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Soft-x-ray high-resolution photoemission study on the valence transitions in YbInCuy
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Valence-band electronic structure of Yblnfhas been investigated by means of high-resolution photoemis-
sion spectroscopy with an excitation energyhef=800 eV. With decreasing temperature from 50 to 40 K, the
intensity of the YB™ 4f peak increases remarkably, while that of the’*Yiif multiplet structures decreases
due to the valence transition at 42 K. The Yb valence directly derived from the photoemission spectra is
~2.81 at 100 K, decreases continuously to 50 K and changes shamply2®8 at 40 K. The larger valence
compared with the other photoemission experiments with smaller probing depth suggests that there is a
subsurface region in YbInGuWe have also found that the ¥b 4f multiplet structures shift toward the
deeper binding-energy side by50 meV with decreasing temperature from 50 to 40 K. This energy shift is
assumed to reflect that the energy to add the bare frinale increases for the low-temperature region in
accordance with the valence transition.
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[. INTRODUCTION emission experiments with a monochromatizedkAt line
(hv=1486.6 eV) and reported the sharp change of the Yb
YbInCu, with a C1%-type structure has attracted greatvalence compared with the PES measurementshat
interests because of the first-order valence transitiomyat =43 eV, after expanding the total change to an absolute
=42 K.}73In accordance with the valence transition, abruptscale from 0 to 100% over the investigated temperature
changes in the lattice volume, electrical resistivity, magneticange!! Because of a difficulty for a distinction between
susceptibility, and the other physical properties are observebulk and surface contributions to the PES spectra due to the
with no change of the crystal structure. Thermodynamic dat@nergy resolution of about 300 meV, the authors estimated
have shown that the Yb valence changes fret3 to z  z~2.67+0.15 only in the low-temperature phase, which is
~2.9 with decreasing temperatiufravhile the YbL, -edge  slightly larger tharz~2.56 obtained from the PES measure-
x-ray absorption spectroscopgXAS) experiments have ments athv=43 eV.” Their results indicate that the high-
shown a change from~2.9 toz~2.82* The Kondo tem- energy resolution PES experiments with the larger probing
perature is also reported to change frolm,~25 K to  depth is important.
Tk_~400 K> On the other hand, Mooret al. reported the sudden in-
For direct investigation of electronic structure of crease in the intensity of the ¥b 4f,, and 4, peaks of
YbInCu,, a great number of photoemission spectroscopythe PES spectra dtv=60 eV where the probing depth is
(PES experiments have been performed so®fdf. The not so large, and the authors insisted that there is no subsur-
Yb valence estimated from the PES experiments was smalldéace region. They also measured the PES spectrum at 20 K
than that from the thermodynamic and Yk, XAS mea- excited withhy»=500 eV and estimated the Yb valence to be
surements. Reinegt al, for the first time, carried out the z~2.60 at 20 K. Furthermore, by comparing the?Yb4f,
temperature-dependent PES experiments in detail with an epeak intensities in the spectralat=60 eV between above
citation energy ohv=43 eV and the energy resolution of 80 and belowT,, (70 and 12 K, they derivedz~2.72 at 70 K.
meV.” Growth of the YB™ 4f,, peak near the Fermi level In the present study, we have carried out high-energy
(Eg) in the PES spectra, was rather continuous through theesolution PES measurements on the Yblp€ingle crystal
valence transition, in contrast to the abrupt change of thexcited withh»=800 eV (Ref. 15 and investigated how the
thermodynamic data. The Yb valence estimated from the invalence-band electronic structure changes near the valence
tensity ratio of the YB" and YB* 4f-derived structures, transition. Contribution from the other orbitals to the spectra
gradually decreased from~2.85 at 220 K taz~2.56 at 20 in the energy range of the ¥b 4f-derived structures at
K. From the experimental results, they proposed an existender=_800 eV is negligible, since the spectra reflect almost
of a subsurface region, physical properties of which are difonly the Yb 4f states except for the Cud3states; the cross
ferent from the bulk, in YbInCuwithin a probing depth of section of the Cu 8 states relative to that of the Yhf &tates
the PES spectra. Reinegt al. also performed x-ray photo- is ~0.3 and those of the other orbitals composing the va-
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T obtained by fracturing at 100 K under the ultrahigh vacuum
YbZ+ 4f7 below 3x 10 %0 Torr. After the fracturing, the PES experi-
ments were carried out only on the first cooling through the
valence transitiod;!° in order to prevent a formation of de-
YbInCuy Yb2+ 4 fects in the sample by repetition passing through the
transition?* A full set of the temperature-dependent PES
spectra was measured with2 h for the valence bands and 4
h for the In 4z, states. Binding energy is defined with re-
spect toEg, which are determined from the spectra of the
Au film.

