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Evolution of electronic states in the Kondo alloy system Yb12xLu xB12
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We have studied the effect of Lu substitution on the Kondo insulator YbB12 by high-resolution photoemis-
sion. Comparison of the spectra of YbB12, Yb0.5Lu0.5B12, and LuB12 reveals that the density of states~DOS!
of the Bsp-derived conduction band near the Fermi level is reduced in YbB12 over a rather wide (; 40 meV!
energy region. Lu substitution~i! recovers the reduced Bsp DOS, ~ii ! shifts the Yb 4f -derived Kondo peak
towards higher binding energy, and~iii ! decreases the Yb valence. These results are consistently analyzed
using the Anderson-impurity model, and imply interaction between the Yb 4f ions mediated by the Yb 4f -B
sp hybridization in YbB12. @S0163-1829~97!03846-0#
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Kondo insulators have attracted many researchers’ at
tion due to their unique ground states and unusual lo
energy excited properties.1–3 In a preceding work,4 we have
pursued this issue from the photoemission spectrosc
point of view for YbB12, which is the only Yb-based Kondo
insulator.5,6 We have found that the observed position of t
Kondo peak agrees well with the Kondo temperature (TK)
deduced from the magnetic susceptibility in the framew
of the single-impurity model. The highly asymmetric Kond
peak has been explained by a strongly energy-depen
self-energy correction to the one-electron band structure.4,7–9

Since that work, some questions have remained unansw
Firstly, there has not been a clear indication of gap open
at EF in the spectra of YbB12.10 Secondly, the effects o
hybridization between the Yb 4f state and Bsp valence
bands have not been clarified. By studying how the gap
lapses with temperature, alloying, and magnetic field, o
may be able to answer such questions. In this paper,
present a photoemission spectroscopy~PES! study of the al-
loy system Yb12xLu xB 12, in which the gap closes as Lu i
substituted for Yb. We have observed both the 4f - and
valence-band electronic structures using various photon
ergies and discussed how the 4f and conduction electron
interact with each other and evolve with Lu substitution.

Yb 12xLu xB 12 has a UB12-type crystal structure in the
whole composition range 0<x<1. The electrical resistivity
measurements have shown that the semiconducting beh
of YbB 12 persists up tox;0.5.11 The magnetic susceptibility
rapidly decreases below;60 K in the Yb-rich region while
it saturates to a constant value in the Lu-rich region.11 It
shows a broad maximum at about 75 K and follows a Cu
560163-1829/97/56~21!/13727~4!/$10.00
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Weiss law above;150 K. Magnetic contributions to the
low-temperature specific heat of Yb12xLu xB 12 show a
T-linear behavior in Lu-rich (x>0.5! samples while in
x;0.25 samples they show a clear Schottky-type beha
similar to pure YbB12 with its maximum at;40 K,6 again
showing that the gap disappears only for a large amoun
Lu substitution. The Lu 4f level forms the closed-shell 4f 14

configuration and is located well belowEF .12 Thus in the
first approximation, the extra electrons added by Lu sub
tution are trapped in the Lu 4f level and do not contribute to
the transport properties. Nevertheless the Lu substitu
leads to the doping of a small number of conduction el
trons because the valence of Lu~31! is somewhat larger
than that of Yb~;2.861!.4

