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Bulk sensitive x-ray spectroscopy is performed to systematically study the effect of substitution on the
valence transition in strongly correlated Yb compounds, such as Y0.1Yb0.9InCu4, YbInCu4, and
YbIn0.88Ag0.12Cu4, and is compared with complementary magnetic-susceptibility results. High-resolution x-ray
absorption spectroscopy with partial fluorescence yields mode and resonant x-ray emission spectroscopy is
used to measure the valency change as a function of temperature. The valency change determined from
spectroscopy exactly follows the temperature evolution of the magnetic susceptibility. The results confirm
first-order transitions in Y0.1Yb0.9InCu4 and YbInCu4, while YbIn0.88Ag0.12Cu4 exhibits a continuous mixed-
valence transition. The present results are in agreement with the mean-field Anderson lattice model theory of
Goltsev and co-workers �Phys. Rev. B 63, 155109 �2001�; J. Phys.: Condens. Matter 17, S813 �2005��, which
includes the role of local deformations and Kondo volume collapse in the valence transition.
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I. INTRODUCTION

The valence transition in f-electron systems is one of the
most interesting phenomena in strongly correlated
materials.1,2 Among the f-electron systems, Ce and Yb are
particularly susceptible to mixed-valence behavior due to the
small energy gap for the f0-f1 �Ce4+ /Ce3+� and f13-f14

�Yb3+ /Yb2+� charge instabilities. A similar condition also
holds for the Sm2+/3+ and Eu2+/3+ configurations, but the Ce
and Yb systems are preferred objects of study due to the
simplicity of their f1-electron or f1-hole configurations, re-
spectively. YbInCu4 is very attractive as a typical first-order
valence transition system with a critical temperature of Tv
�40 K.3–9 The magnetic susceptibility follows a Curie-
Weiss behavior above Tv with an effective moment close to
that of the Yb3+ ion, while below Tv�40 K, it shows a
valency of about 2.8–2.85. Transport results for YbInCu4
show that, for T�Tv, the conduction electrons are weakly
interacting with the f electrons �lower Kondo temperature
and higher valence of nearly 3�, leading to incoherent Kondo
scattering and semimetallic condition. In contrast, for T
�Tv, it is a heavy Fermion Pauli paramagnetic metal. In the
low-temperature phase the f electrons are strongly hybrid-
ized with conduction band states �higher Kondo temperature
and mixed valence� and thus quasiparticles near the Fermi
surface have a hybrid character and an enhanced mass. The
4f occupation number is thus controlled by the Kondo tem-
perature �TK�, which is a material-dependent characteristic
temperature.

The valence transition in YbInCu4 is very sensitive to
temperature, pressure, and magnetic field.3,6,10–12 Substitu-
tion of Ag on In site, i.e., YbIn1−xAgxCu4, results in modify-
ing the first-order discontinuous transition to a continuous

transition and a broad Tv, which shifts to higher
temperature.13–16 A first-order transition was observed up to
x=0.1, while for x=0.3 it was shown to be a continuous
transition with the critical composition being approximately
around x�0.2. Systematic studies have shown that the unit-
cell volume does not change significantly up to about x
=0.3 but reduces smoothly for larger x. Simultaneously, the
effective Kondo temperatures, the plasma frequencies, the
low-temperature susceptibility, and the Sommerfeld coeffi-
cient show little change for x�0.3, but change significantly
for larger x. On the other hand, substitution of Y on Yb site
retains the sharp transition but shifts to a lower
temperature.11,17–19 Hence, YbInCu4-based systems with and
without substitution provide a very suitable series for a sys-
tematic study of the valence transition.