Samples used for the present experiments were YhinCu
single crystals grown by the flux growth method similar to
that described by Sarraet al?! The constituent elements

Y03 4 Cusd with stoichiometric ratios in InCu flux were put in an alu-
P PN E N B mina crucible and sealed in an evacuated quartz ampoule.
15 BinJigg Energ5(ev) 0 The sample was then heated to 1100 °C and cooled slowly
y down to 800 °C. After keeping at 800 °C for 20 h, the flux

FIG. 1. PES spectrum of YbInGumeasured at 30 K witfy was removed. The crystal structure was confirmed by means
=800 eV. The YB" 4f,, and 4, states are observed ndag ~ Of x-ray powder diffraction measurements. The temperature
and at 1.45 eV, respectively, together with surface contributionsvidth of the valence transition at,=42 K was within 2 K
(vertical lines. Structures between 2.5 and 5 eV, between 5 and 13rom the measurements of the magnetic susceptibility.
eV and at~16.7 eV are ascribed to the CWd3Yb®" 4f and In
4d;,, states, respectively.

Intensity (arb. units)

Ill. RESULTS AND DISCUSSION

lence bands are extremely snialf We can, thus, estimate Figure 1 shows the PES spectrum of YbInGueasured
directly the temperature-dependent Yb valence only from that 30 K withhv=800 eV. The basic feature of the spectrum
intensity ratio of the YB" and YB'* 4f-derived structures is similar to that at 20 K witth»=500 eV>°The spectrum
in the PES spectra &tr=_800 eV’ almost reflects the Yb#states except for the Cud3tates?
Only temperature dependence of the?Yb4f states has The Cu 3 contribution to the spectrum in the binding-
mainly been discussed in the previous PES measurements energy region from 2.5 to 5 eV is substantially weak in com-
YbInCu,.®~*® The Y+ 4f-derived structures also include parison with those measured in the ultraviolet regibt*
information on the Yb 4 states since those are clearly ob- because of the energy-dependent cross sections of
served in the PES spectratat=_800 eV as multiplet struc- photoelectrons® One notices the Yb 4f,, states as a
tures due to the Coulomb interaction between two Y 4 prominent peak ned; with a spin-orbit partner of thef4,,
holes in the 4 (Ref. 12 final states of the PES process. In peak at 1.45 eV, which are believed to come from the bulk.
the present study, we also focus on the temperature depeml spite of the larger escape depth of photoelectrons com-
dence of the YB" 4f multiplet structures through the va- pared with the PES experiments in the ultraviolet region, the
lence transition. Preliminary PES datahat=800 eV for the  surface contributions are still observed as weak structures on
scraped YbInCyisurfaces have been presented in Ref. 14. the shallower binding-energy sides of the?Yb4fs, and Cu
3d-derived structures as indicated by vertical lines. The
Yb3* 4f states, on the other hand, are found at 5.5-12 eV as
multiplet structures due to the Coulomb interaction between
Valence-band PES spectra of YbinCexcited withhy  the two Yb 4f holes. A prominent peak at 16.7 eV is ascribed
=800 eV, where the probing depth is estimated to beto the In 4y, states.
~15A, were measured at BL-25SU beam line of Figures 2 and 3 present temperature dependence of the
SPring-8'® Synchrotron radiation from the twin helical un- Yb?" and YB*" 4f photoemission regions of the PES spec-
dulator was monochromatized by using a varied-line-spacindra as Fig. 1, respectively. Here the spectra have been nor-
plane grating monochromat¢vLSPGM) with a line density malized to the total area intensity in the binding-energy re-
of 600 lines/mm and a hemispherical photoelectron analyzegion between—1.5 and 17.5 eV. The intensities of the
(Gammadata-Scienta SES20@vas used to measure the normalized spectra coincide over the binding-energy region
angle-integrated PES spectra. A detection angle was set tff 13—17.5 eV including the In ds;, peak and the Cu @
normal to the surface. The total energy resolution of thestates at all temperaturésee Fig. 1L The temperature de-
spectra was around 100 meV. The Ids4 core spectra of pendence is found only in the ¥b and YI* 4f regions.
YbInCu, at hy=30.7 eV were also collected at undulator ~ Both the YB* 4f,, and 45, peaks in Fig. 2 exhibit a
beamline BL9 of HiSOR, Hiroshima synchrotron radiation similar behavior with changing temperature. The surface
center(HSRO. An off-plane Eagle monochromatdr® with contribution to the spectra is almost independent of tempera-
a 1200 lines/mm spherical grating and the SES2002 analyzéure. With decreasing temperature from 100 to 50 K, the
were used to measure the PES spectra. The total-energy resotensity of the 4 peaks continuously increases. Between 50
lution was set to 8 meV at 20 K. Clean surfaces wiarsitu ~ and 40 K, we notice a remarkable enhancement of the 4

Il. EXPERIMENTAL
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simultaneously shift toward the deeper binding-energy side

2
YbInCuy Yo 472 by 50 meV with almost no change of the feature with respect
:‘(‘t’;?%? eV / to the relative energies and intensities. In addition, the width
So'é of the spectra becomes narrower at 40 K.