Polycrystalline samples of Yb0.5Lu 0.5B 12 and LuB12 were
prepared by reducing Yb2O3 and Lu2O3 at 2200 °C. The
LuB 12 samples contained a trace amount~;3%! of Yb. PES
measurements were performed using He resonance
~He I: hn521.2 eV; HeII : 40.8 eV! and synchrotron radia
tion (hn5125 eV!. The latter measurements were made
beam line BL-3B of the Photon Factory, National Laborato
for High Energy Physics. The Fermi edge of Au film evap
rated on the sample surface after each series of meas
ments was used to determine the Fermi level (EF) position
and the instrumental resolution. The resolution was 21–
;28, and;55 meV for HeI, HeII , and hn5125 eV, re-
spectively. All the measurements were done at; 30 K. The
base pressure of the spectrometer was;5310211 Torr for
the HeI and HeII measurements and;3.5310210 Torr for
the synchrotron radiation measurements. The sample
faces were repeatedly scrapedin situ with a diamond file.
13 727 © 1997 The American Physical Society
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Figure 1 shows the entire valence-band spectra
Yb 0.5Lu 0.5B 12 and YbB12 ~Ref. 4! and their difference spec
trum. For the photon energy of 125 eV used here, the Yb
Lu 4f photoionization cross sections are dominant.13 Signals
from Yb consist of two structures characteristic of valen
fluctuating Yb compounds: divalent (4f 14→4 f 13) and triva-
lent (4f 13→4 f 12) parts. The divalent part is further decom
posed into surface and bulk components4,14,15 as shown in
the figure. For Yb0.5Lu 0.5B 12, signals from the Lu
4 f 14→4 f 13 transition overlap the trivalent Yb signal. Prior t
subtraction, the two spectra were normalized to the triva
Yb signal intensity so that no Yb trivalent signal appeared
the difference spectrum. In the difference spectrum, in ad
tion to the prominent doublets from the bulk and surface
atoms one can see residual divalent signals of bulk and
face Yb atoms nearEF , indicating that the Lu substitution
causes a decrease of the Yb valence. Since the bulk res
signal amounts to;30% of the bulk divalent signal in
YbB 12, the Yb valence in Yb0.5Lu 0.5B 12 is estimated to be
;2.82 compared with Yb valence;2.86 in YbB12.4

The hn5125 eV spectra in the upper panel of Fig.
~dots! show the Kondo peak corresponding to thej 57/2 final
state of the 4f 14→4 f 13 doublet. One notices distinct differ
ences between the two spectra:~i! the peak for
Yb 0.5Lu 0.5B 12 is shifted toward higher binding energy b
about 10 meV, and~ii ! is broadened compared to that f
YbB 12. In order to discuss the Yb 4f signal with better
resolution~; 28 meV for Yb0.5Lu 0.5B 12 and; 42 meV4 for
YbB 12) we subtracted the HeI spectra from the HeII spectra
so that the subtracted spectra, broadened with the resolu
difference, agreed with the 125 eV spectra. Note that
though there is a Yb 4f contribution in the HeII spectra, the

FIG. 1. Upper panel: valence-band photoemission spectra
Yb0.5Lu0.5B12 and YbB12. Calculated multiplet structures~Ref. 16!
are also shown by vertical bars. Lower panel: the difference sp
trum between Yb0.5Lu0.5B12 and YbB12.
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B 2p contribution is dominant in both the HeI and HeII

spectra.13 For hn5125 eV the B 2s contribution, which is
relatively small for HeI, is not negligible13 and thus we have
allowed a small discrepancy between broadened HeII 2 He I

difference spectra and the 125 eV spectra on the higher b
ing energy side of the Kondo peak as shown in the up
panel of Fig. 2. As we fitted the difference spectra us
Mahan’s asymmetric line shape17 convoluted with a Gauss
ian, the Gaussian width corresponding to the instrume
resolution was sufficient to fit the spectrum of YbB12 while
larger Gaussian broadening was needed for Yb0.5Lu 0.5B 12.
The fits show that the peak position is;23 meV belowEF
for YbB 12 and;31 meV for Yb0.5Lu 0.5B 12.

