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Evolution of electronic states in the Kondo alloy system Yb_,Lu,B;,
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We have studied the effect of Lu substitution on the Kondo insulator Y8 high-resolution photoemis-
sion. Comparison of the spectra of YpB YbgsLugsB1,, and LuB;, reveals that the density of statd309)
of the Bsp-derived conduction band near the Fermi level is reduced in ybBer a rather wide{ 40 me\)
energy region. Lu substitutiofi) recovers the reduced 8p DOS, (ii) shifts the Yb 4-derived Kondo peak
towards higher binding energy, arili) decreases the Yb valence. These results are consistently analyzed
using the Anderson-impurity model, and imply interaction between the fYlods mediated by the Yb4B
sp hybridization in YbB;,. [S0163-182807)03846-(

Kondo insulators have attracted many researchers’ atteWeiss law above~150 K. Magnetic contributions to the
tion due to their unique ground states and unusual lowlow-temperature specific heat of Yb,Lu,B;, show a
energy excited propertiés® In a preceding work,we have  T-linear behavior in Lu-rich X=0.5 samples while in
pursued this issue from the photoemission spectroscopix~0.25 samples they show a clear Schottky-type behavior
point of view for YbB,,, which is the only Yb-based Kondo similar to pure YbB, with its maximum at~40 K? again
insulator>® We have found that the observed position of theshowing that the gap disappears only for a large amount of
Kondo peak agrees well with the Kondo temperatufg)(  Lu substitution. The Lu # level forms the closed-shelff '
deduced from the magnetic susceptibility in the frameworkconfiguration and is located well belo&.** Thus in the
of the single-impurity model. The highly asymmetric Kondo first approximation, the extra electrons added by Lu substi-
peak has been explained by a strongly energy-dependetition are trapped in the Lufdlevel and do not contribute to
self-energy correction to the one-electron band struétiré. the transport properties. Nevertheless the Lu substitution
Since that work, some questions have remained unanswerddads to the doping of a small number of conduction elec-
Firstly, there has not been a clear indication of gap openingrons because the valence of I8+) is somewhat larger
at E¢ in the spectra of YbB,.'° Secondly, the effects of than that of Yb(~2.86+).%
hybridization between the Yb f4state and Bsp valence Polycrystalline samples of YJyLu 5B 1, and LuB,, were
bands have not been clarified. By studying how the gap colprepared by reducing Y}©; and Lu,O5 at 2200 °C. The
lapses with temperature, alloying, and magnetic field, oné.uB ;, samples contained a trace amo(rB%) of Yb. PES
may be able to answer such questions. In this paper, wmeasurements were performed using He resonance lines
present a photoemission spectrosc@PgS study of the al- (Hel: hv=21.2 eV; Hell: 40.8 eV} and synchrotron radia-
loy system Yh _,Lu,B,, in which the gap closes as Lu is tion (hv=125 e\). The latter measurements were made at
substituted for Yb. We have observed both th& 4nd  beam line BL-3B of the Photon Factory, National Laboratory
valence-band electronic structures using various photon erfer High Energy Physics. The Fermi edge of Au film evapo-
ergies and discussed how thé 4nd conduction electrons rated on the sample surface after each series of measure-
interact with each other and evolve with Lu substitution. ments was used to determine the Fermi le\&t)( position

Yb,_4Lu,B4, has a UB,type crystal structure in the and the instrumental resolution. The resolution was 21-25,
whole composition range€9x<1. The electrical resistivity ~28, and~55 meV for Hel, Hel, andhv=125 eV, re-
measurements have shown that the semiconducting behavigpectively. All the measurements were done-a80 K. The
of YbB ;, persists up tx~0.51! The magnetic susceptibility base pressure of the spectrometer wesx 10~ 1! Torr for
rapidly decreases below60 K in the Yb-rich region while the Hel and Hell measurements aneg 3.5x 10 %% Torr for
it saturates to a constant value in the Lu-rich redibit  the synchrotron radiation measurements. The sample sur-
shows a broad maximum at about 75 K and follows a Curiefaces were repeatedly scrapiedsitu with a diamond file.
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FIG. 1. Upper panel: valence-band photoemission spectra of

Ybodug B 1,and YbB,,. Calculated multiplet structuréRef. 16 FIG. 2. Photogmission spectra of y#.uo.sB1,and YbBy, near

are also shown by vertical bars. Lower panel: the difference specEr - UPPer panel: Spectra taken witiy=125 eV(dotg and broad-

trum between YgdLuo B, and YbB,,. ened Hal — He difference spectrésolid curves. Middle panel:
' ' Hen — He difference spectréadoty and fits using Mahan's line

hape(solid curve$. Lower panel: Calculated spectra using the

Figure 1 shows the entire valence-band spectra o IM convoluted with a Gaussian of FWHM 40 meV.

