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Electronic structure of Kondo lattice compounds YbNi; X,y (X = Al, Ga) studied
by hard x-ray spectroscopy
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We have performed hard x-ray photoemission spectroscopy (HAXPES) for Yb-based Kondo lattice compounds;
an antiferromagnetic heavy-fermion system YbNi3Aly and a valence fluctuation system YbNizGag. The Yb 3ds,,
spectra of YbNi;Gay showed both Yb>* and Yb*-derived structures indicating strong valence fluctuation,
and the intensity of Yb?" (Yb*") structures gradually increased (decreased) on cooling. The Yb 3ds,» spectra
of YbNi3Aly mostly consisted of Yb>*-derived structures and showed little temperature dependence. The Yb
valences of YbNi;Gag and YbNi;Alg at 22 K were evaluated to be 2.43 and 2.97, respectively. Based on the results
of the Ni 2 p and valence-band HAXPES spectra together with soft x-ray valence-band spectra, we described that
the difference of physical properties of YbNiz Xy (X = Al, Ga) is derived from the differences of the 4 f-hole
level relative to the Fermi level (Ex) and Ni 3d density of states at Er. The HAXPES results on the Yb valences
were consistent with those obtained by x-ray absorption spectroscopy using the partial fluorescence yield mode

and resonant x-ray emission spectroscopy at the Yb L3 edge.
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I. INTRODUCTION

The 4 f orbitals in rare-earth ions are almost localized inside
the 5d and 6s valence shells. However, the tails of 4 f orbitals
extend out of the ions and may hybridize with conduction
electrons. In strongly correlated 4 f-electron systems, the
hybridization between the 4 f and conduction electrons (c- f
hybridization) produces a wide variety of physical phenomena
such as heavy-fermion behavior, magnetic transition, valence
fluctuation, and unconventional superconductivity.! A large
number of studies have been performed for Ce compounds
because of simplicity of their 4 f! electron configuration.
The studies for the Yb compounds with the 4f!' hole
configuration (Yb3*) are limited in number because the known
Yb-compounds have often shown strong hybridization with
fully occupied Yb 4f orbitals (Yb*>"). Recently, the first
Yb-based superconductor S-YbAIB4 with 7¢ = 80 mK was
discovered.” This compound is considered to be located near
a quantum critical point, showing strong valence fluctuation
with the mean Yb valence of Yb?>7*.3 It is suggested that the
strong valence fluctuation is one possible driving force of the
unconventional superconductivity in 8-YbAIBy.

Recently, Ohara et al. has succeeded in synthesizing single
crystals of new Yb-based Kondo lattice compounds YbNi3 Xg
(X = Al, Ga) whose physical properties strongly depend
on X atoms.*> YbNi3zAly is an antiferromagnetic heavy-
fermion system with the Néel temperature of Ty = 3.4 K.
The magnetic susceptibility exhibits the Curie-Weiss behavior
above 80 K and an effective magnetic moment is estimated to
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be e ~ 4.37up/YDb, corresponding to the Yb valence close
to 34 . In contrast, the magnetic susceptibility of YbNi3;Gag
shows a typical valence fluctuation behavior with the Pauli
paramagnetic ground states and it reaches a broad maximum
around 200 K. The Kondo temperature Tx changes from a few
K to several hundred K by substituting the X atom from Al
to Ga.

YbNi3 X9 possesses the trigonal ErNizAlg-type crystal
structure with a space group of R32.%7 The Nis, X3 and
Yb, X3 layers with a triangular lattice stack along the ¢ axis
to be close packed. The Yb ion in the Yb, X3 layer forms a
honeycomb lattice with a X3 cluster at the center. The lattice
volume varies less than 1% on the substitution of X atoms of
YbNi; Xg. Furthermore, the Al and Ga ions are isovalent with
their nominal valence electron configurations of (3s23p!) and
(4524 p"), respectively. In spite of the same crystal structure and
similar valence electrons, YbNi3Alg and YbNi3zGag are located
at a distance in the Doniach phase diagram.® Therefore
YbNi3 Xy is suitable to investigate the difference in the
electronic structures between an antiferromagnetic heavy-
fermion system and a valence fluctuation system. As a similar
system, we may refer to YbM,Si, (M = Rh, Ir),? and the other
isostructural series of YoM Cuy (M = Au, Ag, Cd, In, Mg, T1,
Zn)'%!! with a wide variety of physical phenomena.