We compare the HeI spectra of YbB12, Yb0.5Lu 0.5B 12,
and LuB12 in the upper panel of Fig. 3. The figure reveals
gradual recovery of the missing spectral weight in the Bp
density of states~DOS! aroundEF as Lu is substituted for
Yb. Note that the spectral change occurs in a rather w
energy range of; 40 meV, in comparison with the transpo
activation energy of YbB12 ~;6 meV!. The spectrum of LuB
12 could be fitted to a linearly varying DOS multiplied by th
Fermi distribution function of 30 K as shown in the lowe
panel of Fig. 3; the solid curves in the upper panel are c
volutions of the DOS curves in the lower panel with th
instrumental resolution. The DOS curves employed to fit
spectra of Yb0.5Lu 0.5B 12 and YbB12 have a dip or
pseudogap~produced by subtracting Gaussians from the l
ear DOS! aroundEF . The spectral intensity atEF for YbB 12
thus turned out to be depressed by;25% compared to

of

c-

FIG. 2. Photoemission spectra of Yb0.5Lu0.5B12 and YbB12 near
EF . Upper panel: Spectra taken withhn5125 eV~dots! and broad-
ened HeII 2 He I difference spectra~solid curves!. Middle panel:
He II 2 He I difference spectra~dots! and fits using Mahan’s line
shape~solid curves!. Lower panel: Calculated spectra using th
AIM convoluted with a Gaussian of FWHM 40 meV.
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LuB 12. An attempt to fit the spectra with a small~a few
meV! but fully opened gap atEF has been unsuccessful.

The relationship between the ‘‘pseudogap’’ of the;40
meV width and the;6 meV transport gap is not clear a
present. A recent electron tunneling study of SmB6, which is
another Kondo insulator with a transport activation energy
;4 meV,18 has revealed a broad dip of;40 meV width
aroundEF .19 Such a dip or pseudogap might be a charac
istic feature of the Kondo insulators.

In the framework of the Anderson-impurity model~AIM !,
the properties of an Yb ion in the Kondo singlet ground st
are described by7

d5BexpS 2
p« f

0

NfD
D , n̄ f5

D

D1pd/Nf
, ~1!

to lowest order in 1/Nf with U f f5`, whered[kBTK is the
Kondo peak position in the PES spectra,B is the conduction-
band width aboveEF , « f

0 is the baref ( f 13→ f 14) level mea-
sured fromEF (« f

0.0), Nf58 is the degeneracy of the 4f 7/2

level, and n̄ f denotes thef -hole occupancy. We define th
hybridization strength by D5(p/B)*0

Br(«)uV(«)u2d«,
where r(«) is the conduction-band DOS andV(«) is the
hybridization matrix element between thef and conduction
electrons.20 In Yb 12xLu xB 12, Lu substitution may change
two parameters of the model:~i! electron doping raises th
Fermi level and thus reduces« f

0 ; ~ii ! the recovery of the B
sp band DOSr(«) around EF increasesD. With these
changes in« f

0 and D, d increases and hencen̄ f decreases
according to Eq.~1!, in qualitative agreement with the PE
results. However, the calculations to lowest order in 1/Nf
deal with only the unoccupied side of the conduction ba
for Yb compounds and are not influenced by the change
the conduction-band DOS belowEF as observed in the HeI
spectra. Also, the line shape of the Kondo peak canno

FIG. 3. Upper panel: HeI spectra of Yb12xLu xB12 and YbB12.
The solid curves have been obtained by convoluting the curve
the lower panel with a Gaussian. Lower panel: the assumed D
multiplied by the Fermi distribution function.
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analyzed with lowest-order calculations, which necessa
give a single and hence symmetric peak belowEF .

In order to consider the effect of changes in the Bsp band
nearEF on thef -electron spectra, we have calculated thef
photoemission spectra atT50 K to second order in 1/Nf .21

A flat DOS of 0.3 eV width is considered for the conductio
band withEF in the middle.22 We have included lowest orde
f 14, f 13, and f 12 states and second orderf 14 state for the
calculation of the initial state21 and lowest orderf 13, f 12, and
f 11 states and second orderf 14 and f 13 states for the photo-
emission final states. Here, the lowest orderf 142n state
stands for the state withn holes in the f level and
n (n21) electrons in the conduction band for the initi
~final! state. An electron-hole pair is added in the seco
order states. Using this model, we have reproduced both
intensity ratio I (4 f 13→4 f 12)/I (4 f 14→4 f 13), corrected for
the difference inNf ~58 and 14!, and the Kondo peak posi
tion in the YbB12 spectrum withD50.21 eV,« f