YbyslugsB 1, and YbB;, (Ref. 4 and their difference spec-
trum. For the photon energy of 125 eV used here, the Yb and
Lu 4f photoionization cross sections are domingr@ignals B 2p contribution is dominant in both the Heand Heil
from Yb consist of two structures characteristic of valencespectral® For hy=125 eV the B 2 contribution, which is
fluctuating Yb compounds: divalent {4 —4f% and triva-  relatively small for Ha, is not negligiblé® and thus we have
lent (4f*—4f'?) parts. The divalent part is further decom- allowed a small discrepancy between broadened HeHe |
posed into surface and bulk componénfst®as shown in difference spectra and the 125 eV spectra on the higher bind-
the figure. For YRBduysBi,, signals from the Lu ing energy side of the Kondo peak as shown in the upper
41 4B transition overlap the trivalent Yb signal. Prior to panel of Fig. 2. As we fitted the difference spectra using
subtraction, the two spectra were normalized to the trivalenMahan’s asymmetric line shabeconvoluted with a Gauss-
Yb signal intensity so that no Yb trivalent signal appeared inian, the Gaussian width corresponding to the instrumental
the difference spectrum. In the difference spectrum, in addiresolution was sufficient to fit the spectrum of YphBwhile
tion to the prominent doublets from the bulk and surface Lularger Gaussian broadening was needed fop Y10 5B 15.
atoms one can see residual divalent signals of bulk and suiFhe fits show that the peak position4s23 meV belowEg
face Yb atoms neaE, indicating that the Lu substitution for YbB, and~31 meV for YbysLusB 5.
causes a decrease of the Yb valence. Since the bulk residual We compare the Hespectra of YbB,, YbgsLugsB 1o,
signal amounts to~30% of the bulk divalent signal in and LuB,, in the upper panel of Fig. 3. The figure reveals a
YbB 15, the Yb valence in Ygglug 5B, is estimated to be gradual recovery of the missing spectral weight in theB 2
~2.82 compared with Yb valence2.86 in YbB,,.* density of stategDOS) aroundEg as Lu is substituted for
The hv=125 eV spectra in the upper panel of Fig. 2 Yb. Note that the spectral change occurs in a rather wide
(dotg show the Kondo peak corresponding to {k€7/2 final ~ energy range of- 40 meV, in comparison with the transport
state of the 44— 41 doublet. One notices distinct differ- activation energy of YbB, (~6 meV). The spectrum of LuB
ences between the two spectrdi) the peak for 4, could be fitted to a linearly varying DOS multiplied by the
YboslugsB 1, is shifted toward higher binding energy by Fermi distribution function of 30 K as shown in the lower
about 10 meV, andii) is broadened compared to that for panel of Fig. 3; the solid curves in the upper panel are con-
YbB,. In order to discuss the Ybf4signal with better volutions of the DOS curves in the lower panel with the
resolution(~ 28 meV for Yby sLuosB 1, and~ 42 meVf for  instrumental resolution. The DOS curves employed to fit the
YbB ;,) we subtracted the Hespectra from the He spectra spectra of YBguysB, and YbB;, have a dip or
so that the subtracted spectra, broadened with the resolutiggseudogagproduced by subtracting Gaussians from the lin-
difference, agreed with the 125 eV spectra. Note that alear DOS aroundEr . The spectral intensity & for YbB ;>
though there is a Yb #icontribution in the Hel spectra, the thus turned out to be depressed by25% compared to
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analyzed with lowest-order calculations, which necessarily
give a single and hence symmetric peak bekow.

In order to consider the effect of changes in theBband
nearEr on thef-electron spectra, we have calculated the 4
photoemission spectra &=0 K to second order in N;.?

A flat DOS of 0.3 eV width is considered for the conduction
band withE in the middle?” We have included lowest order
f14 13, and f12? states and second ordét* state for the
calculation of the initial staté and lowest ordef*3, {12, and
f1! states and second orde¥* and f1° states for the photo-
emission final states. Here, the lowest ordéf " state
stands for the state wittm holes in thef level and

n (n—1) electrons in the conduction band for the initial

Intensity

(final) state. An electron-hole pair is added in the second-
. ’ order states. Using this model, we have reproduced both the
80 40 0 40 intensity ratio | (43— 4119)/1(4f1%—4f1%, corrected for

the difference irN; (=8 and 14, and the Kondo peak posi-
tion in the YbB;, spectrum withA=0.21 eV,s?=O.7 ev,
andU;;=7 eVZ The AIM calculations have thus given an
FIG. 3. Upper panel: Hespectra of YR _,Lu,B;,and YbB,.  asymmetric Kondo peak as shown in the lower panel of Fig.
The solid curves have been o_btained by convoluting the curves ip although they cannot fully reproduce the experimentally
the Ilovyer panel with a G.au.SS|a.n. Lower. panel: the assumed DOgpserved asymmetl?)?.’ZS
multiplied by the Fermi distribution function. As already clear in Eq1), both decreasing and increas-
ing s? cause qualitatively similar changes in the Kondo
LuB;,. An attempt to fit the spectra with a small few  peak: the weight of the Kondo peak becomes smaller with its
meV) but fully opened gap & has been unsuccessful.  position approachinger and the weight of the #3412
The relationship between the “pseudogap” of thel0  anition increases; thé-hole occupancyn; approaches
meV width and the~6 meV transport gap is not clear at unity. As 8? changes, the position of thef #— 412 struc-