In this study, we carried out hard x-ray photoemission
spectroscopy (HAXPES) with hv = 5.95 keV in order to
clarify the electronic structure of YbNi3;Xo. The Yb 3ds),
HAXPES spectra show that the Yb valence of YbNizAlg is
almost trivalent, while that of YbNi3Gag strongly fluctuates in
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agreement with the magnetic susceptibility measurement.*>
We report the temperature-dependent Yb valences evaluated
from the fitting analysis of the Yb 3ds;, spectra. The Yb
valence of YbNizGag at 300 K is z ~ 2.59 and monotonically
decreases to z ~ 2.43 at 22 K, while that of YbNi3;Alg almost
stays at z ~ 2.97 between 300 and 22 K. These HAXPES
results are consistent with those of the x-ray absorption
spectroscopy using the partial fluorescence yield mode (PFY-
XAS) and resonant x-ray emission spectroscopy (RXES) at
the Yb L3 edge, except that the Yb valences obtained from
the PFY-XAS and RXES experiments are closer to Yb**. We
discuss the physical properties of YbNi3; Xg from a viewpoint
of the electronic structure based on the valence-band and Ni
2p HAXPES spectra and describe that the 4 f-hole level and
amount of the Ni 3d density of states (DOS) at the Fermi
level (Ef) are keys to understand their different properties of
YbNiz Xg.

II. EXPERIMENTS

Single crystals of YbNi3 X9 were synthesized by the self-
flux method as described in the literature.*> The x-ray powder
diffraction indicated the samples were in a single phase without
any impurity phases. The residual resistivity of less than
1 1 Qcm shows high quality of the samples.*

The HAXPES experiments with hv = 5.95 keV were
performed at undulator beamline BL15XU'? of SPring-8.
Synchrotron radiation was monochromatized with a Si (111)
double-crystal monochromator and a post Si (333) channel-cut
monochromator.'? The HAXPES spectra were taken by using a
hemispherical analyzer (VG SCIENTA R4000) and the overall
energy resolution was set to 240 meV for the Yb 3ds,, and
valence-band spectra and 150 meV for the Ni 2p3, spectra.
Clean surfaces of the samples were obtained by fracturing in
situ under the base pressure of 1x 10~7 Pa at room temperature.
The spectra were measured in the temperature range of
300-22 K. The binding energy of the spectra was calibrated
by the Fermi edge of a gold film.

PFY-XAS and RXES measurements were performed at the
Taiwan beamline BL12XU'#!6 of SPring-8. A Johann-type
spectrometer equipped with a spherically bent Si(620) crystal
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(radius of ~1 m) was used to detect the Yb Loy (3ds;, —
2p3s2) and Raman emissions with a solid state detector
(XFlash 1001 type 1201). The overall energy resolution was
estimated to be about 1 eV around the emitted photon energy
of 7.4 keV.

III. RESULTS

Figure 1(a) shows the temperature dependence of the Yb
3ds,» HAXPES spectra of YbNi3Gag measured between 300
and 22 K. The Yb 3ds,, spectral features of YbNi3Gag is
similar to that of the other Yb compounds.®!"2° The Yb**
component is observed as a prominent peak at 1520 eV,
while the Yb** components exist at 15241534 eV exhibiting
multiplet structures arising from the Coulomb interaction
between the 3d and 4 f holes in the electron configuration of
the 3d°4 f13 final states. A broad structure around 1543 eV is
attributed to a plasmon satellite accompanied by the Yb**+3d; /2
photoemission process.*!” The pronounced spectral intensity
of the Yb**-derived structure exhibits a clear experimental
evidence of the strong valence fluctuation in YbNi3Gay, as
inferred from the temperature dependence of the magnetic
susceptibility. With decreasing temperature, the intensity of
the Yb?t (Yb3*) structure gradually increases (decreases),
indicating that the Yb valence is closer toward Yb?* as in the
other valence fluctuating compounds.>?!+??

