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Low-energy magnetic response and Yb valence in the Kondo insulator YbB
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X-ray absorption and high-resolution inelastic neutron-scattering experiments on the Kondo insulatpr YbB
are reported. The ytterbiums-edge spectrum consists of a single white line with no observable temperature
dependence between 10 and 295 K, indicating that the Yb valence is closertttaB was concluded from
previous high-resolution photoemission and XPS results. The neutron measurements confirm the existence of
a gap in the magnetic excitation spectrum Tor 5 K, and show that its gradual suppression as temperature
increases is due to the appearance of an extra quasielastic component in the magnetic dynamical response.
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[. INTRODUCTION ventional single-ion magnetic excitations. On the other hand,

it also differs significantly from the response obtained in the
Kondo insulators form an interesting class foélectron ~ other Kondo insulator G&i,Pt,'? or in intermetallic MV
systems exhibiting a valence instabilityThey behave as (M=transition metal ion, Vrare earth compounds? Two
nonmagnetic narrow-gap semiconductors at low temperdMportant features of the magnetic response of ytze the

tures but recover a local-moment character near or abov%ery-low-magnehc intensity observed &t=15K for ener-

room temperature, often associated with metalliclike conducd'eS E=10meV, and the existence of a fine structure with

o . . several distinct peaks in the inelastic spectrum just above this
tivity. SmBg and CgBi,Pt; are well-known members of this P P ]

/ i i , _gaplike region. The question of the possible occurrence of
family. It has been proposed that the insulating gap in the'guasielastic scattering at low temperature, as is generally ob-

electronic density of states at the Fermi energy is due to thgerved in MV and heavy-fermion compounds, could not be
hybridization of electronic ban&§ or, alternatively, to a lo- settled by our previous S'[UEZR/ because the experimentaj
cal Kondo interactiorf:* YbBy, is the only known Kondo conditions(resolution of the order of 2 meV, low counting
insulator among Yb compounds with a valence instability. Itrate) did not allow such a signal to be detected if it were
crystallizes in the UBytype crystal structuréspace group either concentrated in a narrow peak indistinguishable from
Fm3m). The physical properties observed near room temthe elastic line or, on the contrary, strongly broadened. It can
perature (metallic conductivity, localized magnetic mo- be noted that recent high-resolution photoemission
ment$ dramatically change whel decreases. At approxi- experiment§"*® have detected a narrow gap of about 10
mately 75 K, the paramagnetic susceptibility goes through aneV, which roughly corresponds to the values found in the
maximum, then decreases rapidly at lower temperafufes. transport measurements and in the dynamical magnetic re-
A steep increase in the electrical resistivity is observed in thesponse.

same temperature range. This, together with the Schottky It is not yet clear whether the insulating ground state in
anomaly in the low-temperature electronic specific idat, YbB;, should be ascribed to a “hybridization gap” as pre-
provides strong support to the opening of a gap in the elecdicted in mixed-valence models, or reflects the formation of
tronic excitation spectrum. Inelastic neutron-scatteringa Kondo singlet on each ¥b ion. More generally, the in-
experiment$™*! have revealed that the magnetic excitationfluence of the degree of valence mixing on the formation of
spectrum is also anomalous, and cannot be described by cotive Kondo-insulator state is not well documented. To shed
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some light on these issues, it is important to obtain a reliable
determination of the Yb valence in this material. Previous
estimates from the Curie constant below room temperature
yielded values of about 2.75-2.8 for polycrystafgnd 2.95

for a high-purity single crystdl. From the photoemission
measurement¥, the valence was estimated to be-2.86
+0.06. Previous x-ray photoelectron spectroscdpS
measurement8 yielded »=2.9, whereas the Yl ; edge
x-ray absorption spectrum measured in Ref. 5 was simply
denoted “trivalent.” Therefore, despite general agreement
on the fact that the valence state of Yb is closetq @ more
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accurate determination remains desirable.

