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Pressure and temperature dependences of the electronic structure of the heavy-fermion superconductor CeIrSi3 have
been investigated using partial fluorescence yield x-ray absorption spectroscopy and resonant x-ray emission
spectroscopy at the Ce L3 edge. Ce is in a weakly mixed valence state at ambient pressure, mostly f 1 with a small
contribution from the f 0 component. Pressure-induced increase of the Ce valence becomes apparent above 4GPa,
concomitantly with the disappearance of the superconductivity. No temperature dependence of the Ce valence is
observed within the measured temperature range down to 24K.
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1. Introduction

In some heavy fermion compounds, unconventional
superconductivity has been observed at or near the
pressure-induced quantum critical point (QCP) between
antiferromagnetic (AFM) and non-Fermi liquid ground
states.1,2) Accordingly, clarifying the physical properties of
these systems around their QCP has recently become a
central issue in the f -electron physics.3–5) Recently, pressure-
induced superconductivity was found in heavy fermion
compounds with no inversion symmetry along the c-axis in
the tetragonal crystal structure, such as CePt3Si,

6) CeRhSi3,
7)

and CeIrSi3.
8) These compounds, because of their non-

centrosymmetric crystal structure, are believed to prevent
the realization of the normal spin-singlet superconductivity.
Instead, it is considered that mixed cooper pairing between
even (d-wave type, spin-singlet) and odd (p- or f -wave type,
spin-triplet) parities may occur through the Rashba-type
antisymmetric spin–orbit coupling.9–14) In CeIrSi3, super-
conductivity occurs at low temperature in the limited
pressure range of 1.8–3.3GPa.8,15,16) The highest super-
conducting transition temperature, TC, is 1.6K at 2.6GPa,
which is relatively high in the family of Ce-based heavy
fermion superconductors. The Néel temperature is 5.0 K at
ambient pressure and decreases with pressure, resulting in
the disappearance of the AFM order at 2.25GPa, corre-
sponding to the QCP.8,16,17)

The phase transition at the QCP is commonly described
by some scenarios including the conventional spin-density-
wave (SDW) QCP and the Kondo breakdown at the
QCP.3,18,19) In the SDW QCP scenario the Kondo effect is
retained with finite Kondo temperature, accordingly a non-
integer valence state and a gradual change in the Kondo
effect should be observed around the QCP, while in the
Kondo-breakdown QCP scenario, a breakdown of the Kondo
screening occurs at the QCP20–22) as in CeCu6�xAux

3) and

YbRh2Si2.
23) It appears therefore that the valence and the

electronic structure around the QCP may be key factors to
understand the mechanism underlying the occurrence of
superconductivity and non-Fermi liquid behavior in these
materials.

The electronic structure of CeIrSi3 has been studied by
angle-resolved resonant photoelectron spectroscopy (PES)
and band calculations in the local density approximation.24)

Both experiment and theory suggested that the Ce 4f
electrons have an itinerant character because of their
hybridization with the conduction band c. But under high
pressure, where PES is not applicable, the electronic
structure of CeIrSi3 remains unexplored. Since compressed
f electrons systems are prone to enhanced c–f hybridization,
the question arises as to whether valence fluctuations play a
role in the occurrence of superconductivity and non-Fermi
liquid behavior around the QCP. This motivated us to
investigate the pressure and temperature dependences of
the electronic structure of CeIrSi3 utilizing two photon-in
photon-out complementary spectroscopic probes, partial
fluorescence yield x-ray absorption spectroscopy (PFY-
XAS) and resonant x-ray emission spectroscopy
(RXES),25–31) at the Ce L3 edge. The PFY-XAS and the
RXES yield truly bulk-sensitive information about the
electronic structure. We examine the pressure dependence
of the Ce valence especially around the quantum critical
point, which is known to take place around 2.25GPa where
TN goes to zero while TC reaches its maximum value. Our
results suggest that the onset of the increase of the Ce
valence under pressure coincides with the disappearance of
superconductivity around 4GPa. We suggest that the two-
dimensional (2D) SDW QCP and the valence QCP scenarios
can explain part of the low-temperature properties around
the QCP, although an alternative scenario or modification of
the scenario may be required for a complete understanding
of the QCP physics of CeIrSi3.