Here, we comment on an additional structure around
1536 eV shown by a vertical bar in Fig. 1(a). This structure
was not observed for YbInCuy (see Ref. 17), Yb;_,Lu, B (see
Ref. 18), and YbNi3Alg [see Fig. 2(a)], and cannot be explained
by the atomic multiplet calculations. Its intensity gradually
increases with decreasing temperature along with the Yb**
peak intensity, not with the Yb3*-derived spectral intensity,
indicating a correlation to the Yb?* states. The structure at this
energy region was reported in the Yb 3d spectrum of YbAl; in
Ref. 20. It was attributed to the Yb>*-derived plasmon satellite
from the fact that the binding energy of the structure is higher
by AE = 15.2 eV than that of the Yb** peak, and it coincides
well with the plasmon peak separation of AE = 15.2 eV in
the Yb**-derived structures. In the case of YbNi;Gay, the
structure at 1536 eV is shifted by AE ~ 16 eV from the
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FIG. 1. (Color online) (a) Temperature dependence of the Yb 3ds,, HAXPES spectra of YbNi3;Gay measured from 300 to 22 K. A vertical
bar shows the Yb**-derived plasmon structure. (b) Fit of the Yb 3d;s /2 spectrum of YbNi3;Gag measured at 22 K.
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Yb?* peak in agreement with the Yb>* plasmon satellite. We
believe, therefore, the additional structure is the Yb** plasmon
satellite. The Yb** plasmon satellite is not clearly observed for
the compounds with a small fraction of Yb2*, such as YbInCuy
(see Ref. 17), Yb;_,Lu,Bj; (see Ref. 18), and YbNi3zAls.

It has been pointed out that the analysis of the Yb 3d
spectrum can give Yb valence accurately in comparison with
that of the Yb 4 f spectrum in the valence-band region.!”!3
We carried out the fitting analysis of the Yb 3ds,, spectra
and evaluated the Yb valence of YbNi3;Gag. The Yb valence
is given by z =2+ I(Yb**)/[1(Yb**)+ I(Yb>")], where
I(Yb**) and I(Yb?*) denote the integrated intensities of the
Yb?* and Yb** components.

Figure 1(b) shows the fit of the Yb 3ds;; spectrum of
YbNi3Gag at 22 K as a typical example. We assume single
line spectrum for the Yb?>* component and slightly modified
line spectra derived from the atomic multiplet calculation for
the Yb3* component. The line spectra are convoluted with
the Lorentzian function for lifetime broadening. In order to
simulate the plasmon-derived spectral features, we assumed
one Gaussian function. All components are convoluted with
the Gaussian function taking into account the instrumental
resolution of 240 meV. Finally, we add the background
contribution derived from the secondary electrons according to
the Shirley’s method.?? The obtained Yb valence of YbNizGag
is z ~ 2.43 at 22 K in the case of Fig. 1(b).

Figure 2(a) shows the temperature dependence of the Yb
3ds,» HAXPES spectra of YbNi3Alg between 300 and 22 K.
The intensity of the Yb** peak at 1520 eV is considerably
weak compared to that of the Yb®T structures at 1524—1534
eV, indicating that the Yb ion in YbNi3Aly is nearly trivalent.
Almost no change with temperature is detected in the intensity
of the Yb** structure. In contrast, the intensity of the Yb**
peak gradually decreases and the spectral weight is shifted
toward the lower binding-energy side from 300 to 150 K.
The change in the Yb?* spectral shape is saturated below
150 K. Note that the Yb**-derived peak of YbNi3Aly has
anomalous spectral shape and can not be represented by a
single components.

We also carried out the fitting analysis of the Yb 3ds,,
spectra to obtain the Yb valence of YbNi3Aly as described
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above except that no plasmon satellite was considered. The
Yb?* plasmon satellite is negligible because of the weak
Yb?* peak compared to the Yb** peak. The higher binding-
energy side of the Yb** plasmon satellite (above 1540 eV) is
incorporated as the background contribution. To analyze the
spectral intensity of Yb>* peak, we assume two components,
labeled as P; and P, in Fig. 2(b). The intensity of the P,
component decreases with decreasing temperature from 300 to
150 K. The Yb?* peak is shifted toward lower binding-energy
side, and P, intensity is almost unchanged below 150 K.

Although we cannot specify the origin of the two compo-
nents for the Yb%*+ 3ds;, peak of YbNi3Aly at present, we
consider it to be intrinsic to YbNi3Alg because its anomalous
feature and temperature dependence are highly reproducible.
In addition, similar spectral features are observed for the Cu
substituted samples for the Ni ions of YbNizAlg. Judging from
their energy positions, the P; component should correspond to
the Yb?>* peak generally observed in Yb compounds.

