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Electronic structure of the intermediate valence systems YbsSis and YbsGes were investigated by using high-
resolution x-ray absorption spectroscopy, resonant x-ray emission spectroscopy, and photoelectron spectroscopy as a
function of temperature. XAS and RXES measurements revealed that the Yb valence in Yb3Sis decreased monotonically
with decreasing temperature. In contrast, in Ybs;Ges, it remains nearly divalent and exhibits little temperature
dependence from room temperature down to 23 K. Combined with theoretical fits to the magnetic susceptibility data,
these results suggest that the Kondo temperature of Ybs;Ges is significantly higher than that of YbsSis. The photoelectron
spectra of both compounds directly identified the signatures of a Kondo resonance peak at low temperatures.
Additionally, high-pressure experiments were conducted on YbsSis and Ybs;Ges, revealing critical transition pressures
toward the Yb** state at 10-12 and 8-9 GPa, respectively. The experimental valence-band spectra were further
compared with the density of states calculations performed using the local density approximation plus dynamical mean-
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field theory (LDA+DMFT), which successfully reproduced the experimental bulk valence-band spectra.

1. Introduction

Among rare-earth compounds, Ce, Sm, Eu, and Yb
systems are notable for their tendency to exhibit intermediate
valence behavior.'™ In an intermediate valence compound,
the thermal ground state consists of several nearly degenerate
electronic configurations with different numbers of 4f
electrons. These small energy differences between the
multiplet states of the 4f electrons enable low-energy
excitations of the valence electrons to couple directly to the
strong Coulomb interaction within the 4f orbitals, signifi-
cantly influencing the physical properties of these materials.
Temperature dependence of the electronic structure is closely
linked to a crossover from an incoherent thermal occupation
of the low-energy configurations to a coherent superposition
(Kondo singlet) of these states as the temperature decreases.
This change in the electronic structure is strongly dependent
on the Kondo temperature. Pressure is also a useful tool for
investigating the electronic structure, as it allows control over
the Kondo temperature.

Valence fluctuations have been associated with a large
Seebeck coefficient, making these materials promising can-
didates for future thermoelectric applications.*® They also
show potential for other technological applications, such as
electronic devices with low Schottky barriers.”® Electronic
structure may play a crucial role in achieving high thermo-
electric performance.” Binary rare-earth silicides and germa-
nides, such as Yb3Sis and Ybs;Ges, are typical examples
of materials that exhibit valence fluctuations along with
excellent thermoelectric properties.*>%12)

The magnetic and transport properties of YbsSis and
Ybs;Ges have been investigated in a series of studies. The
magnetic susceptibility of YbsSis exhibited signatures of
valence fluctuations and was fitted using the interconfigura-
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tion fluctuation (ICF) model.'*!'¥ The spin fluctuation
temperature was estimated to be approximately 150 K. The
ICF model fitting revealed a surprisingly large variation
in Yb valence with temperature, ranging from 2.3 at low
temperatures to 2.8 at 800K in Yb;Sis. Additionally,
resistivity measurements showed Fermi liquid behavior
below 50K. For Ybs;Ges, the magnetic susceptibility
exhibited weak temperature dependence for 7 > 20K but
increased rapidly below 7 < 20 K.!> This behavior was also
analyzed using the ICF model, yielding a spin fluctuation
temperature of approximately 770K and a relatively large
valence change with temperature, from 2.1 at 4.2K to 2.5 at
800 K. The large variation in Yb valence, as analyzed by the
ICF model, motivated us to directly measure the precise Yb
valence using state-of-the-art spectroscopic techniques in this
study. Furthermore, the pressure dependence of the resistivity
for single-crystalline Yb;Sis was measured up to 60 GPa.'®
The characteristic temperature, at which the temperature
derivative of the resistance reaches a maximum, exhibited a
minimum of around 21 GPa.

The electronic structure of YbsSis has been investigated
using photoelectron spectroscopy (PES) over an energy range
of 80 to 1253 eV by Abbati et al.!”2) They decomposed the
Yb?* component of the hv = 80eV valence band spectrum
into surface, subsurface, and bulk contributions, where hv
denotes the incident photon energy. Their analysis yielded
a bulk Yb valence of 2.52 at room temperature,m which
exhibited a weak monotonic decrease to 2.44 as the
temperature was lowered to 100K.'® In a separate analysis,
Abbati et al.!” focused on the escape depth of the emitted
electrons, estimating a valence of approximately 2.6. More
recently, Kuga et al.” performed soft x-ray and hard x-ray
PES on Yb;3Sis at 600 and 5700eV, respectively, and
reported a Yb valence of 2.67 at 20K.
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Fig. 1. (Color online) Schematic image of the Th;Pds-type crystal struc-
ture of YbsSis and YbsGes: (a) a perspective view of ac plane, (b) a
projection on ab plane.

