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Kondo semiconductor YbB, and the Lu-substituted Yb,_,Lu,B;, (x=1/8) alloy have been studied by the
bulk-sensitive hard x-ray (hv~8 keV) photoelectron spectroscopy at temperatures from 200 down to 20 K. To
check the Kondo lattice effects for the bulk electronic states, the temperature dependence of the bulk Yb
valence and 4f peak positions in both systems is analyzed with use of the single-impurity Anderson model
(SIAM) by considering the crystalline electric field effects. For x=0, the temperature dependence of the bulk
electronic states cannot be interpreted within the SIAM, whereas those for x=1/8 could be understood by the
SIAM predictions due to the collapse of the lattice coherence by the Lu substitution. These results indicate that
the Kondo lattice effects are important for pure YbB;, and play essential roles for forming a narrow gap at low

temperatures.
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I. INTRODUCTION

Among strongly correlated electron systems containing
rare-earth elements, CeNiSn,! Ce3Bi4Pt3,2 SmBé,3 and YbB,
(Refs. 4 and 5) have been well known as valence-fluctuating
(VF) Kondo semiconductors (or Kondo insulators). They be-
have as metals or semimetals near the room temperature with
localized 4f magnetic moments, whereas a nonmagnetic in-
sulating ground state develops below a characteristic tem-
perature (7%) of the order of 100 K with opening a narrow
energy gap (~10 meV) at the Fermi level (Er). However,
the mechanism of the gap formation is still controversial.

Among those compounds, YbB, is regarded as a candi-
date material, where the mechanism of the narrow gap for-
mation may be clarified because of its very simple NaCl-type
crystal structure (with Yb cations in the sodium ion site and
B, dodecahedra in the chlorine ion site, forming the two
interpenetrating fcc sublattices).’ Thus, detailed studies of
YbB, can promote the understanding of physics in Kondo
semiconductors. To date, many experimental and theoretical
approaches have been performed for YbB;,. The magnetic
susceptibility follows a Curie-Weiss behavior above 170 K.
It shows a broad maximum around 7"~ 80 K and then de-
creases rapidly to reach a constant value characterized by the
nonmagnetic ground state.®” The Kondo temperature (T%) is
conventionally estimated as ~37%, suggesting Ty~ 240 K.”
The narrow gap in YbB,, opens below 80 K. The gap mag-
nitude at low temperatures has been estimated to be 11.7
meV from the electrical 1resistivity,6 15.5 meV from the Hall
coefficient, ~10 meV from the low photon energy (hv
=21.2 eV) photoelectron spectroscopy (PES).® and 15 meV
from the optical conductivity results.” In addition, local den-
sity approximation with the strong Coulomb U correlation
(LDA+U) band-structure calculations considering the realis-
tic orbital degeneracies in both conduction bands and 4f
states have given the gap of ~17.7 meV.!’
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The Yb mean valence for YbB,, has been estimated from
several spectroscopic techniques. The Yb valence is esti-
mated as 2.86 =0.06 at 30 K and 2.9 at room temperature
from the soft x-ray (SX) PESs at hv=125 eV (Ref. 11) and
at hv=1253.6 eV (Mg Ka),'? respectively. These techniques
have, however, such experimental problems as the surface
sensitivity due to the short inelastic mean-free path (IMFP:
A~6 A at hv=125 eV) (Ref. 13) of the photoelectrons and
the insufficient energy resolution (1.1 eV at hv=1253.6 eV).
As a bulk-sensitive technique, the Yb Ly (2ps/,) edge x-ray
absorption spectroscopy (XAS) has been performed and the
Yb valence is estimated to be very close to 3 (larger than
2.95) at 20 K.'* However, the valence evaluation from the
Yb Ly-edge XAS spectra is rather limited because the Yb?*
and Yb** components strongly overlap and the separation
into the two components has some ambiguities. Therefore,
more accurate estimate of the bulk Yb valence is required to
clarify the VF behavior in YbB ;.