For the P, component, we first examine the surface or
subsurface effects as an origin. For Yb compounds, it is known
that the Yb ion in the (sub)surface region has the smaller
valence than that in the bulk,'%-2* which may lead to a different
Yb*" 3ds ), peak energy from that in the bulk regions. However,
taking into account the escape depth of photoelectrons from Yb
3d core with the kinetic energy of E; ~ 4 keV (~64 A)® and
the temperature dependence of the P, intensity, the origin of the
P, component cannot be explained by the (sub)surface effect.
Note that the Yb>* peak for YbInCuy with the relatively thick
(sub)surface region can be fitted with single line spectrum.'”
Another possible explanation for the P, component is that
there are actually two Yb-ion sites in YbNi3Alg. Although
the crystal structure of YbNizAlg was first confirmed as
ErNi; Alg-type structure with a single Yb site, according to the
recent structure analysis by synchrotron radiation diffraction,
the Alj clusters in the YbyAls layer are partially replaced by
the Yb ions yielding several Yb ion sites.?® The temperature
dependence of the P, intensity, however, indicates that the
disorder within the Yb,Al; layer decreases with decreasing
temperature, which seems to be unlikely. To get further
crystallographical information, the temperature-dependent
x-ray diffraction experiment is in progress.
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FIG. 2. (Color online) (a) Temperature dependence of the Yb 3ds,, HAXPES spectra of YbNi3;Aly measured from 300 to 22 K. Spectral
weight of the Yb?* component is shifted toward the lower binding-energy side with decreasing temperature. (b) Fit of the Yb 3ds, spectrum
of YbNizAly measured at 22 K. We assume two components labeled as P; and P, for the Yb?t peak.
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FIG. 3. (Color online) Temperature dependence of Yb valences of
YbNi3; Xo (X = Al, Ga) evaluated from the fitting analysis of Yb 3ds,
HAXPES and PFY-XAS spectra. Solid line connected closed and
open circles represent the Yb valences from HAXPES of YbNi;Alg
evaluated for the case (1) and case (2), respectively, while solid
line connected diamonds those of YbNi;Gag. Dashed line connected
closed circles and diamonds represent the Yb valences of YbNiz;Alg
and YbNi;Gay, respectively, from PFY-XAS.

Here, we evaluated the Yb valence of YbNi3Alg for the two
cases: (1) we assume both P; and P, and (2) only P; as the
Yb?* peak. In Fig. 2(b), the Yb valence at 22 K is evaluated
as ~2.95 and 2.97 for the cases (1) and (2), respectively.

Figure 3 shows the evaluated Yb valences of YbNisXg
as a function of temperature. Solid line connected closed
and open circles represent the Yb valences of YbNizAly
evaluated for the cases (1) and (2), respectively, while solid
line connected diamonds for those of YbNi3;Gag. The Yb
valence of YbNi3Gag at 300 K is z ~ 2.59 and monotonically
decreases with temperature down to z ~ 2.43 at 22 K. The
decrease of the Yb valence is often observed for the valence
fluctuation compound such as YbAl;.>! According to the single
impurity Anderson model (STAM), the Yb valence approaches
toward Yb** with decreasing temperature below Ty. The
present experimental results indicate that Tx of YbNizGag
is higher than room temperature, which is consistent with the
temperature dependence of the magnetic susceptibility with a
maximum around 200 K.*3

The Yb valence of YbNi3Aly is close to 34 as expected
from the Curie-Weiss behavior above 80 K of the magnetic
susceptibility.*> For case (1), the evaluated Yb valence is
z ~2.89 at 300 K and gets closer to z ~ 3 with decreasing
temperature, which is very unusual among Yb compounds. The
increase of the Yb valence at low temperature is caused by the
decrease of the P, peak. For case (2), on the other hand, the Yb
valence is z ~ 2.97 and shows little temperature dependence.
This behavior can be explained within the framework of STAM
with low Tk less than 22 K.