Yb3Sis and YbsGes crystallize in a hexagonal structure
derived from the AlB,-type arrangement.'®42223 Their
structures consist of alternating Yb and Si (Ge) planes, as
illustrated in Fig. 1. This layered configuration makes the
samples brittle and easily cleavable. The exact atomic
termination of the cleaved surface remains uncertain.
However, PES analysis by Abbati et al. suggested the
presence of a partially disordered monolayer of divalent Yb
atoms associated with the subsurface region.!”!? This
interpretation therefore favors a strong, nearly amorphous
surface reconstruction, including the outer Si layer. However,
this scenario is in contrast to the observations that ordered
Yb-Si layers spontaneously form when Yb was deposited on
Si and annealed at temperatures as low as 600 K2
suggesting that Si layers are both thermodynamically stable
and kinetically favorable to form. While this does not rule out
the possibility of randomly distributed Si vacancies in the
outermost Si layer — similar to the high-temperature YbSi,_,
structure!” —it casts doubt on the extent of surface
reconstruction. Thus, a detailed high-resolution investigation
of the electronic structure is necessary to clarify the nature of
the subsurface layer and to accurately determine the temper-
ature dependence of the bulk Yb valence, distinguishing
between thermal occupation and Kondo screening as the
dominant mechanism.

In this study, we aim to elucidate the temperature and
pressure dependences of the electronic structures of Ybs3Sis
and Yb;Ges, both of which adopt the Ths;Pds-type crystal
structure.'"'2 We investigate the temperature- and pressure-
induced crossover in the electronic structures, specifically the
transition from incoherent to coherent excitations. Notably,
the electronic structures of Ybs;Ges, as well as those of Yb;Sis
and Yb3;Ges under pressure, have not yet been fully explored.
To address this, we employed resonant x-ray emission
spectroscopy (RXES) and x-ray absorption spectroscopy in
the partial fluorescence yield mode (PFY-XAS).2-2% Addi-
tional insights into the electronic structure were obtained
from the temperature dependence of the valence band spectra
near the Fermi level (Ef), measured using ultraviolet (UV)
and soft x-ray (SX) photoemission spectroscopy. Resonant
PES measurements were also performed in the SX energy
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region. Finally, we compared our experimental results with
density functional theory combined with dynamical mean-
field theory (DFT+DMFT) calculations. Furthermore, high-
pressure studies on Yb3Si; and Yb;Ges revealed critical
transitions to the Yb>* state.

2. Experiments

Polycrystalline samples of Yb3Sis have been prepared by
melting pure Yb (99.9%) and Si (99.9999%) in an arc furnace
under Ar atmosphere. Yb was enriched by 10% to
compensate for the loss in the melting process. The melted
ingots were annealed in evacuated quartz tubes at 973 K for
7d. Polycrystalline samples of YbsGes were prepared by
melting stoichiometric amounts of Yb (99.9%) and Ge
(99.99%) in sealed Ta-tubes, which had been sealed by an arc
under Ar atmosphere. The Ta tubes were then sealed in
quartz tube under vacuum, and were heated in an electric
furnace at 1443 K for 3 h and further annealed at 1273 K for
2d. These compounds have the Th;Pds-type hexagonal
crystal structure (space group No. 189, P62m) with lattice
constants of @ = 0.6508 nm and ¢ = 0.4092 nm for YbsSis
and a = 0.68495nm and ¢ = 0.41765nm for Yb3;Ges, as
shown in Fig. 1.!%141522) The magnetic susceptibility was
measured with a superconducting quantum interference
device (SQUID) magnetometer at an applied field of
1000 Oe.

PFY-XAS and RXES measurements were performed at the
Taiwan beamline BL12XU, SPring-8.262® The undulator
beam was monochromatized by a pair of cryogenically-
cooled Si(111) crystals and focused to a size of 30
(horizontal) X 40 (vertical) pmz at the sample position using
toroidal and Kirkpatrick-Baez mirrors. A Johann-type
spectrometer equipped with a spherically bent Si(620) crystal
(radius of ~1 m) was used to analyze the Yb La; (3ds;» —
2p3;2) 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 7400 eV based on the elastic scattering. The intensities of
all spectra were normalized to the incident beam intensity
monitored just before the target.