Several scenarios have been proposed to explain the ori-
gin of the valence transition in YbInCu4: the promotional
model,20,21 the Mott transition �MT� model, or the corrected
MT scenario with local-density approximation �LDA�
calculation,22 the Kondo volume collapse �KVC� model
based on the single impurity Anderson �SIA� model,23,24 and
LDA calculations with dynamical mean-field theory.25 The
role of geometrical frustration has also been considered to be
important for the transition.26–28 Goltsev and co-workers29,30

recently developed a mean-field theory taking into account
two types of electron-lattice coupling �a local deformation, in
addition to the Kondo volume collapse� within the lattice
Anderson model framework and successfully explained
many experimental results. Hereafter we call this the Goltsev
model.29

The purpose of this paper is to make a systematic study of
the valence transitions in Y0.1Yb0.9InCu4, YbInCu4, and
YbIn0.88Ag0.12Cu4 by bulk sensitive x-ray spectroscopies: the
high-resolution x-ray absorption spectroscopy with partial

PHYSICAL REVIEW B 78, 045127 �2008�

1098-0121/2008/78�4�/045127�7� ©2008 The American Physical Society045127-1

http://dx.doi.org/10.1103/PhysRevB.78.045127


fluorescence yields mode �PFY-XAS� and resonant x-ray
emission spectroscopy �resonant XES� at the Yb L3 absorp-
tion edge. In particular the resonant XES measured in the
inelastic mode, also called resonant inelastic x-ray scattering
�RIXS�, has provided reliable results in a variety of strongly
correlated materials.31–41 A crucial point was the observation
of the change in valency with temperature. In this work we
study the effect of substitution on the temperature evolution
of the mixed valence in detail for Y0.1Yb0.9InCu4 and
YbIn0.88Ag0.12Cu4 along with the reference material
YbInCu4. Using resonant XES measurements at a given in-
cident energy, we obtain the temperature evolution of the
valence, while the RIXS and PFY-XAS as a function of the
incident photon energy provide the valency.

II. EXPERIMENTS

Polycrystalline samples of Y0.1Yb0.9InCu4, YbInCu4, and
YbIn1−xAgxCu4 �x=0.08,0.12,0.22� were prepared by argon
arc melting from pure metals and subsequent annealing un-
der vacuum at 1100 K for 20 days. The crystal structure was
confirmed and the unit-cell volumes were determined using
x-ray diffraction. We confirmed that the unit-cell volume
shows negligible change until x=0.12, indicating a deviation
from Vegard’s law, as reported earlier.13,14 The valence tran-
sitions were first studied by magnetic-susceptibility measure-
ments. The magnetic susceptibility was measured with a su-
perconducting quantum interference device �SQUID�
magnetometer �Quantum design, MPMS5S� at an applied
field of 1000 Oe. The x-ray emission spectroscopy was per-
formed at BL15XU undulator beamline of SPring-8.42 The
undulator beam was monochromatized by a water-cooled
double crystal monochromator. Energy calibration of the
beamline monochromator was performed by using Cu and
Ti K absorption edges. The incident-beam intensity was
monitored by a thin Al foil located just before the sample.
X-ray emission was measured by Ge 111 double crystal
spectrometer with �+,+� geometry.37,43 The spectrometer has
a high energy resolution E /�E of more than 7000 at the
Yb L�1 energy, where E is the emitted photon energy. We
used a cryostat �Iwatani CRT-M310-OP� to cool down the
samples from room temperature to about 17 K. The sample
temperature on the holder is measured to an accuracy of
about �5 K.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

Figure 1�a� shows the magnetic-susceptibility data for
YbIn1−xAgxCu4 �x=0.0,0.08,0.12,0.22�. We obtain a sys-
tematic change in the susceptibility as a function of the tem-
perature, which confirms the mixed-valence transition for all
the compounds. In Fig. 1�b� we plot the 1 /� vs T, showing
the similarity in the high-temperature effective moment,
where 1 /�=T /C−� /C �C and � are, respectively, the Curie
constant and Weiss temperature�. Table I shows the param-
eter values obtained from a Curie-Weiss fit to the high-
temperature susceptibility with the lattice parameters. The
Curie constant should be proportional to Yb3+ magnetic mo-

ment, assuming the nonmagnetic Yb2+ states. Thus the slope
of the linear part of the curves at high temperature in Fig.
2�b� corresponds to the magnetic moment of Yb3+ compo-
nent. However the slopes of all curves are almost the same
and indicate that the magnetic moments are the same. In
Table I the Curie constant does not change, while the Weiss
temperature changes from positive to negative values as the
Ag doping increases. Normally negative Weiss temperature
corresponds to the Ruderman-Kittel-Kasuya-Yosida �RKKY�
interaction and stronger antiferromagnetic interaction. How-
ever here it is noted that not only the RKKY interaction but
also the Kondo effect should be taken into account. From
this viewpoint, the shift of the Weiss temperature to the nega-
tive value is considered to be due to the increase of the
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FIG. 1. �Color online� �a� Magnetic susceptibility ��� of Yb
compounds as a function of the temperature �T�. �b� 1 /� vs T.