Bother Kondo msulator with & ransport activation energy ofI€ 2t the binding energy of aboutef+Uyy should be
b gy shifted by the same amount. Since the shift of the

4 meV;* has revealed a broad dip 6f40 meV width 4f13_,4§12 signal is much less than 0.1 eXFig. 1), we

dEg .*° Such a di ight haracter- .
?srt(i)cu?eatljre ;liﬁe ?(g:]rzjgriﬁssa:?ggap might be a charac erconclude that the change df rather than that of:? domi-

In the framework of the Anderson-impurity mod@liM ), nates the spectral change caused by the Lu substitution. In

the properties of an Yb ion in the Kondo singlet ground state?rder to reproduce the changes in both the intensity ratio
are Fc)JesF::ribed By gietg 1 (43— 4119)/1 (44— 4113 and the Kondo peak position

in going from YbBy, to YbgglugsB1,, A is varied from

0.21 eV to 0.28 eV as shown in the lower panel of Fig. 2
ws? — A with other parameters fixed. The increase\invith Lu sub-

6=Bexp — v Ne= : (D stitution deduced from the AIM analysis is consistent with

the recovery of the Bp DOS nearEg in the wide energy

range observed in the He | spectra. The consistent changes of

the Yb 4f spectra and the Bp DOS mean that the presence

Binding Energy (meV)

to lowest order in M; with U=, wheres=kgTg is the
Kondo peak position in the PES Spec%:s thﬁ conduction- ¢ yhe 4f-derived spectral weight ned; affects the Bsp
band width aboverF, ey is the baref (f~—f~) level mea-  pog which in turn affects thef4states on neighboring Yb
sured fromEg (e¢>0), N¢=8is the degeneracy of theff,  aioms. That is, the #states at different Yb sites are inter-
level, andn; denotes the-hole occupancy. We define the acting with each other through the hybridization, indicating
hybridization strength by A=(#/B)[Bp(¢)|V(e)|?de,  that the Kondo singlet in YbB, is not completely localized.
where p(e) is the conduction-band DOS and(¢) is the We have also studied the effect of gap opening in the
hybridization matrix element between tieand conduction conduction band using the AIM. We opened a narifewl0
electrong’ In Yb,_,Lu,B,, Lu substitution may change meV) square-well-shaped gap locating the Fermi level at the
two parameters of the mode(i)) electron doping raises the middle of the gap, and found that the Kondo peak became
Fermi level and thus reducey ; (ii) the recovery of the B narrower with its weightand hencen;) conserved and that
sp band DOSp(e) around E¢ increasesA. With these the high-energy #%— 4f? structure did not change at alll.
Changes msf0 and A, 8 increases and henq;f decreases Experimentally we have indeed observed the narrowing of
according to Eq(1), in qualitative agreement with the PES the Kondo peak in going from Yfluo 5B 1, to YbB,, but a
results. However, the calculations to lowest order iN;1/ substantial change im;. Therefore the changes in thd 4
deal with only the unoccupied side of the conduction bandspectral line shape with Lu substitution do not necessarily
for Yb compounds and are not influenced by the change immply the opening of a narrow gap in the § DOS. The

the conduction-band DOS belo#r as observed in the He  absence of the narrow gap in the PES spectra in spite of the
spectra. Also, the line shape of the Kondo peak cannot bsemiconducting behavior may indicate that the statesBgar
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are localized due to disorder or that the Fermi level is locate@rgy. According to the AIM analysis, the change in thie 4
near the bottom of the band gap. spectral line shape is caused by the recovery of the
According to the AIM, the shift of the Kondo peak with conduction-band DOS arourik . Since the recovery of the
Lu substitution should be accompanied by an increase of thgonduction-band DOS is certainly caused by the disappear-

Kondo temperature. Indeed the temperature where the magnce of the Yb 4 Spectra| We|ght neaEF’ the present re-
netic susceptibilities reach the maximtimincreases by guits reveal that interaction between the Yb ions is mediated
10-20 K but to a lesser extent than the shift of the Konda,y the 4f-conduction-band hybridization and therefore that
peak position. The maximum in the magnetic susceptibilityyhere s finite interaction between the Kondo singlets in
of the insulating YR _,Lu,B > might simply have origi- B
nated from the absence of the Pauli paramagnetism owing to 12:
the gap opening itself. The validity of the AIM, which has  We would like to thank S. Imada, M. Tsunekawa, T.
only one characteristic temperatufgc, remains to be Muro, E. Shigemasa, and K. V. Kaznacheyev for technical
checked for YbB,. support at the Photon Factory, H. Harima for valuable dis-
In summary, we have studied how Lu substitution intocussions and Z. Fisk for unpublished resuRef. 19. Part
YbB ;, changes the low-energy electronic structure. In goingof this work was made under the approval of the Photon
from YbB,, to LuB,,, the broad dip in the Bp-derived Factory Program Advisory Committe€@2S002. Support
DOS is gradually filled and the simple Fermi edge is recov-from the New Energy and Technology Development Orga-
ered; the Kondo peak is shifted towards higher binding ennization(NEDO) is gratefully acknowledged.
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