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Low-energy excited photoemission spectra of YbInCu4 with isostructural first-order valence transition at
TV=42 K have been measured with high-energy resolution. In the spectra measured at h�=7 eV in the low-
temperature phase, the hybridization between the conduction-band �CB� and Yb 4f states is successfully
observed as a structure at �47 meV below the Fermi level. This structure abruptly shows up below TV,
indicating that a degree of the CBuYb 4f hybridization increases in the low-temperature phase. Temperature
dependence of the spectra at h�=14 eV suggests that the valence transition takes place at higher temperatures
than TV=42 K in some phases near the surface.
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I. INTRODUCTION

YbInCu4 is a valence fluctuating compound with an isos-
tructural first-order valence transition at TV=42 K.1–3 The
magnetic susceptibility in the high-temperature phase exhib-
its the Curie-Weiss behavior and the effective magnetic mo-
ment is estimated to be p=4.64�B,4 showing that the Yb
valence is close to z�3.0. From the abrupt increase of the
lattice constant of about 0.5% at TV, the decrease of the
valence below TV is evaluated to be �z�0.1 taking into
account the ionic radii of the Yb2+ and Yb3+ ions.2

Photoemission spectroscopy �PES� is a powerful tool to
observe the electronic states of solids. A great number of
high-energy resolution PES experiments have been carried
out for YbInCu4, mainly focused on the Yb 4f states to de-
tect the valence transition directly.5–12 The Yb valence, de-
rived from the valence-band PES spectra measured between
h�=43 and 800 eV, is smaller than those from thermody-
namic measurements of the magnetic susceptibility and lat-
tice constant,5,7,12 and the change around TV is rather gradual
in contrast to the sharp change observed in the other physical
properties.13 Reinert et al. pointed out that the inconsisten-
cies of the Yb valence and its temperature dependence be-
tween PES and thermodynamic data are due to the surface
sensitivity of PES with the small probing depth � and that
there exists the subsurface region with different properties
from the bulk.5

Recently, we have carried out the hard x-ray PES at h�
=5.95 keV in order to detect the valence transition in the
bulk.14 The sharp valence transition is successfully observed
in the Yb 3d and the valence-band hard x-ray PES spectra.
The analysis of the 3d spectra clearly provides the Yb va-
lence close to the thermodynamic results in comparison with
PES using ultraviolet and soft x-ray regions.5–12

On the other hand, in the valence transition of YbInCu4,
the Kondo temperature �TK�, which is a measure of hybrid-
ization between the conduction-band �CB� and Yb 4f states
�c-f hybridization�, also changes from TK+�25 K in the

high-temperature phase to TK−�400 K in the low-
temperature phase.15 The Yb2+ 4f7/2 peak of the Yb com-
pounds, called the Kondo resonance peak, appears at kBTK
below the Fermi level �EF� according to the single-impurity
Anderson model �SIAM�.16 Within SIAM, the change of the
Kondo temperature �TK should be observed as a discontinu-
ous shift of the Kondo resonance peak by kB�TK�32 meV.
However, the smaller shifts of only 5 �Ref. 10� and 3 meV
�Ref. 11� have been reported, so far.

The increase of TK suggests that the degree of the c-f
hybridization increases at the valence transition from the
high- to low-temperature phases. In order to investigate the
change of the c-f hybridization and further reveal the mecha-
nism of the valence transition, the experimental knowledge
on the behavior of the CB states around TV becomes essen-
tially important.