Journal of the Physical Society of Japan 80 (2011) 124701

124701-1

FULL PAPERS

#2011 The Physical Society of Japan

DOI: 10.1143/JPSJ.80.124701

http://dx.doi.org/10.1143/JPSJ.80.124701
http://dx.doi.org/10.1143/JPSJ.80.124701


2. Experiment

A single crystal of CeIrSi3 was synthesized by the
Czochralski method in a tetra-arc furnace.16) The residual
resistivity ratio RRR ð¼ �RT=�0Þ is about 120, where �RT and
�0 are the resistivity at room temperature and the residual
resistivity, respectively. PFY-XAS and RXES measure-
ments were performed at the Taiwan beamline BL12XU at
SPring-8. The undulator beam was monochromatized by
a pair of Si(111) crystals and focused to a size of 30
(horizontal) � 20 (vertical) �m2 at the sample position
using a toroidal and K-B mirrors. Incident photon energies
are calibrated by using metal K-absorption edges of V and
Cr. The incident photon flux was estimated to be about
ð7{8Þ � 1011 photons/s at 5.46 keV. A Johann-type spectro-
meter equipped with a spherically bent Si(400) crystal
(radius of about 1m) was used to analyze the Ce L�1

(3d5=2 ! 2p3=2) emission line with a solid state detector
(XFlash 1001 type 1201). The overall energy resolution was
estimated to be about 1.5 eV around the emitted photon
energy of 4.8 keV. The intensities of all spectra are
normalized by the incident beam intensity monitored just
before the sample. A closed-circuit He cryostat was used for
the low-temperature measurements down to 24K. The high-

pressure conditions were realized using a diamond anvil cell
(DAC) with a Be-gasket. We used the in-plane geometry
where both the incoming and outgoing beams go through the
Be gasket, with a scattering angle of 90�. The pressure-
transmitting medium was silicone oil. The pressure was
measured based on the Raman shift of the fluorescence from
tiny ruby balls in the DAC.

3. Results

3.1 RXES
Figure 1(a) shows the PFY-XAS spectrum measured

at the Ce L3 edge at room temperature. In Fig. 1(b), the
incident energy dependence of the corresponding RXES
spectra is plotted as a function of the energy transfer (Etr),
defined as the difference between the incident and emitted
photon energies. The vertical offset of the RXES spectra in
Fig. 1(b) is scaled to the incident energy axis of the
PFY-XAS spectrum. Two Raman components respectively
corresponding to Ce2þ (Etr ’ 878 eV) and Ce3þ (Etr ’
886 eV) are clearly observed in the RXES spectra below
the absorption edge. Contour intensity map is shown in
Fig. 1(c). When increasing the incident energy above the
edge, the Raman signal disappears at the expense of two
fluorescence components, attributed to the L�1 and L�2
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Fig. 1. (Color online) (a) PFY-XAS spectra. (b) RXES spectra as a function of the incident photon energies. The vertical offset of the RXES spectra is

scaled to the incident energy axis of the PFY-XAS spectrum. (c) Contour image of the RXES spectra. (d) Crystal structure of CeIrSi3. (e) An example of fit of

a RXES spectrum, for an incident photon energy Ein ¼ 5719 eV. Closed circles are experimental data. (f) Incident energy dependence of the fitted Raman

(open circles for f 2 and closed circles for f 1) and fluorescence (closed squares) components. Closed circles are experimental data.
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lines, which appear at constant emitted photon energy, i.e.,
the fluorescence energies are proportional to Etr. Figure 1(d)
shows the crystal structure of CeIrSi3. In order to extract the
relative intensity of each f component we have fitted the
PFY-XAS and RXES spectra.25–31) For the fit of the RXES
spectra, we used two Voigt functions for f 1 and f 2, as shown
in Fig. 1(e). The incident energy dependence of the
intensities of the Raman 2+ and 3+ components and the
fluorescence, as estimated from the fits, is plotted in Fig. 1(f)
along with the PFY-XAS spectrum. The weak Ce2þ