TABLE I. The parameter values obtained from a Curie-Weiss fit
to the high-temperature susceptibility in Fig. 1�b� and the lattice
parameters.

Materials Curie constant
�emu K /Yb mol�

Weiss
temperature

�K�

Lattice
parameters

�Å�

Y0.1Yb0.9InCu4 2.149 1.4 7.1608

YbInCu4 2.104 6.6 7.1560

YbIn0.92Ag0.08Cu4 2.070 0.1 7.1545

YbIn0.88Ag0.12Cu4 2.175 −18.6 7.1538

YbIn0.78Ag0.22Cu4 2.155 −42.8 7.1483
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Kondo temperature with the valence fluctuation at high
temperature.13,14 Indeed, the Kondo temperature of YbInCu4
at 300 K is much smaller than that of YbAgCu4.13

For YbIn1−xAgxCu4 �x=0.0,0.08,0.12,0.22� the nature of
the transition was carefully determined by a plot of �T vs T.
Thus we were able to accurately determine that the x=0.0
and 0.08 samples show a first-order transition, while the
x=0.12 and 0.22 compositions show a continuous transition.
Based on the susceptibility results, we selected three samples
for x-ray spectroscopic measurements, namely,
Y0.1Yb0.9InCu4, YbInCu4, and YbIn0.88Ag0.12Cu4, as typical
materials with the valence transition.

The lattice parameters of the samples measured by x-ray
diffraction are also shown in Table I. The change in the lat-
tice parameter for Ag doping is little for x�0.12 and shows
small decrease of about 0.1% at x=0.22 compared to
YbInCu4. For Ag-doping region considered here, the change
in the lattice constant does not obey Vegard’s law and thus
the change in the volume is basically small. Our results agree
with those of Sarrao et al.13

B. Temperature dependence of PFY and XES

The x-ray absorption spectra were obtained in the PFY-
XAS mode. Figure 2 shows Yb L�1 PFY-XAS spectra as a
function of the temperature for Y0.1Yb0.9InCu4, YbInCu4,
and YbIn0.88Ag0.12Cu4. The intensity is normalized to the
maximum intensity peak at about 8942 eV. The small peak at
8936 eV and the main peak at around 8942 eV in all the
spectra correspond to the Yb2+ and Yb3+ components, re-
spectively. The relative intensity of Yb2+ component in-
creases by decreasing the temperature. We have estimated
the valence for quantitative comparison, as will be discussed
later. The splitting of Yb3+ peak has been attributed to a
crystal field splitting.4 Upon Ag doping in YbInCu4, the peak
splitting becomes less distinct at T=17 K and suggests a
decrease in the strength of the crystal field splitting.

We also measured the PFY-XAS spectra for Cu K�1 emis-
sion at Cu K absorption edge �not shown here�. The results

indicate negligible differences among the Yb compounds at
17 and 250 K and the spectra are similar to the PFY-XAS
spectrum of Cu metal, typical of an intermetallic compound.

Yb L� resonant x-ray emission spectra at the incident
photon energy of 8937.5 eV as a function of the temperature
are shown in Fig. 3 for Y0.1Yb0.9InCu4, YbInCu4, and
YbIn0.88Ag0.12Cu4. The transfer energy is the difference be-
tween the incident and emitted photon energies. The peaks at
low- and high-energy sides of L�1 are Yb2+ and Yb3+ com-
ponents, respectively. The incident photon energy was cho-
sen to observe both components of Yb2+ and Yb3+ with
equivalent intensity, where the fluorescence contribution
could be ignored. The intensity across the valence transition
temperature in YbIn0.88Ag0.12Cu4 changes gradually, while
that in YbInCu4 and Y0.1Yb0.9InCu4 is rapid as a function of
temperature. In order to carefully investigate the temperature
dependence of the spectral changes across the transitions, we
have carried out curve fits to the spectra shown in Fig. 3.37