In this study, we have carried out the low-energy excited
PES experiments at h�=7 eV for the YbInCu4 single crystal
with high-energy resolution, in order to investigate the CB
states through the valence transition in the bulk. Although it
is difficult to estimate accurately the photoionization cross
section of orbitals at this energy, because no information for
the low-energy case is given in the widely referred-to tables
by Yeh,17 the Yb2+ 4f components clearly observed in the
PES spectra of YbB12 measured at h�=125 eV become neg-
ligibly small at 21.2 eV.18 Also for the PES spectrum of
YbSnCu4 at h�=7 eV, we find only an almost flat structure
in the Yb2+ 4f peak region.19 Thus the PES spectra at h�
=7 eV are considered to provide information on the elec-
tronic structure of the CB states. As concerns the probing
depth � of the PES spectra, recently, Kiss et al. have dem-
onstrated that the feature of the PES spectra of Nb using
vacuum ultraviolet laser at h�=6.994 eV is essentially un-
changed before and after the surface treatment, indicating
that the spectrum is sensitive to the bulk.20 The � value de-
pends strongly on materials and, in particular, shows differ-
ent behaviors for the electron kinetic region less than 200 eV
due to the different electron-loss functions.21 Although we
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have no experimental data of � for YbInCu4, the PES spectra
at h�=7 eV also for YbInCu4 are assumed to be sensitive to
the bulk, as shown by the results by Kiss et al.20 �see Fig.
2�.22 We have also performed the PES experiments at h�
=14 eV in order to discuss the c-f hybridization and � de-
pendence of the spectra.

II. EXPERIMENT

The low-energy excited PES experiments for YbInCu4
were carried out using a hemispherical analyzer
�Gammadata-Scienta SES2002� on the beamline BL-9 of the
synchrotron light source �HiSOR� at Hiroshima Synchrotron
Radiation Center �HSRC�. The beam from an undulator is
monochromatized using an off-plane Eagle-type monochro-
mator with a 600-lines/mm spherical grating.23,24 The total
energy resolution was set to 8 meV. Clean surfaces were
obtained in situ by fracturing at 80 K in the analysis chamber
with a working pressure of 3.0�10−10 Torr. After fracturing,
the PES experiments were carried out only on the first cool-
ing to 20 K through the valence transition,7,8 in order to pre-
vent a formation of defects in the sample by repetition pass-
ing through the transition temperature.13 The binding energy
of the PES spectra is defined with respect to EF, determined
from the Au spectra.

Single crystals of YbInCu4 were grown by the flux
method similar to that described by Sarrao et al.13 The con-
stituent elements with stoichiometric ratios in InCu flux were
put in an alumina crucible and sealed in an evacuated quartz
ampoule. Then the sample was heated to 1100 °C and cooled
slowly to 800 °C. After keeping at 800 °C for 20 h, the flux
was removed. The crystal structure of the grown sample was
confirmed to be the C15b type by x-ray powder-diffraction
measurements. The temperature width of the valence transi-
tion at TV=42 K was below 2 K, confirmed from the mag-
netic susceptibility measurements.

III. RESULTS AND DISCUSSION

Figure 1 shows the PES spectra of YbInCu4 near EF mea-
sured at 20 K with the excitation energies of h�=7 and

14 eV. We find that the spectrum at h�=14 eV exhibits a
prominent peak at 39 meV. A basic feature of the spectrum is
similar to that of the PES spectra at h�=21.2 �Refs. 10 and
11�, 43 �Ref. 5�, and 60 eV �Ref. 7�. In comparison with the
previous works, this peak is assigned to the Yb+2 4f7/2 states
hybridized with the CB states. On the other hand, the spec-
trum at h�=7 eV shows a different feature from that at h�
=14 eV. As mentioned in the section of introduction, the
structure around 47 meV is considered to be due to almost
pure CB states hybridized with the Yb 4f states. The CB-
derived structure appears in almost the same binding-energy
region of the main peak at h�=14 eV.