component is successfully separated from the main Ce3þ

component. It is noted that in core-level spectroscopy there
is a dynamical screening effect caused by the core-hole
potential in the final excited state. A charge transfer between
the ligand and the excited atom can occur, therefore the
measured spectra do not necessarily correspond to the
ground state.31,32) In Ce compounds the final-state effect
mainly results in an increase of the f 2 component, while the
hybridization affects the f 0 and f 1 components. Here we
define the spectral weight ratio (vR), which correlates with
the mean valence in the ground state (vg), as vR ¼ 3þ
½Ið f 0Þ � Ið f 2Þ�=½Ið f 0Þ þ Ið f 1Þ þ Ið f 2Þ�, where Ið f nÞ is the
intensity of the f n component. The ratio vR is estimated to be
2:985� 0:010 from our room-temperature RXES spectra. In
the fits of the RXES spectra, we ignore the 4f 0 component,
which is too weak to be discriminated from the intense
fluorescence peak. We are however able to extract the 4f 0

component in the PFY-XAS spectra, as shown below, which
results in slightly different values of vR compared with
RXES.

3.2 Temperature dependence
Figure 2 shows the temperature dependence of (a) the

PFY-XAS spectra and (c) the estimated spectral weight
ratio. In Fig. 2(b) an example of fit of the PFY-XAS
spectrum is shown. The PFY-XAS spectrum consists of two
weak features of Ce2þ (4f 2) at Ein ¼ 5719 eV and Ce4þ

(4f 0) at Ein ¼ 5738 eV, and a strong Ce3þ (4f 1) component
at Ein ’ 5727 eV, where Ein is the incident photon energy,
indicating that CeIrSi3 is in a mixed valence state. The
presence of the (4f 0) component points to a finite c–f

hybridization, which is consistent with the itinerant character
of the 4f electrons concluded from a comparison of angle-
resolved PES results with local density approximation
calculations.24) In the fits, after subtraction of an arctan-
gent-like (asymmetrical double sigmoid) function corre-
sponding to the continuum excitations, three Voigt functions
are used to fit the f 0, f 1, and f 2 components. We note that the
mean value of vR in Fig. 2(c) at ambient pressure is slightly
different with the values in Fig. 3(b) as will be shown below.
This suggests that the absolute value of vR depends on the
sample or measurement conditions, such as having the
sample in or out of the high-pressure cell. The reproduci-
bility of the relative changes in vR upon variation of pressure
was nonetheless checked and ensured.

3.3 Pressure dependence
The pressure dependence of the PFY-XAS spectra at

300K is shown in Fig. 3(a). Each spectrum is normalized in
intensity by its area after subtracting a constant background.
The expanded view of the f 0 component is also shown in
Fig. 3(a). With increasing pressure, the intensity of the
f 1-related peak clearly decreases while that of the f 0-related
peak slightly increases. This points to an increase of the c–f
hybridization with pressure. The same trend was theoreti-
cally suggested for Ce33) and experimentally observed in the
iron pnictide superconductor CeFeAsO1�y.

34) The results of
the fit of the pressure-dependent PFY-XAS spectra is shown
in Fig. 3(b). The ratio vR is found to slightly increase with
pressure above 4GPa. For comparison, the pressure de-
pendence of the Néel temperature (TN) and TC from the
literature8) are shown in Fig. 3(c).

Here we note that the presence of the f 2 component is
mostly related to a final-state effect with a core-hole in the
3d5=2 level,

31,35) whereas in the ground state the weight of the
f 2 component should be negligibly small.32) Accordingly,
the value of the vR ratio is not exactly the same as vg and this
is discussed in the Appendix. Especially, the fact that vR is
smaller than 3 is due to the presence of the Ce2þ component,
similarly to CeRu2Si2.

36) Our result points to an increase
of the valence fluctuations with pressure, especially in the
5–8GPa range. While our high-pressure study for CeIrSi3
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was performed at room temperature, one may expect a
similar pressure dependence of the valence at low tempera-
ture since no temperature dependence of the valence is
observed at ambient pressure.