To further examine the results obtained from the HAXPES
measurements, we discuss PFY-XAS and RXES results at the
Yb L; edge, which are bulk-sensitive spectroscopic techniques
to study the valence of Yb compounds. Figure 4(a) shows the
PFY-XAS spectra of YbNi3Gag taken between 300 and 23 K.
The spectra were normalized to the integrated intensity. The
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PFY-XAS results again indicate that YbNi3Gay is the strong
valence fluctuation compound. The peak at 8938 eV is derived
from the Yb?* component and the peak at 8945 eV is the Yb**
component. The energy of the Yb** peak is higher than that of
the Yb** peak because the Yb** 23 5 states with one 4 f hole
has lower binding-energy than the Yb?* 2 p; ,2 withno 4 f hole.
With decreasing temperature, the intensity of the Yb?* (Yb3+)
component gradually increases (decreases). Figure 4(b) shows
the RXES spectra of YbNi3Gag taken at the same temperatures
as the PFY-XAS spectra. The incident photon energy is set at
hv = 8938 eV, which corresponds to the Yb** peak in the
PFY-XAS spectra. The horizontal axis represents an energy
transfer defined as the difference between the incident and
emitted photon energies. The RXES spectra mostly consist of
the Yb?>* peak at the transfer energy of Ahv = 1522 eV with
a tiny broad structure around 1526-1534 eV originating from
the Yb** component. It is noted that the Yb?>* component is
emphasized in the RXES spectra excited at the Yb?>* peak in
the PFY-XAS spectra. The temperature dependence of these
components in the RXES spectra is consistent with that in the
PFY-XAS spectra. Actually, the temperature dependence of
the intensity ratio of Yb** to Yb?>* (not shown here) shows
the same trend as that of the Yb valence derived from the
PFY-XAS spectra.

Figures 4(c) and 4(d) exhibit the PFY-XAS and RXES
spectra of YbNi3Alg measured with the same experimental
condition for YbNi3Gag. As expected from the Yb 3d
HAXPES spectra in Fig. 2(a), one can observe dominant Yb**
component at 8945 eV in the PFY-XAS spectra and at 1528
eV in the RXES spectra. It should be noticed in the RXES
spectra that the Yb?* states are clearly observed as a shoulder
structure at the lower transfer energy side of the Yb** peak
(Ahv = 1522 eV). Taking into account that the PFY-XAS and
RXES are more bulk sensitive compared to HAXPES, the
existence of the Yb?* component in RXES spectra indicate
a small fraction of the divalent Yb ions in YbNizAlg. We
find small peaks at 8934 eV in the PFY-XAS spectra and at
1518 eV in the RXES spectra. The similar feature is also
observed in the Yb L3 PFY-XAS and RXES spectra of
YbCu,Si; in Ref. 20, where these features are assigned to
the 2p — 4 f quadrupole transition.

The YD valences of YbNi;Xo are estimated from the fits
to the PFY-XAS spectra. After the subtracting the arctan-like
background from the spectra, we have fitted the spectra using
the Voigt functions representing the Yb** and Yb3*, 2p-4 f
quadrupole transition and background components shown in
Fig. 5. The Yb valences are derived from the intensity ratio
of the Yb’* and Yb’™ components. The dashed lines in
Fig. 3 show fitting results. The Yb valence of YbNi3Gag
monotonically decreases from z ~ 2.68 at 300 K to z ~ 2.53
at 23 K, while that of YbNizAlg stays at z ~ 2.99 at all
temperatures. The Yb valences of YbNi3Alg derived from the
PFY-XAS spectra are almost consistent with those of the fits
of the Yb 3ds;, HAXPES spectra for case (1), suggesting
that the analysis was appropriate. As regards YbNizGag, the
mean Yb valences deduced from the PFY-XAS spectra is about
0.15 larger than those from the Yb 3d HAXPES spectra. This
tendency has been widely observed for the Yb compounds. If
one compares the fits in Figs. 1(b), 2(b) and 5, the analysis
of the Yb 3ds;, HAXPES spectra is more straightforward
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FIG. 4. (Color online) Temperature dependencies of Yb L;-edge PFY-XAS and RXES spectra measured at 8938 eV of YbNi; X between
300 and 23 K. (a) PFY-XAS and (b) RXES spectra of YbNi;Gag, and (c) PFY-XAS and (d) RXES spectra of YbNiz;Alg.

than that of the PFY-XAS spectra. In the former, the Yb2t
and Yb** components are separately observed, while in the
latter their components are overlapped on the respective
edge jumps. On the other hand, PFY-XAS is photon-in and
photon-out experiments and is a more bulk sensitive compared
to HAXPES using electrons as probe. Even at excitation
energies as high as hv ~ 6 keV, the HAXPES spectra might be
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FIG. 5. (Color online) An example of the fits for PFY-XAS
spectra of YbNizXo at 23 K. Thin solid lines represent the fits for
the Yb** and Yb** components using the Voigt functions after the
subtracting the arctan-like background from the spectra.

somewhat suffered from the surface and subsurface regions,
where the Yb valence tends to be z ~ 2. This is considered
to be one of the reasons why the Yb 3d HAXPES provides
smaller Yb valence.