Pressure dependence of the PFY-XAS spectra for YbsSis
and Yb3Ges was also measured at BL12XU, using a diamond
anvil cell (DAC) with a Be gasket. Silicone oil was used
as the pressure-transmitting medium. A membrane-controlled
DAC was used for high-pressure experiments at room
temperature. The pressure was measured based on the Raman
shift of the ruby fluorescence.?>?? Details of the exper-
imental setup have been published elsewhere.?”-?8-3D)

SX and UV PES measurements were performed at the
undulator beamlines BL-1 and BL-9A at the Hiroshima
Synchrotron Radiation Center (HiSOR), equipped with high-
resolution hemispherical electron-energy analyzers (R4000,
VG-SCIENTA).3>3% In the UV PES at BL-9A the resolution
(AE) was approximately 10—20meV at hv = 10-40¢eV and
9K under the vacuum pressure below 2 X 10~° Pa, where
hv is incident photon energy. In the SX PES AE was
approximately 40-50meV at hv = 182eV and 7K under a
vacuum pressure below 1078 Pa. We also used light of
8.437¢eV from the Xe lamp for high-resolution UV PES,
where the resolution was less than 10meV at 9K.*» The
Fermi edge of Au evaporated on the sample holders was used

©2025 The Author(s)
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to calibrate the binding energy. The energy resolution and the
Fermi level were determined from fitting the Fermi edge
of Au using a convolution of Gaussian and Fermi-Dirac
functions. All samples were fractured in vacuum just before
the measurements.

3. LDA+DMFT Calculations

A fully-charge self-consistent LDA+DMFT calcula-
tion®>3% was performed using the full-potential linear
muffin-tin orbital code rspi®” and the DMFT implementa-
tion described in Refs. 38—41. The strongly correlated Yb 4f
states were treated using the Exact Diagonalization (ED)
impurity solver.*'=*» The local Coulomb interaction of the
Yb 4f electrons was parameterized in terms of the Slater
parameters F°, F2, F* and F°. At the beginning of each
LDA iteration, the parameters F 2 F* and F® were
calculated through a radial integration of the unscreened
local Coulomb interaction and then scaled by 0.95, 0.97, and
1.00, respectively.***> The scaling constants accounted for
the screening by the non-f-electrons. The final fully self-
consistent values for both YbsSis and Ybs;Ges are F? =
14.4eV, F*=9.5¢eV, and F° = 7.0eV, which shows that
these higher order Slater parameters were rather insensitive to
the chemical environment of the Yb atom. The Hubbard U
parameter F° could not be calculated in the same way as it
was too heavily screened. Instead, it was set to the constant
value of 7.4 and 7.9 eV for YbsSis and Yb;Ges, respectively.
The k-points were distributed in a 7 X 7 X 11 Monkhorst—
Pack grid with a shift of half a unit cell vector in the z-
direction, and the Brillouin zone integration was carried out
using Fermi smearing with 7 = 273 and 80 K.

The ED impurity solver takes some of the hybridization
between the correlated f-orbitals and the rest of the material
into account, by including a limited number of auxiliary bath
orbitals in the impurity problem.*? The total number of bath
orbitals that can be included in the impurity problem is
severely limited by the size of the many-body Hilbert space.
The Hilbert space grows particularly fast if the added orbitals
and electrons bring the total system, i.e., impurity and bath,
closer to half-filling. This is the case if bath orbitals with
negative binding energies are added to the almost-filled Yb
impurity orbitals. In addition, the final states of a photo-
emission process are in general only weakly affected by the
nominally unoccupied bath orbitals, as long as the repulsive
Coulomb interaction is large compared to the hybridization
strength.*® This can be understood by noting that these final
states have one less electron than the ground state. They
would therefore increase their energy substantially if the
impurity would donate an additional electron to the bath,
which implies that their effective hybridization with the
unoccupied bath states will be small.

In this study, we therefore included only nominally
occupied bath states in the impurity problem, specifically
those with binding energies larger than 4kg7, where kg and T
are Boltzmann constant and temperature, respectively. Under
this constraint, the number of included bath orbitals is limited
by the stability of the hybridization function fitting (including
its off-diagonal elements) rather than by the Hilbert space
size. This approach enabled us to include up to 40 nominally
occupied bath spin—orbitals. The downside of excluding the
low-energy bath states is that it makes it in general not
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possible to converge to a stable solution with a sizeable
Kondo quasiparticle peak.