4. Discussion

4.1 Temperature independence of Ce valence
Almost no temperature dependence is observed for vR

in the measured temperature range down to 24K within
our measurement accuracy. The single impurity Anderson
model (SIAM), which is described by the single energy scale
of the Kondo temperature (TK), is normally applicable to the
Ce or Yb valence fluctuating systems.30,37) In the SIAM
picture the valence becomes temperature dependent below
TK. However, in CeIrSi3 we should consider the crystal
electric field (CEF) which was estimated to be 160 and
501K for the first and second excited states.8) In the single
ion impurity picture the relation between the Kondo
temperature and the 4f occupation number (nf ) is written
to be

nf
1� nf

¼ Nð�FÞNfV
2
X
m

1

kBTK þ�m
; ð1Þ

where �F, Nð�FÞ, Nf , V , kB, and �m are the Fermi level, the
density of states at �F, the degeneracy of the 4f states, the
hybridization strength, the Boltzmann constant, and the CEF
excitation energy, respectively.35,38–40) In Ce systems the 4f
occupation nf can be expressed as nf ¼ 4� vg. For TK �
�m the effect of the Kondo temperature is small. We can
make a rough estimation of TK using the formulas based
on the Coqblin–Schrieffer model, TK ’ 1:29T0

41) and T0 ¼
NAð�� 1Þ�kB=6�,42) where T0, NA, �, and � are the
characteristic temperature, the Avogadro’s number, the
degeneracy, and the electronic specific coefficient, respec-
tively. TK is estimated to be on the order of �45K, which
is smaller than the 100K estimated by resistivity.15) Either
way, TK is smaller than the 160K of �m in CeIrSi3.
Equation (1) does not show temperature dependence of nf
directly, but it suggests that nf is mainly determined by the
CEF and the hybridization effect at T 	 TK is small when

the CEF is much larger than TK. This may explain the
absence of temperature dependence of vR for CeIrSi3.

4.2 Ce valence and superconductivity
The interaction (J) between the localized electron spin

and the conduction electrons is described by the relation
J ¼ NfV

2=j�f j, where j�f j is the position of the 4f states
relative to the Fermi level.43) In the Ce systems the 4f level
is lower than the Fermi level. An increase in pressure will
raise the 4f level of the Ce3þ component which thus
approaches �F. This results in a decrease of j�f j, and
therefore an increase of J. Small changes in J cause drastic
changes in the Kondo effect because the Kondo temperature
(TK) exponentially increases with J following the relation
TK / expf�1=½Nð�FÞJ�g. The pressure dependence of vR
in CeIrSi3 is typical for Ce compounds, as it reflects
an increase in the valence, i.e., the hybridization, with
pressure.34,44) Accordingly, one may expect TK to increase
under pressure, which is in concordance with the reported
pressure-induced decrease of TN. This is in line with the
general view that the QCP corresponds to the hybridization-
mediated transition from a magnetic ground state dominated
by the Ruderman–Kittel–Kasuya–Yosida (RKKY) interac-
tion, to the Kondo effect-driven non-magnetic ground state.
However, the coexistence suggested by our study between
weak valence fluctuations, where the deviation from the
integer valence is much less than 0.1, pointing to a rather
itinerant character of the 4f electrons and AFM order is
more unusual. Finally, the Ce4þ ( f 0) component seemingly
increases for pressures above the QCP, signifying an
increase of the c–f hybridization and an exponential increase
of TK. Accordingly, the valence starts to increase above
4GPa, coinciding with the reported decline of TC, while the
valence fluctuations remain weak in the pressure region
where superconductivity occurs. This suggests that the
decrease of TC, and ultimately the disappearance of the
superconducting state, may be induced by the concomitant
pressure-induced increase of the valence fluctuations.

