexcitation would exist at low tem
perature because the transition to the other doublet ha
matrix element equal to zero, but an additional peak sho
appear whenT becomes of the order of the crystal fiel
Therefore, it is evident that the low-temperature magne
response of YbB12 is deeply altered by the formation of th
Kondo-insulator ground state accompanied by the openin
a gap in the electronic density of states, and that it canno
interpreted in terms of a single-ion (Kondo1CF) picture.
The data indicate that the local magnetic moment in
ground state is strongly reduced, or possibly cancel
which is consistent with the recent susceptibility results.2

The appearance of a gap in the magnetic excitation s
trum of a Kondo insulator at low temperature was repor
previously for the compound Ce3Bi4Pt3 (Dm512 meV).20 In
that case, the gap started to fill when the system was he
to a temperature of about 50 K, and a damped, quasiela
l
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like response was recovered atT'150 K. A simple model
was proposed, in which the magnetic response at low t
perature was ascribed to interband spin-flip transitions ac
a hybridization gap, and the temperature dependence
rapid closing of this gap between 50 and 100 K. In the c
of YbB12, a more detailed analysis is possible because s
eral distinct components could be singled out in the exp
mental spectra. The influence of temperature on the magn
response is of particular interest as these components ex
contrasted behaviors in the temperature range (T'70 K)
where the gaplike behavior appears. On several impor
points, our analysis of the evolution of the different spect
components is at variance with that reported in the work
Bouvet et al.13 In our data, the main effects of increasin
temperature are the recovery of a quasielastic compo
above 50 K, accompanied by the suppression of the pea
38 meV with no substantial shift in its energy position. Fro
the sequence of spectra presented in Fig. 5, it is clear tha~i!
the peak at 23 meV observed atT5159 K isnot the result of
a gradual shift of the 38-meV peak to lower energies
claimed in Ref. 13, and~ii ! the appearance of the quasielas
signal correlates with the suppression of the 38 meV p
rather than with a softening of the excitation at 20 me
Both measurements agree, however, on the remarkable
servation that the original signal at 38 meV is strongly su
pressed by heating to a temperature of 100 K, even tho
its excitation energy is much larger~by a factor of about 4!
than the corresponding thermal energy. The rapid transfe
spectral weight from this inelastic signal to a quasielas
response as temperature increases indeed correspon
what was observed for Ce3Bi4Pt3, and can be ascribed to th
collapse of the electronic gap. Interestingly, recent opti
conductivity experiments on YbB12 single crystal21 have re-
vealed the existence of a peak at;40 meV for T520 K,
which disappears, together with the gap, when temperatu
raised to above 70 K. One should be careful, however
comparing optical and magnetic spectra because the l
correspond to excitations with spin reversal but no cha
transfer.

The origin of the two peaks at 15 and 20 meV in YbB12
deserves special attention because such structures wer
detected in Ce3Bi4Pt3. On the other hand, a narrow peak
about 14 meV, ascribed to an excitonlike bound state,7,8 has
been reported for SmB6. From our data, it seems that the tw
spectral components in YbB12 change gradually to a single
broadened excitation at about 23 meV, which is clearly v
ible in the spectrum forT5159 K. At this temperature, the
intensity of the quasielastic signal is comparable to, or e
stronger than, that of the latter inelastic peak. Therefore,
single-ion regime is considered to be recovered at this t
perature, as demonstrated in Ref. 2, it is reasonable to as
the inelastic peak to a CF-like excitation, with an estima
splitting of the order of 20 meV~at least the total splitting
should not exceed twice this value for the case of an eq
distant level scheme!.

In several respects, the spectral structure of YbB12 dis-
plays interesting similarities with that reported recently f
CeNi.22,23Although the latter material is not a semiconduct
like YbB12, but a rather conventional intermetallic mixe
valence compound, it demonstrates a spin gap of the orde
15 meV, a nonmagnetic ground state, narrow peaks
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above the gap edge, and a broad response centered at
60 meV, which somehow transforms to a quasielastic p
upon a moderate increase in temperature toT;100– 200 K.
It was estimated24 that CF effects can produce a splitting
the Ce31 energy levels roughly compatible with the energ
of the peaks near the spin gap. These peaks, which dem
strate some collective character, were thus tentatively
cribed to former CF excitations modified by hybridizatio
effects. In the case of YbB12, the occurrence of a double
structure at low temperature could result from Yb-Yb cor
lations. This point requires further investigations, especia
experiments on single-crystals. Measurements on solid s
tions with an Yb valence closer to 31 would also be usefu
to clarify the CF structure.