Next, we examine the valence-band HAXPES spectra of
YbNi3; Xo. In Fig. 6(a), the spectrum of YbNi3;Gag taken at
22 K exhibits the Yb>* and Yb**-derived structures, indicating
the valence fluctuating property. The prominent Yb**4 f; » and
4 f5,» peaks exist near Er and 1.5 eV, respectively, and the Yb3*
4 f multiplet structures due to the 4 f !? final states are observed
at 5-12 eV. On the other hand, the spectrum of YbNi3zAly is
mostly composed of the Yb** multiplet structures, consistent
with the Yb 3ds,, spectra in Fig. 2(a). We also note the tiny
peaks due to the Yb2t4 f7/2 and 4 5, states exist as shown by
vertical bars. The Yb*+ 4 f multiplet structure of YbNizAly
is shifted toward the lower binding-energy side compared to
that of YbNi3;Gag as a whole. The small peaks at 2.0 eV
for YbNizGag and at 2.3 eV for YbNi3Alg is ascribed to
the Ni 3d states. As shown in Fig. 6(b), these peaks are
remarkably observed in the vacuum ultraviolet photoemission
(VUVPES) spectra taken at undulator beamline BL-1 of
Hiroshima Synchrotron Radiation Center (HSRC) with hv =
182 eV, where the photoionization cross section of the Ni 3d
states becomes large.”’ Note that the Ni 3d peak is shifted
toward the lower binding-energy side by about 300 meV
on going from X = Al to Ga as indicated by a solid line.

Figure 7 shows the Ni 2p3,, core HAXPES spectra of
YbNi3 X9 measured at 300 K. The inset exhibits the whole
Ni 2p spectra in the wide binding-energy range. The Ni
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FIG. 6. (Color online) The valence-band (a) HAXPES and (b) VUVPES spectra measured at 22 and 300 K, respectively. The vertical bars
show the Yb**4 f, 2 and 4 f5; structures. The lowest peak of the Yb3t multiplet structures is shown by a dashed line. The Ybt4f multiplet
structures of YbNi3Aly is shifted toward the lower binding-energy side compared to that of YbNi;Gag as a whole. The small peaks at 2.0 and
2.3 eV in the HAXPES spectra for YbNi;Gag and YbNizAlg (solid line), respectively, are ascribed to the Ni 3d states, which are remarkably
observed as prominent peaks in the VUVPES spectra due to the large photoionization cross section of the Ni 3d states.

2p3s» and 2p;/, peaks are located around 853 and 871 eV,
respectively. One can also see broad structures around 863,
880, and 887 eV, and a shoulder structure overlapping with the
lower binding-energy side of the 2p, , peak around 870 eV.
The bulk and surface plasmons are often observed in
photoemission spectra. The energy of the surface plasmon is
generally lower than that of the corresponding bulk plasmon.?
The broad structure at 887 eV is ascribed to the bulk plasmon
associating with the Ni 2p; ,, photoemission and are separated
from the 2p;/, main peak by AE ~16 eV. The Ni 2p3/
bulk plasmon is observed as the shoulder at 870 eV. The
bulk plasmons are also observed as the broad structures at
AFE ~16 eV higher binding-energy from the main peaks in
the Ga 2p (not shown here) and Yb 3d [see Fig. 1(a)] spectra
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FIG. 7. (Color online) Ni 2p;,, HAXPES spectra of YbNi;Gayg
and YbNizAly measured at 300 K. Dots and solid lines are,
respectively, experimental spectra fits using single line spectrum
convolutes with Lorentzian and Gaussian functions. The inset shows
the whole region of the Ni 2p spectra measured at 300 K. The broad
structures shown by vertical bars are satellite structures.

of YbNi3Gay. In the inset of Fig. 7, there exist two peaks at 880
and 863 eV in the Ni 2 p spectra (vertical bars) that seem to be
surface plasmons. However, it is unlikely because there are no
corresponding peaks associating with the Ga 2 p spectra. Thus
we consider that the structures at 880 and 863 eV are derived
from the satellite structures with the 2 p>3d° final states due to
the electron correlation effect.?’

