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Soft-x-ray high-resolution photoemission study on the valence transitions in YbInCu4
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Valence-band electronic structure of YbInCu4 has been investigated by means of high-resolution photoemis-
sion spectroscopy with an excitation energy ofhn5800 eV. With decreasing temperature from 50 to 40 K, the
intensity of the Yb21 4 f peak increases remarkably, while that of the Yb31 4 f multiplet structures decreases
due to the valence transition at 42 K. The Yb valence directly derived from the photoemission spectra isz
;2.81 at 100 K, decreases continuously to 50 K and changes sharply toz;2.68 at 40 K. The larger valence
compared with the other photoemission experiments with smaller probing depth suggests that there is a
subsurface region in YbInCu4. We have also found that the Yb31 4 f multiplet structures shift toward the
deeper binding-energy side by;50 meV with decreasing temperature from 50 to 40 K. This energy shift is
assumed to reflect that the energy to add the bare Yb 4f hole increases for the low-temperature region in
accordance with the valence transition.

DOI: 10.1103/PhysRevB.69.165101 PACS number~s!: 71.27.1a, 75.30.Mb, 71.20.Eh, 79.60.2i
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I. INTRODUCTION

YbInCu4 with a C15b-type structure has attracted gre
interests because of the first-order valence transition atTV

542 K.1–3 In accordance with the valence transition, abru
changes in the lattice volume, electrical resistivity, magne
susceptibility, and the other physical properties are obser
with no change of the crystal structure. Thermodynamic d
have shown that the Yb valence changes fromz;3 to z
;2.9 with decreasing temperature,2 while the Yb LIII -edge
x-ray absorption spectroscopy~XAS! experiments have
shown a change fromz;2.9 to z;2.8.2,4 The Kondo tem-
perature is also reported to change fromTK1;25 K to
TK2;400 K.5

For direct investigation of electronic structure
YbInCu4, a great number of photoemission spectrosco
~PES! experiments have been performed so far.6–14 The
Yb valence estimated from the PES experiments was sm
than that from the thermodynamic and YbLIII XAS mea-
surements. Reinertet al., for the first time, carried out the
temperature-dependent PES experiments in detail with an
citation energy ofhn543 eV and the energy resolution of 8
meV.7 Growth of the Yb21 4 f 7/2 peak near the Fermi leve
(EF) in the PES spectra, was rather continuous through
valence transition, in contrast to the abrupt change of
thermodynamic data. The Yb valence estimated from the
tensity ratio of the Yb21 and Yb31 4 f -derived structures
gradually decreased fromz;2.85 at 220 K toz;2.56 at 20
K. From the experimental results, they proposed an existe
of a subsurface region, physical properties of which are
ferent from the bulk, in YbInCu4 within a probing depth of
the PES spectra. Reinertet al. also performed x-ray photo
0163-1829/2004/69~16!/165101~6!/$22.50 69 1651
t
c
ed
ta

y

ler

x-

e
e
-

ce
f-

emission experiments with a monochromatized AlKa line
(hn51486.6 eV) and reported the sharp change of the
valence compared with the PES measurements athn
543 eV, after expanding the total change to an abso
scale from 0 to 100 % over the investigated temperat
range.11 Because of a difficulty for a distinction betwee
bulk and surface contributions to the PES spectra due to
energy resolution of about 300 meV, the authors estima
z;2.6760.15 only in the low-temperature phase, which
slightly larger thanz;2.56 obtained from the PES measur
ments athn543 eV.7 Their results indicate that the high
energy resolution PES experiments with the larger prob
depth is important.

On the other hand, Mooreet al. reported the sudden in
crease in the intensity of the Yb21 4 f 7/2 and 4f 5/2 peaks of
the PES spectra athn560 eV,9 where the probing depth is
not so large, and the authors insisted that there is no sub
face region. They also measured the PES spectrum at 2
excited withhn5500 eV and estimated the Yb valence to
z;2.60 at 20 K. Furthermore, by comparing the Yb21 4 f 5/2

peak intensities in the spectra athn560 eV between above
and belowTV ~70 and 12 K!, they derivedz;2.72 at 70 K.