In this paper, we report x-ray absorption measurements of
the YbL3 edge in YbB, showing that the valence is indeed
very close to 3, and essentially independent of tempera-
ture. The temperature dependence of the quasielastic mag-
netic response, studied by high-resolution neutron-scattering
experiments, is also presented and discussed in connection
with the results of susceptibility measurements on the same
sample. All data have been collected using the YiqBow-
der specimen studied previousfy.
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Il. EXPERIMENTS

Powder samples of Y¥#B,, and Lu'B;, were prepared -0.10
by borothermal reduction at 1700 °C under vacuum from el- .
emental''B (%8 enrichment 99.5%and Yb and Lu oxides, 8920 8940
respectively. The material was characterized by x-ray dif-
fraction. The room-temperature lattice parameters are
7.46342) A for LuB,, and 7.4684) A for YbB,, The

YbBy, sample contained traces of YpBand YBOs;  T=20kK (a) and its second derivativéh): solid (dotted lines are
(~1.5%. fits assuming an average Yb valenee 3 (v=2.85). Inset: mea-

The x-ray absorption measurements were performed &ured YbL absorption edge for the trivalent reference compound
BM12B at the BESSRC of the Advanced Photon Source ofrb,0;. I, andl, correspond to the x-ray intensity of the incoming

Argonne National Laboratory. The [3il1] reflection was and transmitted beam, respectively.

used, yielding an energy resolution of better than 2 eV at 9

keV. Fine-ground powder was prepared, homogeneouslyied out at temperature$=5, 35, 50, 80, 120 K, and’
mixed with boron nitrate, and pressed into a pellet, the thick=5, 80, 120 K for YbB, and LuB,,, respectively. Typical
ness of which was chosen so that<1 (u: absorption co-  measuring time for one spectrum was approximately 5 h.
efficient; x: sample thicknegsThis pellet was attached to the  The susceptibility measurements were performed using a
cold finger of a closed-cycle refrigerator and cooled down tacommercial(Quantum Designphysical properties measure-
temperatures of the order of 10 K. Energy calibration wasnent syster{PPMS device.

obtained using data for a trivalent Yb standard (&),
which were collected simultaneously.

The inelastic neutron-scattering experiments were carried
out on the time-of-flight spectrometer IN6 at the Institute The x-ray absorption spectrum takenTat 20 K is shown
Laue Langevin(ILL) in Grenoble. The incident neutron en- in Fig. 1(a), together with a smoothed plot of the second
ergy was Eg=3.14meV, yielding a resolution ofAE derivative in Fig. 1b). The second derivative of the x-ray
=100ueV at zero energy transfer. Polycrystalline samplesabsorption near-edge structup€ANES) spectrum is com-
of YbB;, (7.5 9 and LuB;, (5.4 g were filled into flat alu- monly used to visualize smaller contributions to the edge
minum containers with dimensions 235x1.9mn? and  data, in particular for systems exhibiting noninteger valence
23x45x 1.5mn?, respectively. In order to subtract the states. Here the XANES spectrum exhibits a single reso-
background contribution from the sample environment, amance aE=_8949 eV similar to that found in YJ®; (inset in
empty sample holder and a sample holder containing a cadrig. 1), where Yb is unambiguously trivalent. The data are
mium plate instead of the sample were also measured. Thaell represented by aarctanfunction and a Lorentzian, as it
spectrum of a vanadium standard was used for absolute calis often the case for x-ray absorption spectra atlthedges
bration. Because of the low incoming neutron energy, theof trivalent rare-earth ion$’ A fit to the data yields a Lorent-
momentum transfer remains smé#1.5 A1) over the scat-  zian half-width of 4.2-0.3 eV, in good agreement with the
tering angle range 18226< 150°. Measurements were car- calculated natural line width of the core hd@9 e\).28 In