An alternative interpretation of the spectral response
YbB12 may be suggested based on a comparison with Sm6.
Indeed, the behavior of the 15 meV excitation in YbB12 is
reminiscent of the ‘‘exciton’’ peak found at 14 meV in th
latter compound,7 as its intensity drops more steeply at i
creasingQ than the magnetic form factor. However, it has
be noted that this effect is far less pronounced here tha
SmB6. The double structure at 15 and 20 meV in YbB12, in
contrast to the single peak in SmB6, also implies that the two
systems are not strictly equivalent. In the interpretation
Refs. 12 and 13, the two peaks are attributed to dist
mechanisms, and the upper one is assumed to be too we
SmB6 to be detected by inelastic neutron scattering. On
other hand, these two peaks might result from a mixed c
lective excitation arising from the interaction of two dispe
sive magnetic modes, or possibly of one magnetic and
phonon mode. The latter effect, which has been repo
previously25 for the compound CeAl2 is not unlikely in the
case of YbB12 because the magnetic excitations nearly co
cide with strong peaks in the phonon density of states a
and 22 meV.

In the preceding discussion, it has been suggested
magnetic correlations among Yb ions might play an imp
tant role at low temperature~for instance by causing som
dispersion in the low-energy magnetic excitations!. This as-
sumption can be substantiated by comparing the bulk m
netic susceptibilityxbulk(T) to the local susceptibilityxst(T)
derived from the neutron magnetic response. Here, we a
the standard Kramers-Kronig relation

xst~T!5KE
2`

1`

~1/E!S~Q50,E,T!@12exp~2E/kBT!#dE

~3!

to the data obtained by extrapolating our experimental sp
tra to Q50. In Eq. ~3!, the numerical value of the prefacto
K is 0.22 if S is expressed in units of barn@meVsr f.u.#21,
andxst in emu/mole.

The temperature dependence of the static magnetic
ceptibility calculated using this expression is plotted in F
8, together with the bulk susceptibility from Ref. 2. Th
agreement between the neutron and bulk measuremen
quite good at high temperatures. However, the two cur
start to deviate forT<50 K, and the difference exceeds
factor of two at the lowest temperature. In Ref. 1, the hig
temperature part of the data was described by a Curie-W
law with a reduced value of the local momentploc
out
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50.9ploc(Yb31)54.09mB , and a paramagnetic Curie tem
peratureuP5279 K. From the magnetic neutron spectrum
it can be suggested that this rather large value results, at
partly, from a Van-Vleck term inx(T) connected with the
inelastic peak atE520 meV, which produces deviation
from the simple Curie law for temperatures in the ran
100–300 K.

The discrepancy betweenxbulk and xst below 50 K is
unlikely to result from an artifact in the calculation ofxst
using equation~3!. For T,50 K,xst becomes sensitive to th
spectral weight existing at energies below a few milliele
tronvolts, but this part of the spectrum cannot be respons
for the decrease inxst(T) on cooling simply because th
magnetic intensity is found to be negligible in this ener
range. Alternatively, to obtain a decrease inxst of the same
magnitude as inxbulk from the higher-energy region~10 to
20 meV!, one should suppose that the real intensity there
only one half of that estimated from the fit to the experime
tal spectra, which is totally unrealistic. We thus believe th
the difference between the neutron and the bulk results h
physical origin, namely that the low-Q dependence of the
magnetic signal forT,50 K does not follow the single-ion
form factor of Yb31, as was assumed in our extrapolation
Q50 of the experimental values ofS(Q,E,T) ~most of
which were measured withQ.0.7 Å21!. A reduced inten-
sity at Q50, as compared to that derived from finiteQ val-
ues, typically indicates that antiferromagnetic correlatio
exist between near-neighbor Yb ions, making theQ depen-
dence nonmonotonic. Other mechanisms might in princi
produce the same effect~for instance a change in the Y
form factor associated with the formation of the hybridiz
many-body ground state! but no experimental information is
available to support such speculations.

V. CONCLUSION

The magnetic response of the Kondo-insulator compo
YbB12 in a wide range of energies has been determined fr
time-of-flight inelastic neutron scattering measurements, t

FIG. 8. Temperature dependence of the static magnetic sus
tibility. n, .: data derived from the neutron spectra for two diffe
ent average scattering angles~error bars denote the estimated u
certainty in the absolute normalization of the data!; h: bulk
susceptibility from Ref. 2; dashed line: static susceptibility calc
lated asxst(T)5ploc

2 mB
2/3kBT, with ploc54.54 for Yb31.
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ing special care to accurately separate the superimposed
non contribution. Magnetic excitations were observed up
E540 meV, and their spectrum strongly transforms as
function of temperature. AtT515 K, no evidence of eithe
quasielastic or inelastic magnetic scattering was found be
10 meV. This result clearly shows that the formation of t
Kondo-insulator state at low temperature is accompanied
the opening of a gap in the magnetic excitation spectrum.
temperature increases, a strong and broad quasielasti
sponse is recovered, while the inelastic peak that existed
tially at about 38 meV becomes smeared out. Narrow
peaks at 15 and 20 meV, which were well resolved at
lowest temperature, merge gradually into a single compon
at about 23 meV. It is suggested that these excitations
related to CF effects in Yb31. The total magnetic cross
section derived by integrating the experimental intensitie
consistent with an Yb valence of the order of 2.8–2.9. T
gn
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calculated static magnetic susceptibility agrees well with
bulk measurements forT.50 K, but it deviates strongly a
lower temperatures, suggesting that Yb-Yb correlations
come significant.
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