4. Results and Discussion

4.1 Magnetic susceptibility

Figures 2(a) and 2(b) show the temperature dependence
of the magnetic susceptibility of YbsSis and Ybs;Ges (open
circles), measured up to 300K. The rapid increase in the
magnetic susceptibility at low temperatures may be attributed
to impurity contributions. Following corrections were applied
to the measured susceptibility. (i) The low-temperature
upturn in y(7) was subtracted by a Curie—Weiss term. (ii)
Diamagnetic contributions from the inner closed shell were
subtracted to obtain the spin susceptibility. The diamagnetic
values were taken from Ref. 47. In most cases, these
diamagnetic contributions can be neglected. However, in
the case of Yb3Ges, the spin magnetic susceptibility was very
small due to its nearly divalent state. Thus, the core
diamagnetism needed to be explicitly considered. Finally,
we obtained the corrected magnetic susceptibility as shown in
Figs. 2(a) and 2(b) (open squares).

On the other hand, performing a Curie-Weiss fit for the
magnetic susceptibility of Ybs;Ges was challenging. There-
fore, we fitted only the corrected data of Yb3Sis for
T > 200K.*® In Yb;Sis Curie constant and Weiss temper-
ature were determined to be 2.29emu/mol and —183K,
respectively. The effective magnetic moment of Yb3Sis was
estimated to be 4.28ug, which is close to the free Yb3* ion
value of 4.54ug. This suggests that YbsSis is in a mixed-
valence state, close to the trivalent configuration.

Based on the Bethe—Ansatz solution of the Cogblin—
Schrieffer model, the physical properties of a Kondo system
are scaled by a single parameter, the characteristic temper-
ature T. Rajan solved the Coqgblin—Schrieffer model numeri-
cally.*” We fit the corrected magnetic susceptibility with
Ty as a fit parameter using the Rajan’s curve as shown
in Figs. 2(c) and 2(d) (dotted lines). Rajan showed that
magnetic susceptibility at zero temperature, y(0) and 7 was
related by y(0) = Nav(v? — l)gyzB/(24ﬂkBTo), where Ny, v,
g, and pp are Avogadro number, v = 2J + 1 (J: total angular
momentum), Landé g-factor, and Bohr magneton, respec-
tively. Ty was estimated to be 509 K for Yb;Si5s and 1324 K
for Yb;Ges.

We also apply a theoretical universal curve based on the
single-impurity Anderson model by Bickers et al.’*>" for the
corrected magnetic susceptibility, as shown in Figs. 2(c) and
2(d) (dashed lines). Ty was estimated to be 584 K for Yb3Sis
and 2270 K for YbsGes. Neither of these theoretical fits fully
reproduces the experimental data, and the values of 7\, show
significant discrepancies between the two models, partic-
ularly for YbsGes. Since both models are based on a nearly
Yb3* state, this discrepancy may be reasonable given that the
Yb valence in YbsGes is closer to Yb**. Nevertheless, both
model fits indicate that the characteristic temperature of
YbsGes is significantly higher than that of YbsSis.

Ty is a measure of the Kondo temperature (Txk), suggesting
that the Kondo temperature of Yb3;Ges may be considerably
higher than that of YbsSis. According to Kaga et al.,’? the
temperature at which the Kondo lattice was formed at T, ~
0.17x. In Yb3Sis the resistivity measurement indicates the
formation of a Fermi liquid state at T < 50,'¥ which may

©2025 The Author(s)
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(Color online) (a, b) Temperature dependence of the magnetic susceptibility (open circles) of (a) YbsSis and (b) Ybs;Ges. We also show the

diamagnetic contributions from the inner closed shell (dashed line),*” the susceptibility subtracting the diamagnetic contribution (dotted line), and the
susceptibility subtracting the Curie—Weiss term at low temperatures (open squares). (c, d) Rajan’s model fit (solid line) and Bickers’ model fit (dashed line) to

#T (open circles) for (c) YbsSis and (d) YbsGes.**>V

correspond to T,,,. Thus, the value of T, for Ybs;Sis
estimated from the model fit to the magnetic susceptibility
appears reasonable.

Furthermore, we fitted the magnetic susceptibility using
the ICF model, even though the conventional ICF model
assumes two distinct valence states and does not account for
crystal field effects, the chemical potential, or hybridiza-
tion.*® Here, we improved the ICF model by incorporating a
temperature-dependent chemical potential.*® The modified
ICF model predicts a monotonic decrease in the Yb valence.
However, the valence estimated by the improved ICF model
exhibits an unrealistically strong temperature dependence,
decreasing from 2.7 at 300K to 2.2 at 0K for YbsSis, and
from 2.2 at 300K to 2.0 at 0K for Ybs;Ges, which is clearly
incompatible with the PFY-XAS and RXES results shown
below.