In the present study, we have carried out high-ene
resolution PES measurements on the YbInCu4 single crystal
excited withhn5800 eV~Ref. 15! and investigated how the
valence-band electronic structure changes near the val
transition. Contribution from the other orbitals to the spec
in the energy range of the Yb21 4 f -derived structures a
hn5800 eV is negligible, since the spectra reflect alm
only the Yb 4f states except for the Cu 3d states; the cross
section of the Cu 3d states relative to that of the Yb 4f states
is ;0.3 and those of the other orbitals composing the
©2004 The American Physical Society01-1
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lence bands are extremely small.9,16 We can, thus, estimat
directly the temperature-dependent Yb valence only from
intensity ratio of the Yb21 and Yb31 4 f -derived structures
in the PES spectra athn5800 eV.17

Only temperature dependence of the Yb21 4 f states has
mainly been discussed in the previous PES measuremen
YbInCu4.6–13 The Yb31 4 f -derived structures also includ
information on the Yb 4f states since those are clearly o
served in the PES spectra athn5800 eV as multiplet struc-
tures due to the Coulomb interaction between two Ybf
holes in the 4f ~Ref. 12! final states of the PES process.
the present study, we also focus on the temperature de
dence of the Yb31 4 f multiplet structures through the va
lence transition. Preliminary PES data athn5800 eV for the
scraped YbInCu4 surfaces have been presented in Ref. 1

II. EXPERIMENTAL

Valence-band PES spectra of YbInCu4 excited with hn
5800 eV, where the probing depth is estimated to
;15 Å, were measured at BL-25SU beam line
SPring-8.18 Synchrotron radiation from the twin helical un
dulator was monochromatized by using a varied-line-spac
plane grating monochromator~VLSPGM! with a line density
of 600 lines/mm and a hemispherical photoelectron analy
~Gammadata-Scienta SES200! was used to measure th
angle-integrated PES spectra. A detection angle was s
normal to the surface. The total energy resolution of
spectra was around 100 meV. The In 4d5/2 core spectra of
YbInCu4 at hn530.7 eV were also collected at undulat
beamline BL9 of HiSOR, Hiroshima synchrotron radiatio
center~HSRC!. An off-plane Eagle monochromator19,20 with
a 1200 lines/mm spherical grating and the SES2002 anal
were used to measure the PES spectra. The total-energy
lution was set to 8 meV at 20 K. Clean surfaces werein situ

FIG. 1. PES spectrum of YbInCu4 measured at 30 K withhn
5800 eV. The Yb21 4 f 7/2 and 4f 5/2 states are observed nearEF

and at 1.45 eV, respectively, together with surface contributi
~vertical lines!. Structures between 2.5 and 5 eV, between 5 and
eV and at;16.7 eV are ascribed to the Cu 3d, Yb31 4 f and In
4d5/2 states, respectively.
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obtained by fracturing at 100 K under the ultrahigh vacuu
below 3310210 Torr. After the fracturing, the PES exper
ments were carried out only on the first cooling through
valence transition,9,10 in order to prevent a formation of de
fects in the sample by repetition passing through
transition.21 A full set of the temperature-dependent PE
spectra was measured within 2 h for the valence bands and
h for the In 4d5/2 states. Binding energy is defined with re
spect toEF , which are determined from the spectra of t
Au film.

Samples used for the present experiments were YbIn4
single crystals grown by the flux growth method similar
that described by Sarraoet al.21 The constituent element
with stoichiometric ratios in InCu flux were put in an alu
mina crucible and sealed in an evacuated quartz ampo
The sample was then heated to 1100 °C and cooled slo
down to 800 °C. After keeping at 800 °C for 20 h, the flu
was removed. The crystal structure was confirmed by me
of x-ray powder diffraction measurements. The temperat
width of the valence transition atTV542 K was within 2 K
from the measurements of the magnetic susceptibility.

III. RESULTS AND DISCUSSION

Figure 1 shows the PES spectrum of YbInCu4 measured
at 30 K withhn5800 eV. The basic feature of the spectru
is similar to that at 20 K withhn5500 eV.9,10 The spectrum
almost reflects the Yb 4f states except for the Cu 3d states.22

The Cu 3d contribution to the spectrum in the binding
energy region from 2.5 to 5 eV is substantially weak in co
parison with those measured in the ultraviolet region7,9,12,13

because of the energy-dependent cross sections
photoelectrons.16 One notices the Yb21 4 f 7/2 states as a
prominent peak nearEF with a spin-orbit partner of the 4f 5/2
peak at 1.45 eV, which are believed to come from the bu
In spite of the larger escape depth of photoelectrons c
pared with the PES experiments in the ultraviolet region,
surface contributions are still observed as weak structure
the shallower binding-energy sides of the Yb21 4 f 5/2 and Cu
3d-derived structures as indicated by vertical lines. T
Yb31 4 f states, on the other hand, are found at 5.5–12 eV
multiplet structures due to the Coulomb interaction betwe
the two Yb 4f holes. A prominent peak at 16.7 eV is ascrib
to the In 4d5/2 states.