In order to examine the evolution of the narrow gap, elec-
tronic properties of the Lu-substituted system Yb;_.Lu,B,
have been studied. In the study of the x dependence of opti-
cal conductivity spectra,'® the onset attributed to the gap in
the optical spectrum for x=0 disappears rapidly by substitut-
ing a small amount of Lu (x=1/8). The gap filling for small
x may imply the reduction of the Kondo lattice effects de-
scribed by the periodic Anderson model (PAM).'® Moreover,
the importance of the Kondo lattice effects for YbB, was
also suggested in Ref. 17. On the other hand, in inelastic
neutron-scattering (INS) studies of Yb,_,LuB,,'® the gap
can be traced up to x=0.9 in INS spectra. Then it has been
concluded that the gap could be driven by the Yb 4f single-
site effects rather than the Kondo lattice effects. Therefore,
detailed investigations of the bulk electronic states of
Yb,_,LuB, are required to settle these controversies be-
tween optical and INS studies. So far, in many Yb-based VF
compounds the competition between the Kondo lattice ver-
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sus 4f single-site effects has been discussed as a key
issue.!9-2?

This paper reports on bulk-sensitive hard x-ray PES
(HAXPES) studies of Kondo semiconductor YbB, and the
Lu-substitution alloy Yb;gLu;4B;,. The high energy PES
has been widely recognized as one of the powerful tools to
reveal bulk electronic states for strongly correlated electron
systems.?>~2° First, the temperature (7) dependence of the
bulk Yb valence has been estimated from the Yb 3d core-
level spectra. Second, the 7 dependence of the bulk Yb va-
lence and 4f peak positions in both systems is analyzed by
the noncrossing approximation (NCA) calculation®’ based on
the single-impurity Anderson model (SIAM) (Ref. 28) con-
sidering the crystalline electric field (CEF) effects. From a
comparison between experimental and theoretical results, we
discuss that Kondo lattice effects in pure YbB;, and the col-
lapse of the lattice coherence induced by substituting a small
amount of Lu for Yb.

II. EXPERIMENT

The single crystals of Yb,_,Lu,B;, (x=0 and 1/8) were
grown by the floating-zone method by using an image fur-
nace with four xenon lamps.®’ These bulk properties are
characterized by the electrical resistivity,® the magnetic
susceptibility,®” the heat capacity,” and the Hall coefficient®
measurements. In accordance with the Lu substitution, the
Kondo temperature conjectured from the shift of 7* in the
magnetic susceptibility increases only slightly from Ty
~240 K for x=0 to Tx~250 K for x=1/8.7 On the other
hand, the lattice constant is almost unchanged between x=0
and 1/8.%°

HAXPES measurements were performed at the 27 m long
undulator beam line 19LXU of SPring-8.%* The x-ray radia-
tion was monochromatized by Si(111) double crystals and
then monochromatized by a Si(551) (hv=38180 eV for x=0)
or a Si(444) (hv=7942 eV for x=1/8) channel-cut crystal.
The spot size of the x ray focused with bimorph mirrors onto
the sample was 100 um (vertical) X 60 wm (horizontal).
An MBS AIl-HE spectrometer was employed for electron
energy analyses. The samples were fractured in situ in a
vacuum with a base pressure of better than 5 X 10~® Pa. The
measurements were performed at temperatures from 200 to
20 K. The surface cleanliness was confirmed by the absence
of the O ls and C 1s HAXPES signals. The energy calibra-
tion was performed by the Au Fermi edge at each measuring
T. The total-energy resolution was set to 460 meV for Yb 3d
core-level spectra, 120 meV for Yb 4f spectra in the wide
energy region (—1-13.5 eV), and 65 meV for Yb** 4f;,
spectra in the narrow energy region (—0.25—-1.0 eV).

III. RESULTS AND DISCUSSION

A. Yb valence estimation from Yb 3d core-level spectra

The Yb 3d core-level HAXPES spectra of YbB,, and
Yb;5Lu, 5B, are given in Fig. 1(a). Characteristic features
derived from the Yb?* and Yb** states are observed in both
spectra. The single peaks at 1520 and 1568 eV are due to the
Yb?* 3ds, and 3d;), states corresponding to the 3d'%4f'4
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FIG. 1. (Color online) Yb 3d core-level spectra of Yb;_,Lu,B,
(x=0 and 1/8) measured at hv~8 keV. (a) Whole energy region of
the Yb 3d states. Lu** 3d peaks are seen for x=1/8. T-dependent
Yb 3ds;, spectra (b) for x=0 and (c) for x=1/8. All spectra are
normalized by the integrated intensity of the Yb’* 3d multiplet
structures.