Grytsiv et al.'*!> estimated the electronic specific heat
(y) to be approximately 30mJ/(molK?) for Yb;Sis and
20 mJ/(mol K?) for Ybs;Ges using the universal relation
A/y? = 107° uQ cm(mol K/mJ)%, where A is a coefficient of
the temperature term 72 in the temperature dependence of
resistivity.” Additionally, Rajan*” established a relation
between T and y to be Ty = Na(v — 1)zkg /6y. v is estimated
to be 60mJ/(molK?) for Yb;Sis and 23 mJ/(molK?) for
YbsGes assuming J = 7/2.

4.2  Temperature dependence of the PFY-XAS and RXES
spectra
PFY-XAS and RXES spectra were measured to investigate
the temperature dependence of the bulk Yb valence. These
techniques offer a distinct advantage of being truly bulk
sensitive, whereas UV and soft x-ray PES also pick up a
sizable contribution from the surface and subsurface.’® The
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RXES spectra were recorded at hv = 8938 eV, correspond-
ing to the resonant energy of the Yb** component, and were
normalized to the intensity of the Yb3* peak. The results are
presented in Figs. 3(a)-3(d).

The Yb valence, defined as v=3—1#, is shown in
Figs. 3(g) and 3(h). It was extracted from the measured
intensity ratios (r) between the Yb3* and Yb?* components in
the spectra using the relation, 1 = +,, with { =1 for PFY-
XAS and ¢ < 1 for RXES, accountmg for the reduced 3+
intensity in the latter. The PFY-XAS spectra were fitted
assuming Voigt functions for the Yb"* components with
an arctan-like background as illustrated in Fig. 3(e). The
intensities of the two arctan-like backgrounds were deter-
mined to be proportional to the intensities of their
corresponding Voigt functions of the Yb?* and Yb’*
components. An example of the fit for the RXES spectrum
is shown in Fig. 3(f). We estimated that { = 0.267 for
Yb3Sis, and 0.178 for Ybs;Ges by comparing the intensity
ratios obtained from PFY-XAS and RXES spectra. The Yb
valence of Yb3Sis monotonically decreases with decreasing
temperature below room temperature, while that of Yb;Ges
remains nearly constant down to 23 K. The relatively
constant valence of Yb3;Ges suggests that its Kondo temper-
ature is beyond the measured temperature range, likely well
above room temperature. This finding supports the high
characteristic temperatures derived from theoretical fits to the
magnetic susceptibility.

4.3 Pressure dependence of the PFY-XAS spectra and
RXES spectra
We also measured the pressure dependence of the PFY-
XAS spectra of YbsSis and Ybs;Ges at room temperature
as shown in Figs. 4(a) and 4(b), respectively. Pressure

©2025 The Author(s)
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dotted lines at 300 K are shown overlapping the spectrum at a given temperature of less than 200 K. (c, d) RXES spectra for (¢) YbsSis and (d) YbsGes at the
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and (f) are experimental data. (g, h) Yb valence of YbsSis and YbsGes.

dependences of the Yb valence estimated from the fits to the
PFY-XAS spectra are presented in Figs. 4(c) and 4(d) for
YbsSis and YbsGes, respectively.26‘28) The pressure de-
pendence of the Yb valence was fitted using a modified
logistic function as shown by the solid lines in Figs. 4(c) and
4(d). We define the critical pressure, P, as the pressure
corresponding to the peak of the differential of the fitted
curve (dashed line).>>

In Yb;Sis the Yb valence gradually increased with pressure
from approximately 2.77 at ambient pressure to 2.8 at
25 GPa. In Yb;Ges the Yb valence also increased gradually
from approximately 2.54 at ambient pressure to 2.66 at
20 GPa. However, further increases in pressure beyond
20GPa did not result in significant changes in the Yb
valence within the measured pressure range. The pressure-
induced change in the Yb valence was relatively small in
Yb;Sis, on the order of 0.03, whereas in Yb;Ges, it was
significantly larger, on the order of 0.12. Since the Yb
valence in Yb3Sis is already 2.77 at room temperature, further
changes induced by pressure may be minimal.