The temperature dependence of the PES spectra measured
at h�=7 eV from 80 to 20 K is shown in Fig. 2. The spectra
are normalized using the spectral intensities in the binding-
energy region of 100–150 meV. Above 50 K, we find no
peak structure and the substantially weak and broad structure
is only observed over the top 70-meV region. With decreas-
ing temperature through the valence transition from
50 to 40 K, the structure suddenly shows up at 47 meV �ver-
tical bar�. It should be noticed that the spectral feature is
almost unchanged for the high-temperature phase and also
for the low-temperature phase. The remarkable change takes
place sharply between 50 and 40 K. Such a sharp change of
the PES spectra is not observed25 in the previous PES spectra
measured below h�=800 eV.5,6,9–12 This experimental result
clearly shows that the spectra at h�=7 eV are actually sen-
sitive to the bulk and the CB states abruptly changes due to
the valence transition. From the energy position of 47 meV,
roughly corresponding to kBTK�TK−�400 K�,15 the structure
observed below TV would be related to the Kondo resonance
state from the viewpoint of the CB states. In addition, the
temperature dependence of the PES spectra at h�=7 eV in-
dicates that a degree of the c-f hybridization increases in the

FIG. 1. PES spectra of YbInCu4 measured at 20 K with the
excitation energies of h�=7 and 14 eV.

FIG. 2. Temperature dependence of PES spectra of YbInCu4

measured at h�=7 eV from 80 to 20 K. The structure around
47 meV suddenly increases through the valence transition from
50 to 40 K.
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low-temperature phase, in qualitatively agreement with the
increase of TK.

We present the temperature dependence of the PES spec-
tra measured at h�=14 eV from 80 to 20 K in Fig. 3. The
spectra are normalized using the spectral intensities in the
binding-energy region of 100–150 meV. The prominent
structures, originating from the Yb2+ 4f7/2 states hybridized
with the CB states, appear at 33 meV for the spectra at 80,
70, and 60 K, and 35 meV for 50 K above TV, while 39 meV
for 40, 30, and 20 K below TV. The energy shift toward the
deeper binding-energy side with decreasing temperature is
consistent with the increase of TK. An amount of the shift of
�E�6 meV between 80 and 20 K is substantially small in
comparison with the amount of kB�TK�32 meV expected
from SIAM, which has previously been pointed out from the
PES experiments at h�=21.2 eV.10,11 The peak intensity in-
creases with decreasing temperature, in particular, between
50 and 40 K reflecting the valence transition, although the
increase of the intensity is still observed from 80 K �see Fig.
4�. The similar temperature dependence of the peak intensity
is also observed in the PES spectra at h�=800 eV.12

We plot the intensity changes of the main structures in the
PES spectra at h�=7 and 14 eV as a function of temperature
in Fig. 4. Here, the change between maximum and minimum
intensities is normalized to 100% after subtracting the con-
stant background from the raw spectra. One notices the in-
tensity begins to gradually increase already from 80 K for
h�=14 eV as mentioned above. On the other hand, the sharp
change is observed for h�=7 eV around the transition tem-
perature, in comparison with the change for h�=14 eV.
These experimental results are assumed to come from the
fact that the PES spectra at h�=7 eV is much sensitive to the
bulk and the gradual increase observed in the spectra at h�
=14 eV is due to the contribution from the region near the
surface, i.e., subsurface region pointed out by Reinert et al.5

One also notices the slight increase in intensity at 50 K for
the spectrum measured at h�=7 eV, which is directly ob-

served in the raw spectra. This means that the contribution of
the subsurface region to the spectra is not completely negli-
gible still in the PES spectra at h�=7 eV.

From Fig. 3, the Yb2+ 4f7/2 peak energy in the high-
temperature phase is deeper than kBTK+�TK+�25 K� and is
rather close to kBTK−�TK−�400 K�, although that in the low-
temperature phase nearly reflects TK−�400 K. From these
experimental results, we assume that the transition tempera-
tures in the subsurface region are substantially higher than
TV=42 K of the bulk. The Yb2+ 4f7/2 peaks observed around
33–35 meV at 80–50 K in Fig. 3 would be signals almost
from the subsurface region, where some phases already un-
dergo the valence transition even above TV=42 K. This as-
sumption also interprets that the Yb valence estimated from
the PES experiments at h�=43 �Ref. 5� and 800 eV �Ref. 12�
decreases in advance of the valence transition.