initial state—3d°4f'# final-state excitation. The Yb** 3d
states (3d'%4f'3 initial state—3d°4f'3 final state) are ob-
served as multiplet structures around 1527 eV for the 3ds,,
state and 1577 eV for the 3ds, state. For x=1/8, the Lu**
3ds,, component (3d'%4f'* initial state — 3d°4f'* final state)
and its 3d;), spin-orbit partner are observed at 1589 and 1640
eV, respectively. In addition, broad satellites at 1550 and
1600 eV are due to the inelastic energy-loss structures, which
are often observed in the 3d core-level spectra of rare-earth
compounds.’'* The T7-dependent Yb 3ds, spectra are
shown in Fig. 1(b) for x=0 and in Fig. 1(c) for x=1/8. It is
noticed in both systems that the Yb>* 3d spectral weight is
gradually increased on cooling from 200 down to 20 K due
to the development of the Kondo resonance. Such an in-
crease of the Yb?* component for YbB,, with decreasing T
has been observed in previous PES measurements.3*3>

In order to estimate the 7 dependence of the bulk Yb
valence for x=0 and 1/8, we have carried out numerical fit-
ting of the Yb 3d core-level spectra. The advantages of the
valence estimation from the Yb 3d core-level spectra are as
follows: (i) the bulk-sensitivity is high enough to suppress
the contributions of the surface and subsurface layers due to
the large IMFP (\~90 A at hv~8 keV), (ii) the Yb** and
Yb** 3d components are well separated due to the large
3d-4f Coulomb attractive energy (~10 V), and (iii) other
Auger lines do not appear in the Yd 3d core-level binding-
energy (Ejp) region. In the fitting procedure, the calculated
PES line spectra are convoluted with the Lorentzian function
for the lifetime broadening and the Gaussian function for the
instrumental resolution [the full width at half maximum
(FWHM) of the Gaussian I'; is assumed to be 460 meV].
The Mahan’s asymmetry factor « (Ref. 37) and the FWHMs
of the Lorentzian I'; were regarded as fitting parameters.
These values are assumed as a=0.08, I',~1.3 eV for the
Yb 3ds,, state, and I'; ~1.9 eV for the Yb 3d5), state. The
different I'; values between the Yb 3ds,, and 3d5,, states are
due to the Eg-dependent lifetime broadening.’® The energy-
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TABLE 1. The electrostatic interaction values of Slater integral
(F and G) and spin-orbit ({) parameters (in eV) for initial and final
states in the 3d PES of the Yb trivalent ion. These values are re-
duced to 85%-98% by multiplying the HF calculation results with
the reduction factor ryg.

Yb3+ T'HF
3d104f13
e 0.366 0.98
3d94fl3
F2(df) 10.37 0.85
FA(df) 4.95 0.85
G'(df) 7.71 0.85
G3(df) 4.53 0.85
G°(df) 3.13 0.85
Ly 18.903 0.98
e 0.426 0.98

loss satellites are located at 23.4 eV from the respective main
component and fitted with I'; ~6.4 eV. The multiplet struc-
tures of the Yb** 3d state were calculated by using the XTLS
8.0 program.>® The values of electrostatic interaction param-
eters were obtained by the atomic Cowan’s code*® based on
the Hartree-Fock (HF) method as shown in Table I. Each
parameter is multiplied by the reduction factor ryg to fit the
experimental data.

As an example, the fitting result of the Yb 3d core-level
spectrum for YbB, is shown in Fig. 2. The line spectra show
the calculated Yb** 34 multiplet structures. The whole spec-
trum is well reproduced by the fitting procedure described
above. The bulk Yb valence can then be estimated from the
integrated intensity ratio between the Yb** and Yb** compo-
nents. For both x=0 and 1/8 systems, we have obtained the
results of the T dependence of the Yb valence, as shown in

T T T T T T T
YbB,, Yb 3d

hv~ 8 keV
T=20K

Intensity (arb. units)

1640 1600 1560 1520
Binding Energy (eV)

FIG. 2. (Color online) Numerical fitting to the Yb 3d core-level
spectrum of YbB 5. In the upper panel, experimental data (red dots)
and the fitting curve (blue solid line) are shown, and the integral-
type background (BG) is indicated as a dashed line. Shaded and
filled areas in the lower panel represent the calculated Yb** and
Yb** 3d line shapes including their energy-loss satellites. Vertical
bars are the line spectra of the calculated Yb** 34 multiplet, as
described in the text.
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FIG. 3. (Color online) T dependence of the Yb valence esti-
mated from the Yb 3d HAXPES (hv~8 keV) and Yb 4/ SXPES
(hv=700 eV) (Ref. 41) spectra of Yb,_,Lu,B, (x=0 and 1/8).