The critical pressures were determined to be P, = 10-12
GPa for YbsSis and P, = 8-9 GPa for Yb3;Ges. In Yb;Sis
Muramatsu et al.'® reported a minimum in the characteristic
temperature (7*) at around 21 GPa based on the electrical
resistivity measurements under pressure. Here, T* was
defined as the temperature at which the temperature
derivative of resistance exhibited a maximum. The increase
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of T* is normally expected to lead to a decrease in the Yb
valence. However, as shown in Fig. 4(c), no such behavior is
observed in the pressure dependence of the Yb valence above
21 GPa. Instead, the Yb valence appears to saturate in this
pressure range. It should be noted that the current Yb-valence
measurement was conducted at room temperature, whereas
the minimum of 7 in the electrical resistivity measurements
was observed at low temperatures. Our previous studies
revealed an anomalous pressure-induced decrease in Yb
valence in YbCus,® with this behavior becoming more
pronounced at lower temperatures. Therefore, future studies
measuring the pressure dependence of the Yb valence in
Yb;Sis at low temperatures would be of great interest.

The Yb valence and the Kondo temperature are very
different between YbsSis and Yb3Ges. One possible reason is
that the lattice volumes of YbsSis and YbsGes are different.
Yb;Sis is more likely to have a stronger Yb** due to the
application of chemical pressure. However, the Yb valence
of YbsGes at high pressure saturated at 20 GPa or higher, and
did not reach the value of Yb3Sis at ambient pressure. There-
fore, the difference between them cannot be explained by
chemical pressure alone. A possible interpretation is that the
4s, 4p, and/or 3d orbitals of Ge in YbsGes may be strongly
hybridized with Yb-4f. However, the binding energy of the
Ge d band is large and very deep, and the strong hybridization
between Yb 4f and Ge 3d orbitals is unlikely. At present, the
plausible reason of the above difference is unclear.

©2025 The Author(s)
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(Color online) (a, b) PFY-XAS spectra for (a) YbsSis and (b) YbsGes at the Yb-L3 absorption edge as a function of pressure at room temperature.

The baseline height of each spectrum corresponds to the measured pressure. (c, d) Pressure dependence of the Yb valence for (c) YbsSis and (d) YbsGes
(closed circles). Solid lines are fit curves with a modified logistic function. Dashed lines are differential of the fit curves. Grey areas are the inflection pressures

of the fit curves, corresponding to the critical pressure (P,).

4.4 Photoelectron spectroscopy

While PFY-XAS and RXES provide excellent bulk
sensitivity, their energy resolution is limited due to the short
lifetimes of core holes. In contrast, UV PES and SX PES
offer much higher energy resolution but are highly surface-
sensitive. The electron mean free path in Yb3Sis and Ybs;Ges
is estimated to be approximately ~2 Aat hy = 40eV.57% At
hv = 172 eV the escape depth increases to ~3 A.

4.4.1 Temperature dependence

Figures 5(a) and 5(c) show the full valence band spectra of
YbsSis and Yb3;Ges measured at iv = 40eV between 9 to
250 K. The valence band spectra exhibit contributions from
both Yb 4f'4 — 4f'3 transitions (Yb>*), between 0 to 3eV,
and Yb 4f'3 — 4f1? transitions (Yb3*) between 5 to 12eV.

The valence band spectrum of Yb3Sis exhibits a stronger
and more non-uniform temperature dependence. The Yb3*
component in Fig. 5(a) remains almost constant with
temperature, except for the *F multiplet at 7.75eV which
slightly decreases in intensity as the temperature is lowered.
In contrast, the Yb?>* component exhibits a more pronounced
temperature dependence, as shown in Fig. 5(b). The
Yb 2F; 2 multiplet, centered at around 0.15 eV, also changes
its shape with spectral weight shifting into a narrow region
around 0.05 eV in the binding energy. Additionally, the Yb>*
surface components at 1.0 and 2.5eV are enhanced with
increasing temperature and shift slightly toward higher
binding energy. The valence band spectrum of Ybs;Ges also
features two Yb 2F7), and ?Fs,, multiplet peaks at 0.12 and
1.4eV. Both peaks increase uniformly in intensity as the
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temperature decreases as the temperature is lowered, as
shown in Fig. 5(d).

Figure 6 shows photoelectron spectra obtained using a Xe
lamp (hv = 8.4eV) with an energy resolution of less than
10meV, allowing for the resolution of spectral features near
the Fermi energy. Although the photoionization cross-section
of the 4f electrons is low, as evidenced by the small weight
of the Yb 2Fs,, multiplet at 1.4eV, the Yb 2F7/, multiplet
remains visible. The Yb3Sis spectrum in Fig. 6(b) exhibits an
overall temperature dependence similar to that observed at
hv = 40eV. In contrast, the YbsGes spectrum in Fig. 6(d)
shows a reduced broadening of the 2F; »2 multiplet at low
temperatures. Additionally, the peak intensity at 0.13eV in
Yb;Ges is stronger than that at 0.05eV in Yb;Sis. The peaks
at 0.05¢eV (YbsSis) and 0.13eV (YbsGes) can be identified
as Kondo resonance peaks. This directly demonstrates that
Yb3Sis and Ybs;Ges are the Kondo-lattice compounds and
that the Kondo temperature of YbsGes is significantly higher
than that of Yb3Sis. This would explain the nearly constant
Yb valence of Yb3;Ges over the measured temperature range,
as shown in Fig. 3. This conclusion is further supported by
the model fit results for the magnetic susceptibility of Yb;Sis
and Yb;Ges.