Figures 2 and 3 present temperature dependence o
Yb21 and Yb31 4 f photoemission regions of the PES spe
tra as Fig. 1, respectively. Here the spectra have been
malized to the total area intensity in the binding-energy
gion between21.5 and 17.5 eV. The intensities of th
normalized spectra coincide over the binding-energy reg
of 13–17.5 eV including the In 4d5/2 peak and the Cu 3d
states at all temperatures~see Fig. 1!. The temperature de
pendence is found only in the Yb21 and Yb31 4 f regions.

Both the Yb21 4 f 7/2 and 4f 5/2 peaks in Fig. 2 exhibit a
similar behavior with changing temperature. The surfa
contribution to the spectra is almost independent of temp
ture. With decreasing temperature from 100 to 50 K,
intensity of the 4f peaks continuously increases. Between
and 40 K, we notice a remarkable enhancement of thef
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peaks, reflecting that the number of the Yb21 ions suddenly
increases due to the valence transition. The 4f peak intensity
is almost unchanged between 40 and 30 K. The continu
increase of the 4f peak intensity in the high-temperatu
phase has also been observed in the PES spectra ahn
521.22 eV13 and those athn543 eV.7

As shown in Fig. 3, on the other hand, with decreas
temperature the intensity of the Yb31 4 f multiplet structures
decreases, corresponding to the increase of the Yb21 4 f
peaks. In particular, the reduction of the intensity is rema
able between 50 and 40 K. Since the total area intensit
the Yb21 and Yb31 4 f structures is conserved withi
62.5% at all temperatures, it is reasonably assumed tha
spectral weight transfers from the Yb31 to Yb21 4 f regions.
Furthermore, it should be noticed that the multiplet structu

FIG. 2. Temperature dependence of PES spectra in the Yb21 4 f
region of YbInCu4. Almost only Yb21 4 f 7/2 and 4f 5/2 peaks exhibit
an enhancement with decreasing temperature and the enhanc
is the most remarkable between 50 and 40 K.

FIG. 3. Temperature dependence of PES spectra in the Yb31 4 f
region of YbInCu4. The intensity is reduced with decreasing tem
perature and the multiplet structures suddenly shift toward
deeper binding-energy side between 50 and 40 K.
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simultaneously shift toward the deeper binding-energy s
by 50 meV with almost no change of the feature with resp
to the relative energies and intensities. In addition, the wi
of the spectra becomes narrower at 40 K.

The Yb valence can directly be evaluated from the inte
sity ratio of the Yb21 and Yb31 4 f -derived structures. How-
ever, the surface components also contribute to the P
spectra. In order to extract the bulk components from
Yb21 4 f spectra, we have carried out the curve fitting of t
PES spectra in the Yb21 4 f photoemission region. For sim
plicity, we use the Gaussian functions for the structures co
ing from the bulk and surface. First, we attempt to fit t
spectra using four Gaussian functions, B~7/2!, B~5/2!, S~7/2!,
and S~5/2!. Here B~7/2! and B~5/2! curves represent the
bulk-originated Yb21 4 f 7/2, and 4f 5/2 peaks, respectively
and a symbol of S means the surface contributions as i
cated by vertical lines in Fig. 1. The fitted results, howev
do not reproduce the experimental PES spectra and s
weak contributions are found just below the bulk-originat
4 f 7/2 and 4f 5/2 peaks. If the asymmetric Doniach-Sunjuc lin
shapes are used for B curves, the tail of the 4f 7/2 peak cannot
be reproduced. Therefore, we add two Gaussian function
SS~7/2! and SS~5/2! curves for these components, assumi
to be additional surface contributions probably coming fro
the second layer.23 These structures are clearly observed
the PES spectra for the scraped surfaces as well as
surface-originated structures~S! compared with those for the
fractured surfaces and their intensities are independen
temperature.14 The same temperature-independent structu
also appear in the PES spectra for the scraped YbAl3 sur-
faces measured athn5102 eV, although the authors a
tribute the structures to the YbAl2 impurity phase.24

To decrease the number of adjustable parameters, the
tive intensity betweenX(7/2) and X(5/2) (X5B,S,SS! is
fixed to 4:3 and the energy separation between them is
fixed to 1.292 eV. The same full width at half maximu
~FWHM! is assumed for eachX curves. The peak energy an
FWHM of S curves are assumed to be independent of t
perature. The same assumptions are adopted for SS cu
As for B curves, only peak energies are fixed.