Fig. 3. For comparisons, the Yb valences estimated from the
Yb 4f SXPES spectra at hv=700 eV for x=0 and 1/8 are
added in Fig. 3.4! The values of the Yb valence show a
gradual decrease on cooling from 200 down to 20 K in all
cases. When we compare the Yb valence for x=0 to that for
x=1/8 in both HAXPES and SXPES, we can see that the
changes of the Yb valence by substituting a small amount of
Lu are less than 0.02. On the other hand, one notices that the
difference in the Yb valence between HAXPES and SXPES
in both systems becomes larger with decreasing 7, i.e., the
Yb valence derived from SXPES is slightly closer to diva-
lence compared to that derived from HAXPES. It is known
that Yb ions in the surface layer are almost divalent and the
subsurface layer has a more Yb**-rich property than the
bulk.*?>~* This means that the contributions of the subsurface
layer are not fully separated in the fitting procedure of the
Yb 4f SXPES spectra.*! Namely, some ambiguities remain
on the spectral weight of subsurface components in the SX-
PES case of Yb,_,L.u,B,. We have known that the thickness
of the surface (d,) plus subsurface (d) layer is comparable
to the lattice constant in some Yb-based VF compounds.®
The spectral weights of the surface (W), subsurface (W),
and bulk (W,) components are given by W =1-exp(-d,/\),
W=exp(—=d,/\)—exp[—(d+d)/\], and W,=exp[-(d,
+dy)/N]. If we assume d,+d, as the lattice constant (a
~7.468 A) of YbB,, and Yb,slu, B2 ie., d;=2.0 A
and dy=5.5 A% the relative spectral weights are
W,: W W,=0.02:0.06:0.92 for HAXPES (\~90 A) and
W, W W,=0.12:0.27:0.61 for SXPES (A\~15 A). There-
fore, we conclude that the Yb valence estimated from the
Yb 3d core-level HAXPES spectra is very close to the intrin-
sic bulk value.

B. Yb 4f peak positions in valence-band spectra

Figure 4 shows the valence-band HAXPES spectra of
YbB,, and Yb,,4Lu;sB;, at 20 K. Corresponding Yb** 4f
(4f"3 initial state—4f'> final state) multiplet structures
[shown by the line spectra for x=0 after proper energy scal-
ing (~1.1) for the calculated atomic multiplet] (Ref. 47) are
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FIG. 4. Valence-band spectra of Yb;_,Lu B, (x=0 and 1/8).
For x=0, the calculated Yb>* 4f multiplet structures (Ref. 47) are
shown by line spectra. Spectra are normalized by the integrated
intensity of the Yb3* 4f multiplet structures.

present between 6 and 12 eV. Meanwhile two sharp peaks
observed just below Er and at 1.3 eV are derived from the
Yb?* 4f,, state (4f'* initial state—4f'3 final state) and its
spin-orbit partner 4fs,, state, respectively. In valence-band
SXPES spectra, broad peaks derived from the surface layer
were reported in the Yb** 4f Ej region (1-2 eV).811:3541
These broad peaks are, however, suppressed in the HAXPES
spectra owing to its high bulk sensitivity. For x=1/8, one
can see the Lu** 4f doublet peaks (4f'# initial state — 4f'3
final state) overlapping with the Yb?* 4f multiplet structures.
The broad structures in 2—6 eV are almost unchanged by Lu
substitution. Based on the band-structure calculations for
YbB,, (Refs. 10, 48, and 49) and the photoionization cross
sections, such structures are expected to be dominated by
the B 2s and 2p bonding states. The B, dodecahedron mol-
ecules form rigid cages, resulting in the splitting of the B
electronic states into the s-p bonding and antibonding states
separated by a large gap crossing Er. The B 25 and 2p bond-
ing states correspond to the valence bands.!

In order to evaluate the T dependence of the accurate peak
positions of the bulk Yb 4f spectra for x=0 and 1/8, the
Yb 4f spectra have been fitted with the similar procedure, as
mentioned before in Sec. III A. The fitting result of the Yb 4f
spectrum for YbB,, is shown in Fig. 5(a). The intensity ratio
between the Yb?* and Yb** 4f peaks is determined by taking
into account the Yb valence estimated from the Yb 3d core-
level spectrum. Then, one can see that the redundant non-4f
valence bands overlap even with the Yb** 4f multiplet struc-
tures [see the dash-dot line in Fig. 5(a)]. The non-4f bands
are dominated by the above-mentioned B 2s and 2p bonding
states.