An important remaining factor about the occurrence of
superconductivity in CeIrSi3 is the lack of inversion
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symmetry in the crystal structure. In our x-ray spectroscopic
study, however, it is not clear how the lack of inversion
symmetry affects the electronic structure and the valence. In
contrast to CeIrSi3, CeMIn5 (M ¼ Co, Rh) has an inversion
symmetry.11) A comparative measurement of the electronic
and crystal structures as a function of pressure for both
CeIrSi3 and CeMIn5 may therefore be of interest.

4.3 Ce valence and hybridization strength
Specific heat data of CeIrSi3 showed a small entropy of

0:2R ln 2, which may be caused by the Kondo effect.16) This
is consistent with the itinerant character of the 4f electrons
showed by PES.24) We note that the itinerant character of
the 4f electrons had also been pointed out for CeRu2Si2,
for which the f 0 and f 1 intensities are respectively slightly
higher and lower compared with CeRu2Ge2.

36) Thus a
small increase in the hybridization between CeRu2Ge2 and
CeRu2Si2 was suggested to result in a drastic difference
between their electronic specific coefficient (�), �350

mJ/(mol
K2) for CeRu2Si2, 20 times larger than for
CeRu2Ge2. Drawing a parallel with CeIrSi3, the high �
value of about 120mJ/(mol
K2) and the f 0 component
detected by PFY-XAS may reflect the presence of finite
hybridization at ambient pressure. Now, there remains a
general open question about compressed Ce systems; why do
the valence fluctuations remain weak in the low pressure
region although the 4f electrons already exhibit an itinerant
character at ambient pressure? To consider this problem
quantitatively, we return to eq. (1). In this relation if the Ce
valence state is pure Ce3þ (nf ¼ 1), the left side of eq. (1) is
infinite, corresponding to TK ¼ 0. While, if the Ce valence
is Ce4þ (nf ¼ 0), the left side of eq. (1) goes to zero,
corresponding to diverging-TK. Under large Nð�FÞNfV

2=
kBTK condition nf becomes insensitive to the change in TK.
Therefore in Ce system the left side of eq. (1) should keep
larger value even when TK changes, which corresponds to
the Ce state close to Ce3þ. This may be a reason why the
changes in the Ce valence remain small at low pressures.
However, TK increasing exponentially under pressure, nf is
bound to deviate from 1 above a given pressure, which is
around 4–5GPa for CeIrSi3 as shown in Fig. 3(b). More
qualitative explanation can be found in the Appendix.

4.4 Ce valence and QCP
We first use resistivity, magnetic, and nuclear magnetic

resonance (NMR) data from the literature to discuss the
possible scenarios for the QCP in CeIrSi3, and then continue
the discussion in view of our results. At ambient pressure
the resistivity shows T 2 dependence at T < 2K, indicating
Fermi liquid state. The Néel temperature decreases with
pressure, resulting in the disappearance of the AFM order
at the QCP.8,16,17) At 2.5GPa a T -linear temperature
dependence of the resistivity was observed below T ¼
18K,11,16) pointing to a non-Fermi liquid state. Thus, as
pressure is increased the superconducting state is seen to
coexist successively with AFM order and non-Fermi liquid
behavior.45) Such coexistence of the AFM order and the
superconductivity was also observed in CePd2Si2.

1) As
mentioned above, the phase transition at the QCP can
usually be described either by the SDW QCP scenario or
by the Kondo-breakdown QCP scenario.3,20–22) The Kondo-

breakdown QCP scenario3,20) also predicts that the 1=T1 ratio
in NMR is constant at low temperature around the QCP,46)

which was shown not to be the case.45) Therefore the Kondo-
breakdown scenario should be ruled out in CeIrSi3.