050.7 eV,
andU f f57 eV.23 The AIM calculations have thus given a
asymmetric Kondo peak as shown in the lower panel of F
2 although they cannot fully reproduce the experimenta
observed asymmetry.24,25

As already clear in Eq.~1!, both decreasingD and increas-
ing « f

0 cause qualitatively similar changes in the Kon
peak: the weight of the Kondo peak becomes smaller with
position approachingEF and the weight of the 4f 13→4 f 12

transition increases; thef -hole occupancyn̄ f approaches
unity. As « f

0 changes, the position of the 4f 13→4 f 12 struc-
ture at the binding energy of about2« f

01U f f should be
shifted by the same amount. Since the shift of t
4 f 13→4 f 12 signal is much less than 0.1 eV~Fig. 1!, we
conclude that the change ofD rather than that of« f

0 domi-
nates the spectral change caused by the Lu substitution
order to reproduce the changes in both the intensity r
I (4 f 13→4 f 12)/I (4 f 14→4 f 13) and the Kondo peak position
in going from YbB12 to Yb0.5Lu 0.5B 12, D is varied from
0.21 eV to 0.28 eV as shown in the lower panel of Fig.
with other parameters fixed. The increase inD with Lu sub-
stitution deduced from the AIM analysis is consistent w
the recovery of the Bsp DOS nearEF in the wide energy
range observed in the He I spectra. The consistent chang
the Yb 4f spectra and the Bsp DOS mean that the presenc
of the 4f -derived spectral weight nearEF affects the Bsp
DOS, which in turn affects the 4f states on neighboring Yb
atoms. That is, the 4f states at different Yb sites are inte
acting with each other through the hybridization, indicati
that the Kondo singlet in YbB12 is not completely localized.

We have also studied the effect of gap opening in
conduction band using the AIM. We opened a narrow~;10
meV! square-well-shaped gap locating the Fermi level at
middle of the gap, and found that the Kondo peak beca
narrower with its weight~and hencen̄ f) conserved and tha
the high-energy 4f 13→4 f 12 structure did not change at al
Experimentally we have indeed observed the narrowing
the Kondo peak in going from Yb0.5Lu 0.5B 12 to YbB12 but a
substantial change inn̄ f . Therefore the changes in the 4f
spectral line shape with Lu substitution do not necessa
imply the opening of a narrow gap in the Bsp DOS. The
absence of the narrow gap in the PES spectra in spite of
semiconducting behavior may indicate that the states neaEF
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are localized due to disorder or that the Fermi level is loca
near the bottom of the band gap.

According to the AIM, the shift of the Kondo peak with
Lu substitution should be accompanied by an increase of
Kondo temperature. Indeed the temperature where the m
netic susceptibilities reach the maximum11 increases by
10–20 K but to a lesser extent than the shift of the Kon
peak position. The maximum in the magnetic susceptibi
of the insulating Yb12xLu xB 12 might simply have origi-
nated from the absence of the Pauli paramagnetism owin
the gap opening itself. The validity of the AIM, which ha
only one characteristic temperatureTK , remains to be
checked for YbB12.

In summary, we have studied how Lu substitution in
YbB 12 changes the low-energy electronic structure. In go
from YbB12 to LuB12, the broad dip in the Bsp-derived
DOS is gradually filled and the simple Fermi edge is reco
ered; the Kondo peak is shifted towards higher binding
t

d

he
g-

o
y

to

g

-
-

ergy. According to the AIM analysis, the change in the 4f
spectral line shape is caused by the recovery of
conduction-band DOS aroundEF . Since the recovery of the
conduction-band DOS is certainly caused by the disappe
ance of the Yb 4f spectral weight nearEF , the present re-
sults reveal that interaction between the Yb ions is media
by the 4f -conduction-band hybridization and therefore th
there is finite interaction between the Kondo singlets
YbB 12.
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