The T dependence of the first peak (*Hy) of the Yb** 4f
multiplet structures and the Yb** 4f;, peak (the so-called
Kondo resonance peak) is shown in Figs. 5(b)-5(e). The
symbols (red squares for 200 K and blue circles for 20 K)
and solid lines indicate the experimental data and the fitted
curves. The T dependence of the peak positions in Figs.
5(b)-5(e) is summarized in Figs. 6(b) and 6(c). The Yb**
4f5,, peak position for x=0 is found to be 56 meV at 200 K
and 36 meV at 20 K as shown in Fig. 6(b). Namely, the peak
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FIG. 5. (Color online) Numerical fitting to the Yb 4f valence-
band spectrum of Yb,_,Lu,B,. (a) Fitting result of the Yb 4f spec-
trum in the wide energy region for YbB,. The broad B 2sp struc-
ture (dash-dot line) is fitted with several Gaussian and Lorentzian
functions. (b) and (c) are the fitting results for the Yb3* 47 3H, peak
and the Yb>* 4f;, peak for x=0. (d) and (e) are ones for x=1/8.
The fitting parameters are as follows: a=0.13 for the Yb** and
Yb3* 4f states, ', ~ 120 meV for the Yb** 4f multiplet structures,
I, ~30 meV for the Yb?* 4f;, states. ['; is set to 120 meV for
Yb 4f spectra in (a), (b), and (d). I';=65 meV is employed for the
Yb%* 4f;,, spectra in (c) and (e). Spectra in (b) and (d) are normal-
ized by the integrated intensity of the Yb>* 4f multiplet structures,
and those in (c) and (e) are normalized by the integrated intensity of
the Yb?* 4f5, peak (-0.2-0.8 eV).

shift from 200 to 20 K is ~20 meV toward lower Ej side
(the Yb?* 4f5,, peak shows the equivalent shift behavior). On
the other hand, the *H, peak (and also the whole peaks of the
Yb** 4f multiplet structures) for x=0 is found to shift only
slightly toward higher Ejy side with decreasing T from 200 to
20 K, i.e., the center of gravity (COG) of the Yb** 4f mul-
tiplet structures is 7.758 eV at 200 K and 7.769 eV at 20 K
[see Fig. 6(c)] and thus the peak shift is at most ~10 meV
toward higher Ej side. These peak shifts of the Yb 4f spectra
with T in HAXPES are quite different from our previous
SXPES results for x=0.*! This indicates that the contribu-
tions of the subsurface layer affect the Yb 4f peak shifts for
SXPES in the case of YbB;,. This T dependence of the
Yb 4f spectra in YbB, for HAXPES is similar to that in
dense Kondo metal YbAl;, which is essentially governed by
the Kondo lattice effects.’? In contrast, the peak position of
the Yb** 4f,, spectra for x=1/8 is found to be 51 meV at
200 K and 42 meV at 20 K. Namely, the peak shift is at most
~10 meV toward lower Ey side. Meanwhile the COG of the
Yb** 4f multiplet structures is 7.754 eV at 200 K and 7.785
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eV at 20 K and thus the peak shift is ~30 meV toward
higher Ey side with decreasing 7.

C. NCA analyses based on SIAM

For quantitative discussions on the effects of small Lu
substitution to the T dependence of the bulk Yb valence and
4f peak positions in Yb;_Lu,B;,, we have carried out the
NCA calculation based on SIAM. The NCA analyses have so
far been applied to many Ce- and Yb-based compounds. In
this calculation, the 4f', 413 (J=7/2 and 5/2), and 4f'2
states are considered as the initial states. Here, the CEF split-
ting of the 4f7,2 state is taken into account. The degeneracy
of the 4f I'y, 4f I'7, 4f T, 4f5/2, and 4f'? states are consid-
ered as 4, 2, 2, 6, and 91, respectively. The CEF splitting
energies Acgpgy (the energy difference between the 4f I'g and
I'; states) and Acgpgg (one between the 4f I'g and I states)
are derived from the INS estimation.'® Their values are
Acgrg7=70 K and Acgpge=130 K and assumed to be the
same for x=0 and 1/8. The spin-orbit splitting energy of the
4f13 states (the energy difference between the COG of the
413, and 4f5, states) is 1.25 eV. From the band-structure