4.4.2  Spectral decomposition

Figures 7(a), 7(b), and 7(c) show the valence band spectra
of Ybs3Sis and Yb3Ges near the Fermi level, measured at hv =
9.9-40¢eV and at temperatures of 9—10 K. The corresponding
fitted valence band spectra are presented in Figs. 7(d) and
7(e). Abbati et al.'>?D previously fitted the valence band
spectrum of YbsSis using three pairs of spin—orbit split peaks,
attributing them to the surface, subsurface, and bulk
contributions, in descending order of binding energy,
analogous to YbAI,.>® However, a closer inspection of our
high-resolution measurements in Figs. 7(a)-7(c) reveals that
the main peaks are best described by two separate spin—orbit
split contributions. Additionally, the broad spectral features
around 0.75 and 2eV each consist of two peaks. Hereafter,
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Fig. 7. (Color online) Valence band spectra taken at hv < 40eV. (a)
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Yb3Si5 and (C) Yb3GC5.

we designate the pair of spin—orbit split peaks at the lowest
binding energy bulk peaks, the pair at higher binding energy
subpeaks, and the remaining two pairs as surface peaks, as
illustrated in Figs. 7(d) and 7(e). All these components are
also present in the spectra recorded at hiv = 172 and 174 eV,
presented in Figs. 9(a) and 9(c), albeit with significantly
different intensities. A similar subpeak structure has also been
assumed in the fitting of valence band spectra for YbInCu,%”
and YbAI;.%D The subpeaks may either originate from bulk
contributions due to final-state effects or be related to surface
and subsurface states.%>%® We will investigate the role of the
final state effects using LDA+DMFT in Sect. 5, while the
contribution of the surface and subsurface will be the focus of
the rest of this section.

We first examine the assignment of the broad surface
peaks. Their binding energies are approximately 1 eV higher
than those of the corresponding bulk peaks, which is typical
for Yb?* surface atoms.®® Furthermore, their peak widths are
more than three times larger than those of the bulk peaks,
indicating a distinctly different chemical environment. In
addition, they exhibit the same reduction in intensity relative
to the bulk peaks when moving from Av = 40 eV to the more
bulk sensitive hv = 172eV. The two separate surface

©2025 The Author(s)
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components may correspond to the bulk and subpeak,
respectively. The presence of two separate surface compo-
nents is consistent with a cleaved polycrystalline sample of a
layered material. The bulk peaks are sharp and have binding
energies consistent with an intermediate Yb valence. While
the narrow peaks near the Fermi level exhibit characteristics
of a Kondo resonance, they also have a spin—orbit split
counterpart at binding energy 1.3 eV higher, which displays a
very similar temperature dependence.

4.4.3 Resonant PES

The resonant valence-band spectra were measured as a
function of the incident photon energies at the Yb-4d
absorption edge for both compounds, as shown in Fig. 8(a)
for YbsSis and Fig. 8(b) for Yb3;Ges at 9 K. The intensity is
normalized to the intensity of the surface Yb** component.
Figures 8(c) and 8(d) display the intensity of each component
as a function of the incident photon energies. As seen in
Figs. 8(a)-8(d), a selective enhancement of the Yb** peaks
at 11.5eV (P), 11eV (1), and 6eV (PH) occurs around
hv = 182eV due to a resonant 4d—4f emission process,
similar to observations in other Yb compounds.*” The
electron emission process involves two distinct channels:
direct photoionization and a super Coster—Kronig Auger
decay, expressed respectively as
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hl/+4d104f13 N 4d104f12€l+€k,
hv + 4d'"4f8 - 4d°4f' — 4d"04f el + ey,

where hv denotes the incoming photon and e; the emitted
electron.**63%9 449414 and 4d'°4f'%¢l are the discrete and
continuum states, respectively, and the Fano profile can be
observed if the interaction occurs between these states. A
Fano-like profile®” is observed in the Yb’" intensity in
Figs. 8(c) and 8(d) due to the quantum interference between
the two channels.