C. Resonant inelastic x-ray scattering

The RIXS gives a quantification of the valence as well as
information about the electronic state occupancy and local-
ization of 4f states, as was recently shown for the �-	 tran-
sition in cerium.36 We measured the RIXS spectra as a func-
tion of the incident photon energies for Y0.1Yb0.9InCu4 �at 17
K�, YbInCu4 �at 17 K�, and YbIn0.88Ag0.12Cu4 �at 17 and 148
K�, corresponding to particular energies in the PFY spectra,
as shown in Fig. 4. In RIXS spectra the peak energy position
of the Raman component does not change and the fluores-
cence component is proportional to the transfer energy.44 Be-
low the absorption edge the Raman component is clearly
observed and two distinct peaks correspond to two valence
states of Yb2+ and Yb3+, while far above the absorption edge
the fluorescence component is mainly observed.
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We separate the contribution of the fluorescence compo-
nent for the spectra in Fig. 4 to quantify the value of the
valence from the Raman component through a curve-fitting
procedure.37 Figure 5 shows the results: the change in the
intensity of Yb2+ and Yb3+ components is plotted along with
the PFY spectra. At 17 K the features among the three com-
pounds show small differences, while at 148 K large changes
can be seen for YbIn0.88Ag0.12Cu4.

We summarize the values of the mean valence in Fig. 6,
estimated by integrating the area of each charge state shown
in Fig. 5 together with the plot of �T for the three com-
pounds, confirming that the spectral intensity ratio exactly
follows the �T changes around the critical temperature. The
mean valence is defined to be v=2+ I�3+� / �I�2+�+ I�3+��,
where I�n+� is the intensity of Ybn+ component. The inten-
sity of Yb2+ is basically small compared to that of Yb3+, thus
the valence is near the value of 3. In Fig. 6 we also plot the
temperature dependence of the intensity ratio, Yb3+ to Yb2+

derived from the curve fitting for the data in Fig. 3, to see the
relative change in the valence. However these ratios do not
give the values of the mean valences. Thus in Fig. 6, we
include the data transformed from the ratio by adjusting the
value of the ratio to the mean valence of the PFY measure-
ment in order to see the detailed behavior of the valency
around the critical temperatures. In the high-temperature
phase the valence is about 2.95 and in the low-temperature

phase below the transition it becomes about 2.8–2.85 for the
three compounds. Thus small changes in the valence of about
0.1–0.15 cause significant change in the material character.

The critical temperatures of the susceptibility and the
Yb L�1 ratio at the phase transition are estimated to be cen-
tered about 30 K for Y0.1Yb0.9InCu4, 44 K for YbInCu4, and
a broad transition between about 85 and 105 K for
YbIn0.88Ag0.12Cu4. The change in the lattice constants, sus-
ceptibility, specific heat, and reflectivity for YbInCu4 showed
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the transition temperature of about Tv=40–46 K,45–48 con-
sistent with our measurements. The transition temperatures
of the resonant XES agree well within the accuracy of the
measured sample temperature. Recent measurements with
photoelectron spectroscopy �PES� for YbInCu4 showed that
the critical temperature Tv is modified on the surface, while
bulk sensitive measurements are consistent with thermody-
namic measurements.49–51 Surface sensitive PES measure-
ments for YbInCu4 indicated that the transition temperature
in such spectra was higher than Tv.51,52 Yoshikawa et al.52

suggested the effect of the surface sensitivity of the PES
based on the following: Yb valence of outermost layer is
divalent but gets to be nearly trivalent in the bulk. The ionic
radius of Yb2+ ion is about 10% as large as that of Yb3+ ion
and the lattice constant at the surface is larger compared to
that of the bulk. Subsequently the transition from trivalent to
divalent is easy to take place at the surface due to the larger
space. Our results of the RIXS clearly show that transition
temperatures are not only consistent with bulk magnetic-
susceptibility measurements but can also distinguish between
first-order and continuous transitions.