The Yb31 4 f spectra have also been fitted by using t
multiplet structures calculated by Gerken.25 The line spectra
multiplied by a factor of 1.1 for the energy scale, which w
pointed out by the author, convoluted with the Lorenzi
function for a lifetime and the Gaussian function for an i
strumental resolution, qualitatively reproduces well the e
perimental PES spectra. In the present study, the ener
and intensities of 13 line spectra are more or less modi
from those by Gerken to reproduce better the spectra.
relative energies and intensities of the modified line spec
and FWHM’s of the Lorenzian and Gaussian functions
convolution are fixed for all temperature.26 Only the energy
and intensity of a set of 13 lines are used as parameters
an example, the fitted result for the PES spectrum at 30 K
presented in Fig. 4. The modified line spectra for the Yb31

4 f multiplet structures are also shown as vertical lines.
spite of the simple assumption, the spectrum derived fr
the fitting procedure reproduces well the experimental sp
trum with respect to the relative intensity and spectral wid

ent
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Here background contribution due to secondary electron
calculated by the Shirley’s method.27

The Yb valence derived from the curve-fitting procedu
mentioned above is shown as a function of temperature
Fig. 5. The Yb valence isz;2.81 at 100 K and continuousl
decreases toz;2.75 at 50 K. And then, between 50 and 4
K, the valence abruptly decreases toz;2.68 reflecting the
valence transition atTV542 K. Below 40 K, the valence
exhibits no remarkable change. This behavior can also
supposed from the temperature dependence of the Yb21 4 f
raw spectra in Fig. 2. The change of the valence through
valence transition isDz;0.1. Although the estimated va
lence is smaller than those from the thermodynamic da2

and YbLIII XAS spectra,2,4 our result is larger by;0.1 than

FIG. 4. Curve fitting for the PES spectrum of YbInCu4 mea-
sured at 30 K. Six Gaussian functions are assumed for the Yb21 4 f
region and modified line spectra by Gerken25 convoluted with the
Lorenzian function for a lifetime and Gaussian function for an
strumental resolution are used for the Yb31 4 f region. See text in
detail.

FIG. 5. The Yb valence of YbInCu4 derived from the curve
fitting as a function of temperature. The valence continuously
creases from 100 to 50 K and changes abruptly between 50
40 K.
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those from the PES spectra athn543 eV7 andhn560 and
500 eV.9,28

The probing depth of the present PES spectra athn
5800 eV is larger than that of the PES spectra athn543,
60, and 500 eV. Also as seen from Fig. 8 of Ref. 9, the m
bulk-sensitive measurements lead the Yb valence close
31 in the high-temperature phase. Accordingly, our expe
mental results support the existence of the subsurface re
pointed out by Reinertet al.,7 where the Yb ions are close t
the divalent state in comparison with those in the bulk.
spite of the existence of the subsurface region, however,
clear change can be observed in the PES spectra, sho
that the valence transition takes place even in the sur
within the probing depth of the PES spectra athn5800 eV
(;15 Å).

We might assume that the gradual decrease of the
valence in advance of the valence transition atTV542 K
suggests the higher transition temperature near the sur
than the bulk. Recently, Moriyoshiet al. performed x-ray
crystal structure analyses of YbInCu4 single crystals grown
by the flux and Bridgman methods.29 According to their re-
sults, in case of the sample withTV563 K grown by the
Bridgman method, the In sites are occupied by excessive
ions. On the other hand, the samples withTV542 K grown
by both methods are stoichiometric. The site substituti
distortion, and so on would be found near the fractured s
face and would raise the transition temperature. The exp
mental result that the width of the Yb31 multiplet structures
is slightly broader aboveTV542 K than belowTV542 K,
supports that many states in the surroundings of the Yb i
exist in the high-temperature region.

From the curve-fitting procedure, the energy shift of t
Yb31 multiplet structure is derived as a function of tempe
ture. The binding energy of the shallower line spectrum
;6.1 eV is plotted in Fig. 6. It should be noticed that th
binding energy shifts suddenly toward the deeper bindi
energy side with decreasing temperature through the vale
transition. An amount of the energy shift is 50 meV. On t
other hand, the Yb21 4 f peaks do not shift so much throug
the valence transition.30 The similar energy shift with an
amount of 0.2 eV has been observed for the Eu31 4 f -derived
structure in the PES spectra of EuPd2Si2.31 This compound
shows a gradual valence transition fromz;2.3 above 180 K

-

-
nd

FIG. 6. The energy shift of the Yb31 4 f multiplet structure of
YbInCu4. The binding energy of the shallower line spectrum d
rived from the curve fitting is plotted as a function of temperatu
1-4
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to z;2.8 below 130 K and the energy shift occurs to t
shallower binding-energy side with decreasing tempera
through the transition.