We now consider the SDW QCP scenario, or rather the
AFM-SDW QCP scenario, as in CeIrSi3 the AFM order
merges with the superconducting region around the QCP.
However, the T -linear dependence of the resistivity near the
QCP cannot be explained by the 3-D AFM-SDW QCP
which predicts a T 3=2-dependence of the resistivity.19) On the
other hand, the nuclear spin lattice relaxation rate (1=T1) in
NMR shows a T 1=2 dependence near the QCP,45) which
supports the 2D AFM-SDW QCP. However, we note that no
sign of occurrence of SDW anomaly was found in a previous
resistivity measurement up to 10K.16)

Watanabe and Miyake proposed a theory to explain the
physical properties around the QCP in CeRhIn5, whose
originality is to take into account the Ce valence fluctuations
and their interplay with the magnetic order (valence QCP
scenario).47) They succeeded to obtain the enhancement of
the electron effective mass by keeping finite c–f hybridiza-
tion and T -linear resistivity around the QCP. Valence-
fluctuation mediated superconductivity was also suggested,
where the Coulomb repulsion between f and conduction
electrons causes the valence transition.4,48,49) According to
the corresponding theory, superconductivity develops just
before the valence crossover, where a small change in the
valence on the order of 0.01 may occur.50) The mixed
valence and change in the Kondo effect around the QCP
are in favor of such a scenario, as recently discussed in
CeCu2Si2.

44) Further evidence comes from the fact that the
Ce valence remains nearly constant as pressure is increased
throughout the superconducting regime, and starts increasing
around 4GPa where superconductivity terminates. There-
fore, based on our results, it seems that it is adequate to
use the valence QCP scenario to address the occurrence of
superconductivity in CeIrSi3 under pressure. Nonetheless,
the consistency of this scenario with other physical proper-
ties than resistivity and valence is still unknown.

Finally we also note that we have observed non-integer
Yb valences around the QCP of Yb Kondo systems such as
YbCu5�xAlx

30) and YbNi2Ge2.
5) For these compounds too, a

theoretical description of the physics around the QCP may
require the inclusion of the Yb valence fluctuations. Further
study is however necessary to determine whether the valence
QCP scenario can be used for these compounds, or whether
another alternative scenario should be considered.

5. Conclusion

We have studied pressure and temperature dependences of
the bulk electronic structure of CeIrSi3 using PFY-XAS and
RXES. CeIrSi3 is in a weakly mixed valence state at ambient
pressure, with the main component f 1 (Ce3þ) and a small
fraction of f 0 (Ce4þ). This suggests that the f electrons have
a rather itinerant character, in agreement with a previous
study using angle-resolved PES. We did not detect any
temperature dependence of the valence down to 24K at
ambient pressure. Under pressure, changes in the spectral
weight ratio or valence are very small up to the QCP at
4GPa, and become more noticeable above 4GPa, where the
superconductivity disappears. This invokes the possibility
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that the increase of the valence fluctuations under pressure
plays a key role in the the occurrence or extinction of the
superconductivity. Both the 2D AFM-SDW QCP and the
valence QCP scenarios adequately account for some of the
physical properties of CeIrSi3 around its QCP, although an
alternative scenario or modification of the scenario may be
required for consistency with the other physical properties.
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Appendix

Here we discuss the relation between the valence number
vR estimated from the PFY-XAS spectra and that in the
ground state (denoted by vg). If the final state interaction in
PFY-XAS can be disregarded, vR should be the same as vg,
but in CeIrSi3 we show that the final state interaction causes
some difference between them.

We consider the SIAM35,51,52) consisting of the Ce 4f and
conduction band states which are mixed by the hybridization
V . We assume that the conduction band is half-filled and its
density of states is of rectangular shape with the band width
W. For the 4f states we take into account only the states with
the total angular momentum J ¼ 5=2, for simplicity, and the
4f level is defined by �f . The Coulomb interaction between
4f electrons is denoted by Uf f . If we assume that Uf f is
infinitely large, the Kondo temperature TK is calculated in
the lowest order approximation of the 1=Nf expansion
method35) (degeneracy Nf ¼ 2J þ 1 ¼ 6 for Ce) from the
following equation:53)

kBTK � �f þ NfV
2

W
logðkBTKÞ � log kBTK þ W

2

� �� �
¼ 0;