Sato et al.53 showed slightly smaller values that the Yb
valence changed from about 2.9 to 2.74 at the transition for
YbInCu4 by hard x-ray photoelectron spectroscopy �HAX-
PES� with 5.95 keV photons upon decreasing the tempera-
ture. The XAS at Yb L3 absorption edge for YbInCu4
showed the valence of about 2.8–2.9.3 In the RIXS for
YbInCu4 Dallera et al.31 showed that 1− �nf� was 0.13 at 15
K and 0.065 at 300 K, corresponding to the valences of 2.87
�15 K� and 2.935 �300 K�, where �nf� was 4f hole number.
These values are almost the same as in the present measure-
ments. Recently Moreschini et al.32 compared the valencies
derived from the RIXS to those from HAXPES for Yb com-
pounds and showed that the RIXS and XAS valencies were
slightly higher than the HAXPES values. They suggested
that this difference is due to the influence from the near-
surface disorder in HAXPES.

D. Mechanism of the valence transition

Gunnarsson and Schönhammer54 showed the relation of
nf / �1−nf�=Nf� /TK and TK=D exp�−
� f /Nf�� based on the
SIA model, where nf, �, Nf, D, and � f are the hole number of
Yb, the hybridization strength between 4f and conduction
band, the degeneracy of f level, the effective bandwidth, and
the energy of the f level to the Fermi energy, respectively.55

Left part of the first equation becomes smaller if the hole
number decreases. On the other hand, TK changes exponen-
tially for the change in the Nf�. Thus the decrease of the
hole number causes the large increase of TK. Our experimen-
tal result in Fig. 6 shows that the decrease of the hole number
occurs at Tv on decreasing temperature, while TK increases
for the low-temperature phase. This shows that the SIA
model describes the change in the valence qualitatively.

The electronic states at the Fermi level play an important
role in Yb compounds exhibiting mixed valence. Sato et al.56

observed a considerable enhancement and a small energy
shift of Yb2+ 4f7/2 for YbIn Cu4 by HAXPES on decreasing
the temperature. If we assume 4f7/2 as the Kondo peak, the

increase in this peak corresponds to the increase in the
Kondo temperature. The value of the peak shift was, how-
ever, too small ��3 meV� compared to the value expected
��32 meV� from the SIA model.

Recently the role of frustration as an origin of the valence
transition has also been proposed for the series RInCu4 with
R=Gd-Tm and for YbIn1−xMxCu4 with M =Cd and Rh.27,28

Ramirez26 indicated that the system was moderately frus-
trated for F�3, frustrated for F�5, and strongly frustrated
for F�10, where the frustration parameter F was the ratio of
Cure-Weiss temperature to Néel temperature �F=−
 /TN�.
Fritsch et al.28 showed that the frustration parameter in-
creased upon decreasing the Rh concentration x in
YbIn1−xRhxCu4. Thus they concluded that the geometrical
frustration might be a driving factor for RInCu4 �R—rare
earth�.27,28

In the KVC model the change in the characteristic energy
�Kondo temperature� due to change in the volume is the
origin of the valence fluctuation and thus the driving force of
the transition is the volume collapse. For the 	-Ce to �-Ce
transition, Cornelius et al.14 confirmed the applicability of
the KVC model through the estimation of the Grüneisen pa-
rameter. In YbInCu4, however, they estimated unrealistically
large Grüneisen parameter. Cornelius et al.14 considered the
scenario for the valence transition based on a quasigap or
region of low density of states �DOS�, existing just above the
Fermi level. The presence of the quasigap makes the Kondo
temperature sensitive to the position of the Fermi level,
showing the importance of the DOS dependence rather than
the change in volume. In another related series of Ce-based
mixed-valence transition compounds CeNi1−xCoxSn, Adroja
et al.57 showed nonapplicability of the KVC model. We re-
cently reported the PFY-XAS, RIXS, and resonant photo-
electron spectroscopy for CeNi1−xCoxSn.38 The results indi-
cated a similar scenario as above that the fine tuning of the
Fermi-level position results in a large change in the hybrid-
ization and the Kondo temperature with a small change in
the volume. We also discussed similar anomalous behavior
of the Grüneisen parameter in YbCu5−xAlx.