On the other hand, almost no energy shift is observed
the In 4d5/2 core spectra. In order to confirm whether a slig
energy shift takes place in the In 4d5/2 state in accordance
with the valence transition, we have carried out PES exp
ments athn530.7 eV with higher-energy resolution. The e
perimental results are presented in Fig. 7. We notice no
ergy shift in the In 4d5/2 spectra within the experimenta
accuracy. In addition, the energy shift of the Cu 3d structure
is also not observed in the temperature dependence o
PES spectra in Fig. 1. The energy shift, thus, takes place
in the Yb31 4 f multiplet structures.

The sudden energy shift of the Yb31 4 f multiplet struc-
tures indicates that the electronic structure with respect to
Yb 4f states changes drastically near the valence transi
An energy separation between the Yb21 and Yb31 4 f PES
spectra roughly gives an amount ofe f1U, wheree f andU
represent the energy to add the bare 4f hole and the average
Coulomb interaction energy between the 4f holes, respec-
tively. Accordingly, the energy shift of the Yb31 4 f multiplet
structures is assumed to originate from the increase oe f
1U.

SinceU has an atomiclike character, theU value is con-
sidered to be almost unchanged through the valence tra
tion and thee f value rather changes by;50 meV suddenly.
Theoretical analysis of the Yb21 4 f 7/2 PES spectra of
YbInCu4 measured athn521.22 eV based on the single im
purity Anderson model~SIAM!, leads to the result that th
e f value changes from20.120 eV in the high-temperatur
phase to20.067 eV in the low-temperature phase, that is,
meV shift.12,32 Susaki investigated how the energy positi

FIG. 7. Temperature dependence of PES spectra in the In 4d5/2

region of YbInCu4. No energy shift is observed within the prese
experimental accuracy.
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of the Yb31 4 f PES spectra depends one f for the Yb com-
pounds based on SIAM.33 With increasinge f , the energy
shifts to the deeper binding-energy side, and the amoun
the shift is dominated bye f . On the other hand, the energ
of the Yb21 4 f peak is almost independent one f . The en-
ergy shift is, thus, interpreted by the change of thee f value
between high- and low-temperature phases.

For the high-temperature phase, with decreasing temp
ture from 100 to 50 K, the Yb31 4 f multiplet structures
gradually shift toward the deeper binding-energy side
;10 meV. Before undergoing the valence transition, thee f
value is plausibly considered to be unchanged. Based on
culations by SIAM,33 the gradual energy shift would be ex
plained by an increase of the degree of the hybridizat
between the Yb 4f and conduction-band states due to t
reduction of the lattice constant with decreasing temperat
This is supported by the experimental result that similar
havior is observed also for YbCdCu4 with no valence
transition.34

IV. CONCLUSION

The PES spectra of the YbInCu4 single crystal have been
measured athn5800 eV from 100 to 30 K. With decreasin
temperature from 100 to 50 K, the Yb21 4 f peaks gradually
grow in intensity, while the Yb31 4 f multiplet structures are
reduced. Between 50 and 40 K, the remarkable enhancem
of the Yb21 4 f peaks is observed and the Yb31 4 f multiplet
structures exhibit the sudden energy shift toward the dee
binding-energy side by 50 meV together with the reduct
of the intensity. There is little difference in the PES spec
between 40 and 30 K.

The Yb valence derived from the PES spectra shows
sharp change between 50 and 40 K, in contrast to the res
at hn543 eV by Reinertet al.7 The derived valence is
smaller than those from the thermodynamic data2 and the Yb
LIII XAS spectra,2,4 while larger than those from the PE
experiments by Reinertet al. (hn543 eV) ~Ref. 7! and
Moore et al. (hn560 and 500 eV!.9 These results sugges
the existence of the subsurface region, where the Yb vale
is smaller than the bulk. As for this point, the PES expe
ments using the hard x ray as an excitation source (hn
56 keV) is in progress. The energy shift of the Yb31 mul-
tiplet structures observed clearly near the valence transi
would be explained by the increase of thee f value, while the
gradual shift for the high-temperature phase by the hyb
ization between the Yb 4f and conduction-band states.
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