8960 8980
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9000

FIG. 1. X-ray absorption spectrum of Yb in YhBmeasured at

IIl. RESULTS
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FIG. 2. Inelastic neutron-scattering spectrum for Yp8\) and r _ﬁ S B 1 T
LuB,, (O) at T=120K, averaged over scattering angles between 4 | et
20° and 60°. The data in the range20<E<—10meV are also 5 0 5
shown on an expanded scdl4), with the origin shifted by 0.2 Energy (meV)
along the vertical axis. 0 =
) 1 L L L 1 " L
Fig. 1(b), one can see that the second derivative of the 20 15 -10 -5 0 5 10
XANES spectrum is well described taking into account only Energy (meV)

purely trivalent Yb. On the contrary, a fit assuming a valence _ o
of 2.85(dotted lines fails to reproduce the experimental data ~ FIG- 3. Magnetic excitation spectrum of YpEat T=120K (a)
on the low-energy side of the peak, where a contributiordnd 35 K (b). Thick lines are fits to a two-component spectral

from 15% Y&+ should be easily detected. Finally, we havefunction consisting of one broadsolid line) and one narrow

found that thel ;-edge data aT =10 and 295 K are indis- (dashed ling Lorentziangsee text and Table.IThe broken line in

. . . . o . frame (b) represents the broad component calculatedTfer35 K
tinguishable in the near-edge region within experimental ac- ) . : - .
curacy assuming the same line width’2=12 meV) and magnetic cross

. . section as aff=120K. Inset in frame(a): integrated intensities
The neutron time-of-flight spectra for YpBand LuB;, at (detail balance correctedf the broad 1) and narrow(2) quasielas-

T=120K a.re Shown 'n Fig. 2. The data were corrected fortic components as a function of temperature. Inset in frdbe
self-screen'lng, taking '|nto account 'th.e geometry of the NeUmagnetic response of YaBmeasured on IN6ILL) at T=>5 K (O)
tron experiment. To improve statistics, all spectra correxnd on HET(ISIS) (Ref. 10 at T=15K(O).
sponding to scattering angles lower than that of the first
Bragg peak (20%26<60°) have been added up. Data the intensity of the broad component is gradually suppressed
points in the range- 0.5<E=<0.5meV have been discarded [Fig. 3(b)]. At the lowest experimental temperature of 5 K,
because the signal was strongly contaminated by elastic scagnly the narrow quasielastic component can be obsdined
tering. The YbB, spectrum aff=120K exhibits extra in- set in Fig. 3b)] because of the detailed-balance factor and
tensity in the energy range 20.0<sE<2.5meV in compari- limited accessible energy range on the energy-loss side. The
son with that of LuB,, which is used as a reference systemparameters of the two Lorentzian functions for different tem-
with only nuclear scattering. The YhBand LuB,, spectra peratures are collected in Table I. The integrated intensities
both contain one distinct inelastic peak Bt-—15meV, (in absolute units and corrected with detailed balamepre-
which has been previously attributed to the phonon densitgenting the magnetic cross sectiof, of the narrow and
of states'® By comparing the spectra for the two compounds,broad components in the magnetic spectral function are
it can be concluded that the YhBspectrum contains a shown in the inset of Fig.(®) as a function of temperature.
broad, structureless magnetic component. This componeffior the broad component, there is a clear increase of the
can be singled out by subtracting the inelastic and elastintensity with temperature, which seems especially pro-
nuclear scattering defined from the LyyRlata measured at nounced in the temperature range around 50 K. The narrow
the same temperatuf@ =5, 80, and 120 K For tempera- component, on the other hand, does not show any significant
tures of 35 and 50 K, at which no reference spectra weréemperature dependence.
available, the nuclear contribution was estimated on the basis The strong suppression of the broad quasielastic compo-
of the LuB,, spectrum aff = 120 K, taking into account the nent below 50 K is illustrated by the dashed line in Fif)3
detailed-balance factor in the case of the phonon componenithich represents the contribution calculated from the data at
The magnetic respons®,,{ E) of YbB;, at T=120K is 120 K assuming that the signal remains quasielastic and that
depicted in Fig. 8). It cannot be fitted by a single spectral the total cross section does not change with temperétere
component but is well described by two—one broad and onenly the variation of the detailed-balance factor is taken into
narrow—quasielastic Lorentzian functions witH';/2  accoun}t. Obviously, the result strongly overestimates the
=12meV and’,/2=0.8 meV. With decreasing temperature, contribution found experimentally dt=35K. The inset in
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TABLE |. Fitting parameters of the broad) and narrow(2) quasielastic components in the magnetic
response of YbB.