39 The conclu-
sions are, however, at variance with that of Svechkarev et
al.10 for YbInCu4. Cornelius et al.14 claimed that the value of
the Grüneisen parameter did not explain the large change in
the Kondo temperature. Another problem was the negative
sign of the Grüneisen parameter.

Goltsev et al.29,30 successfully explained many experi-
mental results for Ce- and Yb-based valence transitions, in-
cluding the change in sign of the Grüneisen parameter, based
on a lattice Anderson model. In particular they considered
two mechanisms of electron-lattice coupling: volume depen-
dence of c-f hybridization and local deformations produced
by ionic radius fluctuations of rare-earth ions accompanying
valence fluctuation.29,30 It was found that the Coulomb inter-
action enhanced the exchange interaction between f and
conduction-band electron spins and was the driving force of
the phase transition. In the Goltsev model29 the origin of the
phase transition is still the Kondo effect.

In our experiments it is clear that the small change in the
valence of about 0.1–0.15 at Tv corresponds to the changes
in magnetic character for the three compounds. The change
in volume was very small as described above in YbInCu4.
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Also, for YbIn1−xAgxCu4, the unit-cell volume changed by
substitution does not follow the Vegard law, but the system
undergoes a change from first order to a continuous transi-
tion. Thus the main question was that why do the physical
properties of YbInCu4 and YbIn1−xAgxCu4 change signifi-
cantly, despite the small change in the valence and volume.
In this point of view the simple KVC model based on the
simple SIA model is not enough to explain the origin of the
valence transition for YbInCu4 and the substituted
YbIn1−xAgxCu4 systems, although it is applicable for 	 to �
transition in Ce metal.

The observed spectral changes in Y0.1Yb0.9InCu4,
YbInCu4, and YbIn0.88Ag0.12Cu4 are consistent with the
Goltsev model.29 In their model, for the high-temperature
phase, f electrons are strongly localized and the valence is 3.
While for the low-temperature phase, the c-f hybridization is
stronger with heavy electrons and the valence decreases by
0.24 in YbAgCu4. In the Goltsev model29 Yb systems in the
low-temperature mixed-valence phase, the valency change is
negative, the volume change is positive, and the system gains
energy. At present the Goltsev model29 well describes our
experimental results. However we note that the agreement is
only qualitative and we need more quantitative calculation to
compare our data with the model. Further theoretical study
may be required to understand the mechanism of the valence
transition. Finally, in the Ag-doped system the Kondo effect
is weaker compared to YbInCu4 because the change in the
volume is smaller at T�Tv.14 This is attributed to the screen-
ing of the on-site Coulomb energy in YbIn0.88Ag0.12Cu4 on
substituting Ag and results in a crossover from a first order to
a continuous transition.

IV. CONCLUSION

We performed PFY-XAS and RIXS measurements on
Y0.1Yb0.9InCu4, YbInCu4, and YbIn0.88Ag0.12Cu4 to study the
temperature-induced valence transition systematically. The
bulk sensitive spectroscopy demonstrates a detailed tempera-
ture evolution of the resonant XES and the valence change
exactly follows the temperature evolution of magnetic sus-
ceptibility around the critical temperature. The mechanism of
the phase transition in YbInCu4 system has been an open
question for a long time. We compared the experimental re-
sults with different theoretical models which were proposed
to explain this striking phenomenon. The SIA model is not
enough to explain the present results regarding the origin of
the valence transition for YbInCu4 and YbIn1−xAgxCu4 sys-
tems but is consistent with the Goltsev model29 which in-
cludes the role of local deformations and Kondo volume col-
lapse in the valence transition. Although at present the
Goltsev model29 well describes our experimental results, fur-
ther theoretical study may be required. In the Ag-doped sys-
tem the Kondo effect is weaker compared to YbInCu4, and
the transition becomes continuous due to an effective screen-
ing of the on-site Coulomb energy. These behaviors may be
related to the changes in the DOS near the Fermi level,
where small changes in such electronic states can strongly
affect the phase transition.
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