The Yb valence estimated from the ratio of the Yb** and
Yb?* components at each photon energy is plotted in
Figs. 8(e) and 8(f). In these figures, two surface-related
components for the 4f7/, bulk peak are labeled as surface and
subsurface. To obtain an accurate Yb valence, the ratio
should be evaluated well before the resonance regime, as the
Auger decay selectively enhances the Yb** signal. Using this
approach, the Yb valence is determined to be 2.7 for YbsSis
and 2.2 for YbsGes. Interestingly, the low-temperature Yb
valences of 2.75 for YbsSi5 and 2.54 for YbsGes, obtained
from the PFY-XAS spectra, are closer to the estimated
valence values in Figs. 8(e) and 8(f) immediately after the
resonance. This discrepancy between the results from XAS
and PES is not unique to Yb;Sis and Yb;Ges but has been
observed in several other materials as well.3*%%9) Further-
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Fig. 9. (Color online) (a, ¢) Valence band spectra near the Fermi level at
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with the LDA+DMFT calculated results of the total DOS. (b, d) Full valence
band spectra are shown in (b) for Yb;Sis and (d) for Yb;Ges.

more, none of the Yb%* components, including the surface
and subsurface contributions, exhibit resonant behavior.

5. LDA+DMFT Calculations

Here, we discuss the subpeaks and the role of the final-
state effects. The identification of the Yb?* components
in Sect. 4.4.2 (Spectral decomposition) assumes that the
spectrum is composed of atomic-like *F7/, multiplet peaks.
Although the strong contraction of the Yb 4f orbitals reduces
their hybridization and the neighboring orbitals small, the
shape and cross sections of the multiplet peaks may still be
influenced. Several fully-charge self-consistent LDA+DMFT
calculations were performed in order to probe the orbital
character of the bulk states and elucidate the role of possible
final-state effects.

Figure 9 compares spectral densities calculated using
LDA+DMFT with the experimentally measured valence
band spectra. Overall, the theory reproduces the bulk
component of the experimental spectra well for both Yb3Sis
and YbsGes. There are indications of final-state effects in the
theoretical spectra, such as small shoulder peaks in the region
where the subpeaks are located. However, the intensity of
these calculated peaks is significantly lower than that of the
experimental subpeaks. An analysis of the excited many-
body states in the impurity problem reveals that these peaks
in the spectral density correspond to an almost complete
transfer of an electron from the lowest-lying bath state to
the Yb atom. Since the hybridization function is relatively
flat around the Fermi energy in both Yb;Sis and YbsGes,
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incorporating additional low-energy bath states into the
impurity problem would result in a smoothly decaying tail of
the main peak rather than distinct side peaks. This supports
the interpretation that the subpeaks originate from subsurface
states rather than final-state effects.

6. Conclusion

The PFY-XAS and RXES measurements revealed that the
Yb valence of YbsSis decreases slightly with decreasing
temperature below room temperature. In contrast, in Yb;Ges,
it was almost temperature-independent down to 23 K. This
temperature-dependent behavior in YbsSis corresponds well
to the Fermi liquid formation at 7' < 50 K. These results,
combined with the model fit results for the magnetic
susceptibility, suggest that the Kondo temperature of Ybs;Ges
is significantly higher than that of YbsSis.

A high-resolution PES study demonstrated a clear increase
in the intensity of the 4f7/, component at the Fermi level in
Yb;Si5 and Yb3Ges with decreasing the temperature, indicat-
ing the presence of the Kondo resonance peak of Yb;Sis.
Additionally, high-resolution photoemission revealed extra
Yb?*-derived subpeaks, which are likely closely related to the
layered structure of the materials. To confirm these findings,
further studies on single crystals will be necessary. For
example, an STM study of a freshly cleaved sample could
provide insights into surface reconstruction and the presence
of a double surface signal. Yb 4d—4f resonant PES showed a
resonant enhancement of the Yb3* intensity for both com-
pounds, which can be described using the Fano-like profiles.

High-pressure study for Ybs;Si; and Ybs;Ges revealed the
pressure-induced successive transition of the Yb valence
toward the Yb** state. Critical pressures for the valence
transition were estimated to be approximately 10—12 GPa for
Yb3Sis and 8-9 GPa for Yb;Ges.

Fully-charge self-consistent LDA+DMFT calculations
were performed to investigate the bulk component of the
spectra and elucidate the role of final-state effects. Overall,
the theory reproduced the bulk component of the exper-
imental spectra well as a whole for both Yb3Sis and YbsGes.
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