In Fig. 7, dots and solid lines, respectively, represent the
experimental spectra and the fits using the Lorentzian function
convoluted with the Gaussian function for the instrumental
resolution. The binding energies of the Ni 2p3,, states
of YbNisAlg and YDbNizGag are 853.80 and 853.51 eV,
respectively. There exists an energy shift toward the lower
binding-energy side by about 300 meV on going from X = Al
to Ga. The core-level chemical shift reflects the change of the
chemical bonding and charge distribution of the conduction
electron around the specific atoms. Taking into account the
fact that the similar energy shift is also observed for the Ni 3d
states in the valence-band spectra in Fig. 6, the Ni2p;, energy
shift suggests that Er of the Ni-derived conduction-band (CB)
density of states (DOS) is shifted toward the lower energy
side for YbNi3Gay. It suggests a charge transfer from the CB
states to the Yb 4 f states leading to a valence fluctuation in
YbNi3 Gag.

IV. DISCUSSION

We find the difference of the binding energies of the Yb**
4 f multiplet structures between YbNi3Gag and YbNiszAly as
shown by a dashed line in Fig. 6. The binding energy of
the Yb**4 f multiplet structures of YbNi3Alg are shifted by
300 meV toward the Ep side compared to that of YbNi3Gag.
We consider that the energy shift is originated from the
difference of bare 4 f-hole level, —& ¢, whose negative sign
represents that 4 f-hole level exists above Er. An energy
separation of the Yb** and Yb’*4f HAXPES spectra are
approximately given by —&; + U, where U stands for the
Coulomb interaction between the 4 f holes on the same site.
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If we assume that U is almost unchanged between YbNi3; Xy,
the deeper binding-energy of the Yb** multiplet structures
for YbNi3Aly suggests that the absolute value of —&; in
YbNisAlg is larger than that in YbNi3Gag. This means that
the 4 f-hole level exists far above Ef stabilizing the Yb**
configuration (one hole state) in YbNi3Alg. On the other hand,
the 4 f-hole level in YbNi3Gag is expected to be located
closer to Ef leading to the valence fluctuation.*® The energy
shift of the Yb3* multiplet structures was also observed in
Yb,Co3 X9 (X = Ga, Al) by VUVPES with v = 40.8 eV."!
Yb,CosAly is an antiferromagnetic heavy-fermion compound
with Ty = 1.16 K and Yb,Co3Gag is a valence fluctuation
compound with Tx ~ 210 K as is the case of YbNizXy. In
addition, Yb,Co3 X has similar crystal structures with that of
YbNi; Xo.%

As the X atoms are the nearest neighbor of the Yb ions, it
is likely that the sp-like CB electrons derived from X atoms
significantly contribute to the c-f hybridization, though the
band-structure calculation is yet to be performed. Furthermore,
the energy shift of the Ni 2p and 3d states indicates that the
Ni-derived CB states also contribute to the c- f hybridization
of YbNi3 Xg. In particular, their Ni 3d DOS’s should have tails
toward the lower binding-energy side and some contribution to
the DOS at Ef since there exist satellites in the Ni 2 p spectra.
From the energy positions of the Ni 3d peak in Fig. 6, the
larger Ni 3d DOS at EF is expected for YbNi3;Gag compared to
YbNi3Alg, which qualitatively explains 7k of several hundreds
K for YbNi3;Gag and Tk of a few K for YbNi3Alg. In addition,
based on the discussion of the energy shift of the Yb**4 f
multiplet structures, the Yb 4 f-hole level of YbNi3Gag is
closer to Ep than that of YbNizAlg. The large Ni 3d DOS
and the Yb 4 f-hole level near Er of YbNi3Gay causes the
strong hybridization between the Ni 3d and Yb 4 f states and
charge transfer from the Ni 3d to Yb 4 f states, leading to
the enhanced valence fluctuation. In the case of YbNiszAlo,
the Yb ion stays to be trivalent because the Ni 3d DOS at
Erg is small and the Yb 4 f-hole level exists away from Ef.
Thus the Ni 3d DOS at Er and the Yb 4 f-hole level play a key
role to determine the antiferromagnetic and valence fluctuating
properties of YbNi3 Xg. In order to confirm the role of the Ni
3d states, studies of solid solutions of YbNi3z Xy and other
transition-metal substituted systems for the Ni ions, which
directly control the d band, are planned.

The Yb 3d HAXPES and PFY-XAS experiments reveal
that the Yb valence of YbNi3Gay is close to z ~ 2.5, namely,
equal population of the Yb** and Yb** states. Based on
the experimental results, YbNi3Gay is expected to be one of
systems easy to control the magnetic ground state. In fact,
YbNi3;Gag undergoes a transition into a ferromagnetic ordered
state at ~9 GPa.>® At the critical pressure, the Yb valence is
considered to be trivalent.