The Yb valence can directly be evaluated from the inten-
sity ratio of the YB* and YB'* 4f-derived structures. How-

100K ever, the surface components also contribute to the PES
spectra. In order to extract the bulk components from the
Yb2* 4f spectra, we have carried out the curve fitting of the
PES spectra in the Y5 4f photoemission region. For sim-
plicity, we use the Gaussian functions for the structures com-
ing from the bulk and surface. First, we attempt to fit the
spectra using four Gaussian function$/R), B(5/2), S(7/2),
and $5/2). Here B7/2) and B5/2) curves represent the
bulk-originated YB* 4f,,, and 45, peaks, respectively,
and a symbol of S means the surface contributions as indi-
cated by vertical lines in Fig. 1. The fitted results, however,
do not reproduce the experimental PES spectra and some

FIG. 2. Temperature dependence of PES spectrain tié ¥b  weak contributions are found just below the bulk-originated
region of YbInCy. Almost only YI?* 4f;, and 45, peaks exhibit 4., and 4f 5, peaks. If the asymmetric Doniach-Sunjuc line
an enhancement with decreasing temperature and the enhancemgnrapes are used for B curves, the tail of tig.gpeak cannot
is the most remarkable between 50 and 40 K. be reproduced. Therefore, we add two Gaussian functions of

SS7/2) and S$5/2) curves for these components, assuming
to be additional surface contributions probably coming from

peaks, reflecting that the number of the?Yhions suddenly the second layer These structures are clearly observed in
increases due to the valence transition. Thepdak intensity the PES spectra for the scraped surfaces as well as the
is almost unchanged between 40 and 30 K. The continuousurface-originated structuréS) compared with those for the
increase of the # peak intensity in the high-temperature fractured surfaces and their intensities are independent of
phase has also been observed in the PES spectra at temperaturé? The same temperature-independent structures
=21.22 e\}® and those ahv=43 eV’ also appear in the PES spectra for the scraped YIsAt-

As shown in Fig. 3, on the other hand, with decreasingfaces measured atv=102 eV, although the authors at-
temperature the intensity of the ¥b 4f multiplet structures  tribute the structures to the YbAlmpurity phas&*
decreases, corresponding to the increase of th&" YAf To decrease the number of adjustable parameters, the rela-
peaks. In particular, the reduction of the intensity is remark+ive intensity betweerX(7/2) and X(5/2) (X=B,S,SS is
able between 50 and 40 K. Since the total area intensity dfixed to 4:3 and the energy separation between them is also
the YB* and YB* 4f structures is conserved within fixed to 1.292 eV. The same full width at half maximum
+2.5% at all temperatures, it is reasonably assumed that tHEWHM) is assumed for eack curves. The peak energy and
spectral weight transfers from the ¥bto Yb?* 4f regions. FWHM of S curves are assumed to be independent of tem-
Furthermore, it should be noticed that the multiplet structureperature. The same assumptions are adopted for SS curves.
As for B curves, only peak energies are fixed.

The YB** 4f spectra have also been fitted by using the
; multiplet structures calculated by Gerk&rrhe line spectra

Intensity (arb. units)

25 20 15 10 05 0 -05
Binding Energy (eV)

YbInCugs ----100 K multiplied by a factor of 1.1 for the energy scale, which was
hv=800eV ~ — 50K pointed out by the author, convoluted with the Lorenzian
Y3+ 4f 40K function for a lifetime and the Gaussian function for an in-

Iy

strumental resolution, qualitatively reproduces well the ex-
perimental PES spectra. In the present study, the energies
and intensities of 13 line spectra are more or less modified
from those by Gerken to reproduce better the spectra. The
relative energies and intensities of the modified line spectra,
and FWHM’s of the Lorenzian and Gaussian functions for
convolution are fixed for all temperatutf®Only the energy
and intensity of a set of 13 lines are used as parameters. As
an example, the fitted result for the PES spectrum at 30 K is
presented in Fig. 4. The modified line spectra for théYb
FIG. 3. Temperature dependence of PES spectra in tié ¥p ~ 4f multiplet structures are also shown as vertical lines. In
region of YbInCy. The intensity is reduced with decreasing tem- Spite of the simple assumption, the spectrum derived from
perature and the multiplet structures suddenly shift toward thdhe fitting procedure reproduces well the experimental spec-
deeper binding-energy side between 50 and 40 K. trum with respect to the relative intensity and spectral width.