ðA
1Þ
and if we obtain TK, vg is given by

vg ¼ 4:0� nf ¼ 4:0� NfV
2

2kBTK

�
kBTK þ W

2

�
þ NfV2

: ðA
2Þ

In eq. (A
2) when kBTK � W, we obtain the equation

nf
1� nf

¼ NfV
2

kBTKW
¼ Nð�FÞNfV

2

kBTK
; ðA
3Þ

where Nð�f Þ ¼ 1=W . This is the case when the crystal
field effect is disregarded in eq. (1). In eq. (A
1) when
kBTK � W and kBTK � j�f j, eq. (A
1) is written as

��f þ NfV
2

W
log

2kBTK
W

� �
¼ 0: ðA
4Þ

Then we can obtain

kBTK ¼ W

2
exp � j�f j

Nð�FÞNfV2

� �
¼ W

2
exp � 1

Nð�FÞJ
� �

;

ðA
5Þ
where J ¼ NfV

2=j�f j.
We calculate TK and vg as a function of V , and show the

results with solid (red) and dashed (blue) lines in Fig. A
1.
In these calculations, we take W ¼ 4:0 eV and �f ¼ �1:0 eV
measured from the Fermi level. These values are standard
ones for mixed valence Ce compounds, though they are not
optimized for CeIrSi3. Since the value of TK is estimated to
be about 45K in the text of this paper, the value of V is
estimated to be about 0.325 and the value of vg is about
3.02 from Fig. A
1. In Fig. A
1 relatively small hybridiza-
tion strength region of 0.25–0.3 eV and larger V region of
V � 0:4 eV correspond to typical Kondo system or heavy
Fermion system and valence fluctuation system, respec-
tively. We note that when V changes from 0.25 to 0.3 eV, TK
does from 0.5 to 15K, while the change in the valence is
only 0.01. In the valence fluctuation region the valence
changes largely with V .

Now we calculate the values of vR and vg for V ¼ 0:325
eV by taking into account a finite value of Uf f . We take
Uf f ¼ 5:0 eV, and introduce the 2p core hole potential acting
on the 4f states Ufc ¼ 10:5 eV, as well as the Coulomb
interaction between the 4f and 5d electrons Ufd ¼ 1:0 eV.
The calculated vR ð¼ 2:98Þ and vg ð¼ 3:02Þ are plotted with
closed square and closed circle in Fig. A
1, respectively.
Note that vR is smaller than 3.0 while vg is larger than 3.0.
The weights of the f 0, f 1, and f 2 configurations in the final
state of PFY-XAS are 2.62, 92.4, and 4.94%, respectively,
which are in good agreement with Fig. 2(b) of the text.
Those values in the ground state are 3.28, 95.5, and 1.15%,
respectively. From this result, we see that the f 2 weight is
enhanced in the final state of PFY-XAS because of the
charge transfer from f 0 and f 1 configurations to the f 2

configuration caused by the creation of the core-hole (final
state interaction). Therefore, vg and vR are closely related:
We can obtain vg from vR by transfer 3.8% f 2 weight to f 1

and f 0 weights (3% to f 1 and 0.8% to f 0).
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Fig. A�1. (Color online) Calculated results of the valence number vg in

the ground state (solid line) and the Kondo temperature TK (dashed line) as

a function of the hybridization strength V by assuming Uf f ¼ 1. For

Uf f ¼ 5:0 eV and V ¼ 0:325 eV, the values of vg and vR are shown with

closed square and closed circle, respectively, where vR is the valence

number in the final state of PFY-XAS. As the V increases the system

changes from Kondo or heavy fermion to valence fluctuation system.
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We do not perform similar calculations for the system
under pressure, but the situation (the weights of the charge
transfer between the ground and final states) should be more
or less the same. Therefore we conclude that vg is always
larger than 3.0 and increases with pressure. Theoretical
calculations of the PFY-XAS and RXES spectra are left in
future investigations.
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Ōnuki: J. Phys. Soc. Jpn. 75 (2006) 043703.

9) S. K. Yip: Phys. Rev. B 65 (2002) 144508.

10) P. A. Frigeri, D. F. Agterberg, A. Koga, and M. Sigrist: Phys. Rev.

Lett. 92 (2004) 097001.

11) R. Settai, T. Takeuchi, and Y. Ōnuki: J. Phys. Soc. Jpn. 76 (2007)
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