Lorentzian(1) Lorentzian(2)
Temperature Half-width Integrated intensity Half-width Integrated intensity

(K) (meV) (barn (meV) (barn

5 0.40+0.15 0.20:0.1

35 5+3 0.3t0.3 0.40:0.1 0.19-0.05

50 11.0t1 1.2-0.3 0.50:0.15 0.20-0.1

80 10.4£0.4 1.97:0.08 0.60-0.15 0.2:0.1
120 11.8:0.4 2.74:0.08 0.80:0.1 0.22+0.1

Fig. 3(b) shows a combination of the data from Ref. 10 andlayer of Yb as observed in the high-resolution photoemission
from the present measurements, which demonstrates the esxperiment, this contribution is in the order of 15%—20%,
istence of a gaplike region belofr=10 meV. The narrow which would indicate a bulk Yb valence of very closeito
quasielastic component will be discussed more specifically in= 3 in good agreement with our estimate from the hard x-ray
the following. absorption at thé. 5 edge. We therefore believe that the dif-
ference between our results and the high-resolution photo-
emission and XPS data is due to the surface sensitivity of the
XPS and photoemission techniques.

The existence of a single resonance in theedge spec- The main result of the inelastic neutron study is the un-
trum of YbB,, indicates that Yb is essentially trivalent. Any ambiguous confirmation that a nonmagnetic singlet ground
extra divalent contribution would lead to a resonance censtate, with a gap in the magnetic excitation spectrum, exists
tered 7 eV lower in energy as found, e.g., in the MV com-in YbBy, at T=5 K. The formation of this gap is associated
pound YbInCy.*® In particular, the spectrum calculated for a with the suppression of the broad quasielastic contribution
valence of 2.85%roughly one YB* for six Yb®"), as deduced observed at higher temperatures, which becomes particularly
from the high-resolution photoemissidrexperiments, does steep below 50 K. This spectral component is observable
not appear to represent our data correctly. The introductioanly above 35 K but, as soon as it appears, it shows a quite
of a smaller YB* contribution does not produce any signifi- significant line width {'/2~5 meV). Accordingly, the clos-
cant improvement over the single-line fit, and we estimaténg of the gap with increasing temperature does not result
the upper limit of the YB' fraction in YbB,, to be no more from a shift of excitation threshold to lower energies but
than 5% (-=2.95). Similarly, the fit of the second derivative rather from the emergence of the extra quasielastic signal.
in Fig. 1(b), assuming purely trivalent Yb, does not reveal It is interesting to compare these results with the low-
any additional divalent contribution to the absorption spectemperature magnetic susceptibiligyfor the same sample,
trum. From the measurements Bt 10K, it can be con- Which is plotted in Fig. 4. Below room temperatung(T)
cluded that the valence of Yb in YhBdoes not change first decreases on cooling, then goes through a maximum
significantly as a function of temperature.

One possible origin for the difference between our results
and previous photoemission studies may be the different sen-
sitivities of these methods to surface effects. Whereas the
measurement of the Yh; edge atE=8944 eV is a bulk
probe sampling a depth of approximately 2én, the XPS
and the high-resolution photoemission measurements are
much more surface sensitive. In principle, photoemission can
differentiate between the surfathe upper layer of the ma-
terial) and the “bulk” (the next few layensfrom the surface
shift due to the different potentials existing at the surface and
in the bulk. The above-mentioned high-resolution photo-
emission datd clearly showed that the Yb at the surface is
divalent. It is not unlikely that the valence in the next layer
may also be somewhat reduced asftléectrons are located i 4. Temperature dependence of the magnetic susceptibility
close to the Fermi surface. It is also possible that defectgs ypp,, measured on polycrystalA: this work and single-
close to or at the surface may influence the Yb valence of thgrystal (m: from Ref. § specimens. Dashed line: Curie law calcu-
near-surface layers probed by photoemission. For the XPfted for a free YB* ion (magnetic momeng.=4.54uz). Closed
measurements, the electron escape depth is in the order of 2fdcles: “impurity” contribution obtained as the difference between
A, corresponding to roughly five layers of Y@a/2=3.7A  the polycrystal and single-crystal data. Solid line: fit of the latter
between adjacent Yb layersAssuming a divalent surface contribution to a single-ion Curie law assuming 2% of*Yb