Intensity (arb. units)

12 10 8 6
Binding Energy (eV)
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S8 FIG. 6. The energy shift of the ¥B 4f multiplet structure of
S YbInCu,. The binding energy of the shallower line spectrum de-
rived from the curve fitting is plotted as a function of temperature.
. . . . those from the PES spectrafat=43 eV’ andhv=60 and
S 28
15 10 5 0 500 eV>*
Binding Energy (eV) The probing depth of the present PES spectrahat

=800 eV is larger than that of the PES spectrdat 43,

FIG. 4. Curve fitting for the PES spectrum of YbinCmea- 60, and 500 eV. Also as seen from Fig. 8 of Ref. 9, the more
sured at 30 K. Six Gaussian functions are assumed for tRé b bulk-sensitive measurements lead the Yb valence closer to
region and modified line spectra by Gerkenonvoluted with the 3+ in the high-temperature phase. Accordingly, our experi-
Lorenzian function for a lifetime and Gaussian function for an in- jmental results support the existence of the subsurface region
strumental resolution are used for the3Yb4f region. See text in pointed out by Reinerét al,” where the Yb ions are close to
detail. the divalent state in comparison with those in the bulk. In

spite of the existence of the subsurface region, however, the
Here background contribution due to secondary electrons islear change can be observed in the PES spectra, showing
calculated by the Shirley’s methdd. that the valence transition takes place even in the surface

The Yb valence derived from the curve-fitting procedurewithin the probing depth of the PES spectrahat=800 eV
mentioned above is shown as a function of temperature ig~15 A).

Fig. 5. The Yb valence ig~2.81 at 100 K and continuously ~ We might assume that the gradual decrease of the Yb
decreases ta~2.75 at 50 K. And then, between 50 and 40 valence in advance of the valence transitionTgt=42 K
K, the valence abruptly decreasesze 2.68 reflecting the suggests the higher transition temperature near the surface
valence transition af,=42 K. Below 40 K, the valence than the bulk. Recently, Moriyostet al. performed x-ray
exhibits no remarkable change. This behavior can also berystal structure analyses of Ybingsingle crystals grown
supposed from the temperature dependence of tHe Yih by the flux and Bridgman methodAccording to their re-
raw spectra in Fig. 2. The change of the valence through theults, in case of the sample with,=63 K grown by the
valence transition isA\z~0.1. Although the estimated va- Bridgman method, the In sites are occupied by excessive Cu
lence is smaller than those from the thermodynamic “datajons. On the other hand, the samples witj=42 K grown
and YbL,,, XAS spectr&* our result is larger by-0.1than by both methods are stoichiometric. The site substitution,
distortion, and so on would be found near the fractured sur-

ogo[ T T T T face and would raise the transition temperature. The experi-
> r T mental result that the width of the Yb multiplet structures
2801 T is slightly broader abovd, =42 K than belowT, =42 K,

® 2.78 | 1 supports that many states in the surroundings of the Yb ions

2 276 - exist in the high-temperature region.

@ . .

s 2741 From the curve-fitting procedure, the energy shift of the

S YbInCus 3t . . . .

Qo 272} hv=800 eV - Yb>" multiplet structure is derived as a function of tempera-
270} ] ture. The binding energy of the shallower line spectrum at
o8k J ~6.1 eV is plotted in Fig. 6. It should be noticed that the
266 binding energy shifts suddenly toward the deeper binding-

energy side with decreasing temperature through the valence

transition. An amount of the energy shift is 50 meV. On the

other hand, the Yb™ 4f peaks do not shift so much through
FIG. 5. The Yb valence of YbinGuderived from the curve the valence transitioif. The similar energy shift with an

fitting as a function of temperature. The valence continuously deamount of 0.2 eV has been observed for thé 'E4f-derived

creases from 100 to 50 K and changes abruptly between 50 argfructure in the PES spectra of EyB@g.*" This compound