NoA !
(a) calc.1

4f1 %
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— 200K
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L ©
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calculations for YbB,,!? the Yb 4f states are mainly mixing
with the conduction band with the Yb 5d the character, which
is lying within the band gap between bonding and antibond-
ing bands resulting from the B 2s-2p states. Thus, the hy-
bridization of the 4f states with a trapezoidal conduction
band [which has the flat density of state (DOS) within
*1.5 eV from Ep and then the DOS becomes zero at
+2 eV]is assumed. The calculated 4f spectral functions are
convoluted with the Fermi-Dirac function and the Gaussian
function (I';=65 meV) for the instrumental resolution.
Other SIAM parameters to be optimized are as follows: (i)
the bare 4f level &, (which is negative and corresponds to Ep
of the 4f electrons in the 4f'*—4f!3 process), (ii) the Cou-
lomb repulsion energy U, between 4f electrons on the same
site (Ep in the 4f'3 — 4f'2 process is represented by &4+ Uyy),
and (iii) the averaged hybridization strength A
=(m/2B)[®,pVX(E)dE [where pV?*(E) is the energy-
dependent hybridization strength and B is the half of the
conduction-band width (B=2 eV)].

Figures 7(a)-7(c) show the NCA spectra at 200 and 20 K
calculated with the SIAM parameter sets listed in Table II.
Here, the 4f'2 multiplet structures are represented by a single
component, whose intensity and peak position correspond to
the integrated intensity and the COG of the whole 4> mul-
tiplet structures. As shown in Fig. 7(a), the NCA spectra
calculated with the parameter set of calc.1 can reproduce the
T dependence of the Yb 4f peak positions for x=1/8. The
4 f;/32 peak position gradually shifts from 50 to 40 meV with
decreasing T from 200 to 20 K, namely, the predicted peak

TABLE II. Optimized SIAM parameter sets for Yb,_Lu,B;
(x=0 and 1/8). The parameter sets of calc.1, calc.2, and calc.3 are
used to reproduce experimental results for x=1/8, x=0 at 20 K, and
x=0 at 200 K, respectively. T%CA’S obtained from the NCA calcu-
lation are also given.

FIG. 7. (Color online) NCA spectra calculated with the SIAM
parameter sets listed in Table II. All spectra have been normalized

ﬁ

x10

82 80 78 76

Binding Energy (eV)

by the integrated intensity of the 4f'2 peak.

02 0.0

-0.2

&y Uy A TR

(eV) (eV) (meV) (K)
Calc.1 -0.910 8.52 63.8 ~420
Calc.2 -0.915 8.53 60.8 ~350
Calc.3 -0.955 8.58 68.4 ~480
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shift is 10 meV toward lower Ej side. On the other hand, the
COG of the 4f'> multiplet structures shifts from 7.750 eV at
200 K to 7.785 eV at 20 K. Thus, the predicted peak shift is
35 meV toward higher Ej side on cooling. The calculated Yb
valence with the parameter set of calc.l gradually decreases
from ~2.93 at 200 K to ~2.87 at 20 K. In Fig. 6, the com-
parisons between experimental results (full symbols) and
NCA calculation results (empty symbols) on the T depen-
dence are shown. For x=1/8, the NCA results (triangles /)
are in rough agreement with the experimental 7 dependence
(squares W) evaluated from the bulk Yb 3d and 4f HAXPES
spectra. In Lu-substituted dense Kondo metal Yb¢Lug4Als,
we have also confirmed that the detailed 7" dependence of the
Yb 4f spectra is well understood within the SIAM.>® In ad-
dition, we have confirmed that the 7 dependence for x
=1/8 cannot be sufficiently reproduced if the CEF splitting
is not taken into account in the calculations. If the CEF split-
tings were neglected, the 4f'2 peak shifts from 200 to 20 K
are overestimated as 50—60 meV (data not shown).>* Thus,
the CEF effects must be properly taken into account to dis-
cuss the bulk electronic states in Yb,_,Lu,B,, since Ti’s are
not remarkably larger than Acgrg7 and Acgrgs.