IV. DISCUSSION

Y NG LL E T L L bk L A A
100 200 300
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Static susceptibility (10 N emu/mole)
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around 75 K, in agreement with previous polycrysfadnd  vb3* states hybridized with the conduction band. Conse-
single-crystal measur'emeﬂt%.?l'he decrease of(T) below  quently, one expects to recover a spin-fluctuation spectrum
the maximum is consistent with the temperature dependencgyresponding to Kondo effect on ¥bions at elevated tem-

of the magnetic response, in particular with the disappearperatures, which could explain the origin of the broad quasi-
ance of the broad quasielastic component in approximatel¥|astic response in YhB for T>50K. Further theoretical
the same temperature range. On the other hand, the obserygork along this line seems quite promising.

tion of a Curie tail below 12 K is most likely an impurity In conclusion, the x-ray absorption study of YjpEhas
effect because a similar feature was observed previously i8hown that Yb is essentially trivalent in the bulky (
polycrystalline samples? but is almost negligible for a =2.95), and that its valence does not change significantly
high-quality single crystal® The same magnetic impurities yith temperature. The Kondo-insulator ground state of
are most I.ikely responsible for the narrow quasiglastic pealbe12 can be characterized as nonmagnetic, with a gap in
observed in all our neutron spectra. The magnetic cross sefe magnetic excitation spectrum for temperatures below 35
tion obtained by integrating the intensity over this peak alc At higher temperatures, a broad quasielastic contribution
T=5K s 0.21 b. This value corresponds to approximatelysiarts to appear in the magnetic response, providing evidence
2% of the total magnetic cross sectian,=12.6b, calcu-  that the Yb ions cross over to a spin-fluctuation regime with
lated for Y. By fitting the “impurity” tail in x(T) by @ 4 fluctuation energy of the order of 10 meV in this tempera-
Curie law with the effective magnetic moment of ¥b  tyre range. The fact that the appearance of a magnetic quasi-
(Per=4.54ug), One obtains an impurity concentration again e|astic intensity goes hand in hand with the closing of the
of the order of 2%. It should be noted that this extra termgjectronic gap suggests that a strong correlation exists be-
does not necessarily reflect the existence of an impurityyween the form of the magnetic response and the electronic
phasein the chemical sens@lthough this possibility cannot pand structure in this material. Finally, it should be noted
be ruled out within the accuracy of our x-ray characterizationhat in contrast to other compounds such as SroB

of the materigl indeed, it has been reported recefftihat if Ce;Pt,Bis, the Kondo-insulator gap state in YpBdoes not

powder is produced by crushing the single-crystal material ofyyolve a significant admixture of two different valence
Ref. 7, its magnetic susceptibility exhibits a low-temperaturegiates.

tail like that of polycrystals.

The existence of a broad structureless magnetic response,
and the formation of a gap in the magnetic excitation spec-
trum below~50 K have been reported previously for the
Kondo insulator CgBi,Pt.'? In a recent paper, Li pro- The authors would like to thank J. Linton, G. Jennings,
posed to ascribe the magnetic gap in the latter system to trend M. Beno for technical support at BESSRC. E.V.N.,
formation of an array of local nonmagnetic singlet statesV.N.L, and J.-M.M. are grateful to the ILL for hospitality
resulting from the hybridization and Coulomb interaction be-during the experiment at IN6. The work was supported by
tween localized (#4) and band (8) electrons. A similar the RFBR grant program, Grant No. 99-02-16522 and the
approach could be applicable to YBB According to that Russian state program “Neutron Investigation of Solids.”
model, the thermal breakdown of the local nonmagnetid..S. and S.R.W. and the work performed at the Advanced
bound state should result in the growth of the quasielasti®hoton Source were supported by the U.S. Department of
contribution due to the population of the excited magneticEnergy under Contract No. W-31-109-ENG-38.
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