The higher transition temperature is qualitatively under-
stood taking into account that the Yb valence of an outer
most layer is divalent, while nearly trivalent in the bulk.
Since the ionic radius of the Yb2+ ion is about 10% larger
than that of the Yb3+ ion, the lattice constant in the subsur-
face region should be larger than that in the bulk. With the
larger space around the Yb ion, the transition to the divalent
states is easy to take place.

Now, we shall be concerned with the CB states hybridized
with the Yb2+ 4f7/2 states in YbInCu4. The Cu 3d, 4sp, Yb
5d, 6s, and In 5sp states compose the CB states of YbInCu4.
In order to experimentally specify the main orbitals hybrid-
ized with the Yb2+ 4f7/2 states in the low-temperature phase,
we have carried out the same experiments for the YbCdCu4
single crystal26,27 with the same C15b-type crystal structure
as YbInCu4. YbCdCu4 does not show the valence transition
and TK of YbCdCu4 is estimated to be �220 K.28 The va-
lence electrons of the Cd and In atoms are nominally �5s�2

and �5s�2�5p�, respectively.
Figure 5 exhibits the low-energy excited PES spectra of

YbCdCu4 measured at 20 K.29 In the spectra at h�=14 eV,
we notice a peak at �20 meV due to the Yb2+ 4f7/2 states
hybridized with the CB states. The energy position quantita-
tively corresponds to kBTK �TK�220 K�.28 Also in the spec-
tra at h�=7 eV, a broad structure due to the CB states is

FIG. 3. Temperature dependence of PES spectra of YbInCu4

measured at h�=14 eV from 80 to 20 K. The peak energy shifts
toward the deeper binding-energy with decreasing temperature.

FIG. 4. Intensity change of the main structures in the PES spec-
tra measured at h�=7 and 14 eV as a function of temperature. The
change between maximum and minimum is normalized to 100%.
We notice the sharp change for h�=7 eV and rather gradual change
for h�=14 eV.
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slightly observed at �20 meV. We consider that this struc-
ture would be related to the Kondo resonance state of
YbCdCu4 from the viewpoint of the CB states.30 However,
the intensity is negligibly weak in comparison with that of
main structure at 47 meV for YbInCu4 in the low-
temperature phase �Fig. 1�.

The different experimental results between the spectra of
YbInCu4 and YbCdCu4 measured at h�=7 eV indicate that
the main structure at 47 meV for YbInCu4 is not related to
the Yb and Cu-derived CB states. Under assumptions of the
nearly equal photoionization cross sections of the In 5s and
Cd 5s states, we are clearly led to the conclusion that the In
5p states mainly contribute to the main structure at 47 meV
for YbInCu4. Although the photoionization cross sections are
not given for the low-energy case, only that of the In 5p
states rapidly increases with decreasing h� from

16.7 to 10 eV.17 The present result shows that the hybridiza-
tion between the In 5p and Yb2+ 4f7/2 states suddenly
changes followed by the valence transition. According to the
band-structure calculation of YbInCu4,31 the In 5p states
more contribute near EF than the In 5s states. Thus it is
expected that the In 5p-Yb2+ 4f7/2 hybridization plays the
most important role for the valence transition of YbInCu4
among the c-f hybridization.

IV. CONCLUSION

The low-energy excited PES measurements with the high-
energy resolution have been carried out from 80 to 20 K for
the YbInCu4 single crystal and the CB electronic structure
near EF in the bulk has been investigated. The CB-derived
structure in the PES spectra at h�=7 eV suddenly grows in
intensity through the valence transition from the high- to
low-temperature phases. In comparison with the PES spectra
of YbCdCu4, this structure is mainly attributed to the In 5p
states hybridized with the Yb2+ 4f7/2 states, and the In 5p
states are expected to contribute largely to the valence tran-
sition of YbInCu4. The energy position of the Yb2+ 4f7/2
peak in the PES spectra at h�=14 eV supports the existence
of the subsurface region5 with the higher transition
temperature.12
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