40 K. shows a gradual valence transition fram 2.3 above 180 K

1 1
20 40 60 80 100
Temperature (K)
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L L of the YB** 4f PES spectra depends epfor the Yb com-
pounds based on SIARE With increasinge;, the energy
YbInCuy shifts to the deeper binding-energy side, and the amount of
hv=30.7 eV the shift is dominated by;. On the other hand, the energy
In 4ds/> of the YI?* 4f peak is almost independent @n. The en-
= ergy shift is, thus, interpreted by the change of éhevalue
= between high- and low-temperature phases.
; 00 K For the high-temperature phase, with decreasing tempera-
I ture from 100 to 50 K, the Yb 4f multiplet structures
%‘ 35K gradually shift toward the deeper binding-energy side by
S ~10 meV. Before undergoing the valence transition, éhe
E S0 K value is plausibly considered to be unchanged. Based on cal-
60 K culations by SIAM®3 the gradual energy shift would be ex-
plained by an increase of the degree of the hybridization
80K between the Yb # and conduction-band states due to the
100 K reduction of the lattice constant with decreasing temperature.
This is supported by the experimental result that similar be-
o havio_r_ i534observed also for YbCdguwith no valence
172 168 164 160 156 transition.
Binding Energy (eV)
FIG. 7. Temperature dependence of PES spectra in theldp 4 IV. CONCLUSION

region of YbInCy. No energy shift is observed within the present

. The PES spectra of the YbIngsingle crystal have been
experimental accuracy.

measured aty=800 eV from 100 to 30 K. With decreasing
temperature from 100 to 50 K, the ¥b 4f peaks gradually

to z~2.8 below 130 K and the energy shift occurs to the9™OW in intensity, while the Y&" 4f multiplet structures are

shallower binding-energy side with decreasing temperatur&educed. l?etween 50 and 40 K, the remarkable enhancement
through the transition. of the YB** 4f peaks is observed and the ¥b4f multiplet

On the other hand, almost no energy shift is observed istructures exhibit the sudden energy shift toward the deeper
the In 4ds,, core spectra. In order to confirm whether a slightPinding-energy side by 50 meV together with the reduction
energy shift takes place in the Ird4, state in accordance of the intensity. There is little difference in the PES spectra

with the valence transition, we have carried out PES experiP€tween 40 and 30 K.

ments ahv=30.7 eV with higher-energy resolution. The ex- € Yb valence derived from the PES spectra shows the
perimental results are presented in Fig. 7. We notice no ers"@'P change between 50 and 40K, in contrast to the results
ergy shift in the In 4z, spectra within the experimental &t h»=43 eV by Reinertet al® The derived valence is
accuracy. In addition, the energy shift of the Ci &ructure ~ Smaller than those4from the thermodynamic datad the Yb

is also not observed in the temperature dependence of tHe!l XAS spectrd,* while larger than those from the PES

PES spectra in Fig. 1. The energy shift, thus, takes place onf*P€riments by Reineret al. (th43 eV) (Ref. 7 and
in the YB** 4f multiplet structures. oore et al. (h»=60 and 500 e¥” These results suggest

The sudden energy shift of the ¥b 4f multiplet struc- the existence of the subsurface region, where the Yb valence

tures indicates that the electronic structure with respect to this Smaller than the bulk. As for this point, the PES experi-
Yb 4f states changes drastically near the valence transitiof€NtS Using the hard x ray as an excitation source (
An energy separation between the?Yband YB* 4f PES =6 keV) is in progress. The energy shift of the %¥bmul-
spectra roughly gives an amount &f+ U, wheree; andU tiplet structures observed clearly near the valence transition

represent the energy to add the bafehdle and the averaged Would be explained by the increase of ievalue, while the
Coulomb interaction energy between thé Holes, respec- graQUaI shift for the hlgh—temperaturg phase by the hybrid-
tively. Accordingly, the energy shift of the Y5 4f multiplet ization between the Yb#and conduction-band states.
structures is assumed to originate from the increase; of
+U.

SinceU has an atomiclike character, thevalue is con-
sidered to be almost unchanged through the valence transi- The authors are grateful to Dr. T. Susaki, Professor A.
tion and thee; value rather changes by50 meV suddenly. Fujimori, and Dr. K. Mimura for valuable comments. The
Theoretical analysis of the ¥b 4f,, PES spectra of experiments at SPring-8 were performed under the approval
YbInCu, measured atv=21.22 eV based on the single im- of the Japan Synchrotron Radiation Research Institute
purity Anderson mode(SIAM), leads to the result that the (JASR)  (Proposal Nos. 2002B0060-CS1l-np and
€; value changes from-0.120 eV in the high-temperature 2000B0438-NS-np and the experiments at HiISOR were
phase to- 0.067 eV in the low-temperature phase, that is, 53carried out under the approval of HSREroposal No. 03-
meV shift}?32 Susaki investigated how the energy position A-16).
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