For x=0, the NCA spectra are likewise calculated with the
parameter sets of calc.2 and calc.3 as shown in Figs. 7(b) and
7(c), respectively. The parameter set of calc.2 is determined
to reproduce the Yb valence and 4f peak positions for x=0 at
20 K. In the calculation with this parameter set, the Yb va-
lence and the 4f'? peak shift are overestimated with increas-
ing T from 20 to 200 K compared to the experimental results
[see triangles V in comparison with circles @ in Figs. 6(a)
and 6(c)]. In order to reproduce the Yb valence and 4f peak
positions for x=0 at 200 K, different parameter sets of calc.3
must be employed. Although the Yb valence and the Yb**
4f5,, peak position at 200 K are reproduced, the COG of the
4f12 multiplets is near the upper error bar limit [see dia-
monds ¢ in Fig. 6(c)]. In addition, the Yb valence and the
Yb** 4f peak positions for x=0 at 20 K are not reproduced
with the parameter set of calc.3 at all. It is already found
from the NCA analyses with considering the CEF splitting
that the 7 dependence of the Yb valence and 4f peak posi-
tions for x=1/8 could be explained within the SIAM with
ignoring the influence of the 4f lattice periodicity. However,
this treatment is found to be not applicable to x=0. There-
fore, we conclude that the Kondo lattice effects are important
for describing the bulk electronic states for pure YbB,, to
which the SIAM is not applicable. In our previous SXPES
results for x=0,*! the T dependence of the Yb valence and 4f
peak positions was understood by the SIAM, which was
similar to the present HAXPES results for x=1/8. The con-
tributions of the subsurface layer in Yb,_,Lu B, cannot be
fully ignored in SXPES as mentioned before. Although the
lattice coherence exists along the in-plane direction in the
subsurface layer, that along the out-of-plane direction is bro-
ken. Then the T dependence of the Yb 4f SXPES spectra for
x=0 may be governed by the Yb single-site effects and thus
the STAM might have been applicable. However, in the bulk
probed by HAXPES, the inadequacy of the SIAM is con-
firmed. From our HAXPES results, it is difficult to discuss
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the details of the narrow gap formation in Yb,_,Lu,B;, be-
cause of the insufficient instrumental resolution. However, in
accordance with the present NCA analyses of the HAXPES
spectra for x=0 and 1/8 and the gap filling observed in the
optical conductivity spectrum for x=1/8,> we think that the
Kondo lattice effects play an essential role in the narrow gap
formation at low temperatures for pure YbB,.

Finally, we briefly comment on the Kondo temperatures in
Yb,_,Lu,B,. The Kondo temperatures can be estimated by
the NCA calculation (see T%CA’S in Table II). When we com-
pare TECA’S to Tx’s expected from a relation of Tx~3T"
(Tx~240 K for x=0 and Tx~250 K for x=1/8), we notice
that TﬁCA’s are much lager than these T’s, even in the case

of TR“*~420 K calculated with the parameter set of calc.1
for x=1/8. A relation Ty~ 3T" has been advocated for Ce-
and Yb-based Kondo metal systems,” whereas it has been
conventionally applied to Kondo semiconductors. Thus, the
discrepancy between our TECA’S and Tk’s would imply that
in Kondo semiconductors and their dilute impurity substitu-
tion alloys, the above simple description may need proper
modifications with the consideration of the band renormal-
ization due to the narrow gap formation at low temperatures.

IV. CONCLUSION

In conclusion, the detailed T dependence of the Yb va-
lence and 4f peak positions for the bulk electronic states
in Yb;_,Lu,B;, (x=0 and 1/8) has been investigated by
HAXPES. The T dependence of the bulk Yb 4f spectra de-
pends noticeably on substitution of a small amount of Lu,
although the changes of the bulk Yb valence are small. From
the NCA analyses taking account of the CEF splitting, it is
confirmed that the 7 dependence of the Yb valence and 4f
peaks for x=1/8 could be reproduced within the framework
of the STAM, whereas that for x=0 deviates much from the
SIAM predictions. It follows from these results that the
Kondo lattice effects are essential in pure YbB;, and the
lattice coherence is significantly sensitive to the randomness
of Yb sites. The concrete descriptions about the 7" depen-
dence of the bulk electronic states and the Kondo tempera-
ture in pure YbB;, should be performed by using the PAM
and/or a more realistic model. In future works, the narrow
gap formation in Yb,_,Lu B, will be investigated by using
the ultrahigh-resolution extremely low energy photoelectron
spectroscopy (hv<<10 eV).°
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