Generally, Yb** state is favored at high pressure indicating
the decrease of Tk and the strength of c- f hybridization, and
the Yb ground state changes from mixed valent to localized
magnetic states.>* In Yb metal, the pressure induces the shift
of both Yb** and Yb?* energy level toward Ef and the charge
transfer occurs from Yb** to CB, resulting in the enhancement
of Yb?*.3 Our results show that the substitution of Ga to
Al site in YbNi3Aly may correspond to apply the negative
pressure and the charge transfer occurs from CB to Yb3*,
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which is a reversed process of the case of Yb metal. Namely,
the chemical pressure induces the charge transfer from the CB
to 4 f hole and the localized Yb state of YbNi3Alg changes
to the mixed valent state of YbNi3;Gag as described above. It
is, however, noted that the difference of the lattice parameters
from X = Al to Ga are about —0.4% for a axis and 0.8% for ¢
axis.’ This indicates the difference between the chemical and
hydrostatic pressure effects; in YbNi3 Xy the ground state is
more sensitive to the change in the electronic structure by the
chemical substitution.

Finally, we comment on the present experimental results of
YbNi3 Xy in comparison with those of the valence transition
compound YbInCuy4.>*3 The sharp valence transition of
YbInCuy was initially observed by Yb L, resonant inelastic
x-ray scattering experiments,’® and then by the Yb 3d
HAXPES experiments.!” The Yb valence derived from the
HAXPES changes from z ~2.90 to z ~2.74 at Ty =42 K
on cooling.!” At Ty, Tk also changes from Tk, ~ 25 K to
Tx— ~ 400 K.** Recently, we found that the Cu 2p3/, and In
3ds, peaks in the HAXPES spectra of YbInCuy were shifted
toward the lower binding-energy side below Ty by ~40 and
~30 meV, respectively.*! The energy shifts suggest that the
valence transition is caused from the charge transfer from
CB to Yb 4f states and the higher Tx_ is interpreted by
the higher CB-DOS at E. In addition, the Yb**4 f multiplet
structures in the valence-band soft x-ray photoemission spectra
of YbInCuy taken at zv = 800 eV are also shifted toward the
higher binding-energy side below Ty,'° again similar to the
energy shift of the corresponding multiplet structures from
YbNi3Alg to YbNi3Gag (see Fig. 6). The energy shifts of the
core-level and Yb** multiplet structures are, thus, possibly
controlled by Tk, which may be changed through the valence
transition or by the substitution of the constituent elements and
pressure.

V. CONCLUSIONS

We have investigated the electronic structure of the Kondo
lattice compounds YbNiz X9 by means of the Yb 3ds),
valence-band and Ni 2p HAXPES with hv = 5.95 keV, the
PFY-XAS and RXES at the Yb L3 edge, and the valence-band
PES with 7v = 182 eV. Both Yb** and Yb** components
were clearly observed in the Yb 3ds,, spectra of YbNi3;Gay,
indicating the strong valence fluctuation, consistent with
the magnetic susceptibility measurements.*> With decreasing
temperature, the intensity of the Yb>* (Yb*) structure
gradually increases (decreases) and the evaluated Yb valence
of YbNi3Gag changes from 2.59 at 300 K to 2.43 at 22 K. The
Yb 3ds,, spectra of YbNi3Aly, on the other hand, indicate
that the Yb** component is dominant and the Yb** component
is considerably weak. The spectra show almost no temperature
dependence and the evaluated Yb valence at 22 K is 2.97,
consistent with the Curie-Weiss-like magnetic susceptibility
above 80 K. The results on the Yb valence and its temperature
dependence were consistent with the PFY-XAS and RXES
experiments, though the derived valence is relatively higher
than those obtained from the Yb 3d HAXPES experiments.
In the valence-band spectra, we found that the binding
energy of the Yb’*4f multiplet structures of YbNizAlg is
~300 meV higher than that of YbNi3;Gag. This suggests that
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the energy difference between 4 f-hole level and Ef is small
for YbNizGag and large for YbNizAlg. We also observed the
energy shifts of the Ni 2p and Ni 3d states on going from
X = Al to Ga by 300 meV toward the lower binding-energy
side. These energy shifts can be explained by the Ef shift of
the Ni-derived CB-DOS, which leads to the enhanced Ni 3d
DOS at Er in YbNi3Gay. Taking into account the 4 f-hole
level close to Ef, the charge transfer from the Ni 3d to Yb
4 f states easily takes place, which makes YbNi3;Gag valence
fluctuating system.
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