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X-ray diffraction patterns and Ly-edge x-ray absorption near edge structure (XANES) spectra of
YbInAu, and LulnAu, compounds have been measured at high pressure and room temperature
using a diamond anvil cell and a synchrotron radiation at SPring-8. YbInAu, is more compressible
at pressures lower than 4 GPa than above it; the evaluated bulk modulus by Birch-type equation of
state is 54.7 GPa which is one-half of that of the LulnAu, (112.5 GPa). The mean valence 0 of Yb
ion in YbInAu, determined by the XANES measurement is an increasing function of pressure:
2.71(2) at normal pressure and 2.94(2) at 10 GPa. The rate of increase in v with pressure is two
times larger at pressures below 4 GPa than that above 4 GPa. However, the ¥ is described by a
linear increasing function of the lattice compression: v=0,+2.9|AV/V,| where ¥ is 2.71. The
extrapolation to the trivalent state gives the critical pressure of 13 GPa. © 2006 American Institute

of Physics. [DOI: 10.1063/1.2335388]

I. INTRODUCTION

The magnetic properties of most rare earth compounds
are described by the well-localized 4f electronic state of rare
earth ion. However, the compounds containing Ce, Sm, Eu,
and Yb are known to have the intermediate valency (IV) due
to their unstable 4f electronic states. They show the peculiar
physical properties originating from the strong correlation
between conduction and 4f electrons. The electronic states of
IV compounds are sensitive to external stimuli such as tem-
perature, pressure, magnetic field, chemical doping, and so
on. In particular, the application of pressure is an effective
means for searching the mechanism of valence instability in
such strongly correlated electron systems since it is able to
tune the electronic states effectively without introducing any
disorder in the lattice. In fact, Yb compounds are expected to
have pressure-induced transition from IV to trivalent mag-
netic states when we notice the difference in the ionic radius
of divalent and trivalent Yb ions: r (Yb**) > r(Yb3*). There-
fore, it is most desired to examine the close relation between
the lattice volume and the valence state at high pressure to
resolve the issues in the IV Yb compounds. It should also be
noted that there have not been so many Yb compounds pre-
pared as other rare earth compounds. Furthermore, the prepa-
ration of single phase Yb compounds is very difficult due to
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the rather low melting and boiling points of Yb metal (7,
=819 °C, T,=1194 °C). It is, therefore, indispensable to in-
vestigate the mechanism of valence fluctuation, Kondo ef-
fect, and heavy fermion phenomena in more Yb compounds.

Marazza et al. prepared RInAu, (R: rare earth) com-
pounds in 1975.! Except for the compound with La, the crys-
tal structure of RInAu, series was found to be the cubic
Heusler type at room temperature from the x-ray diffraction
study. The RInAu, compounds show the following character-
istic structural and magnetic properties depending on the size
of rare earth ion in the compounds; only light rare earth
compounds undergo the structural phase transition below
room temperature, while the compounds containing heavy
rare earth ion show the magnetic transition.”” We have pre-
viously revealed that the structural transitions in RInAu,
(R=La, Ce, Pr, and Nd) are suppressed by pressure,4 which
indicates that the structural instabilities of RInAu, depend
mainly on the lattice spacing.

YbInAu, also has the Heusler-type structure at room
temperature. However, its lattice parameters deviate from the
lanthanide contraction in the RInAu, series, indicating the
intermediate valence state of Yb ion in the compound. There
is only one crystallographic site for Yb ion in YbInAu, com-
pound. These facts suggest that YbInAu, is a good candidate
for the investigation of the IV state in the homogeneously
mixed valent Yb compounds. The experiment of Yb Lj;-edge
x-ray absorption near edge structure (XANES) reported a
valence of 2.68 for YbInAuz.5 A broad maximum appears at
Tax=100 K in the magnetic susceptibility, and no magnetic
order is observed down to 1.8 K.® Previous high-pressure
studies have indicated that the Yb ion in YbInAu, tends to
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have the magnetic electronic configuration (4/'%) even under
low hydrostatic pressure smaller than 2 GPa or quasihydro-
static high pressure; an application of pressure enhances the
magnetic moment of the compound, shifts the 7},,, to lower
temperature in the magnetic susceptibility,7 and depresses the
Kondo maximum temperature in the resistivity.&9

It is, therefore, of particular interest to make a systematic
examination of these unusual pressure responses of the Yb
ion in YbInAu, in terms of the valency of Yb ion at high
pressure. As mentioned above, there should be the close re-
lation between the IV states and the unit-cell volume in the
compound. In the present study, we have determined the va-
lency of Yb ion in YbInAu, as precise as possible by the Yb
Lyr-edge XANES spectroscopy at high pressure and ob-
served the lattice compression curves of YbInAu, and
LulnAu, compounds by the x-ray diffraction (XRD) mea-
surement using intense synchrotron radiation (SR) x-ray
sources, in order to discuss the relation between the valence
state of Yb ion and the physical properties of YbInAu,.

Il. EXPERIMENT
A. Sample preparation

Polycrystalline samples of YbInAu, and LulnAu, com-
pounds were prepared by melting the constituent elements in
a tetra-arc furnace under a Ti-gettered high-purity argon at-
mosphere. The weight loss of volatile Yb was found in the
melting, so that the excess amount of Yb element (3 wt %)
from the stoichiometry was added to the starting composi-
tion. After melting, the compounds were annealed in a quartz
ample under vacuum at 500 °C in an electrical furnace for
7 days, followed by slow cooling to room temperature. The
shots of Yb and Lu elements were from Rhone-Poulenc Ba-
sic Chemicals Co. and the purity was 99.9% for both. The
granular In metal with 99.999% purity was used from Asahi
Metal Co. Au foil was from Tanaka Kikinzoku Co. and its
purity was 99.99%. The ingot thus prepared was cut into
pieces by a spark erosion cutter and then powdered for the
XRD and XANES measurements.

B. X-ray diffraction

The powder XRD measurement at normal pressure was
made using a RINT-2000, Rigaku, with Cu K« radiation to
confirm the single phase of the prepared ingots. The high-
pressure XRD measurement was conducted using synchro-
tron radiation at the BLO4B2 beamline in SPring-8. The pres-
sure was generated up to 17 GPa with a diamond anvil cell
(DAC) and the pressure increment in the measurements was
about 0.5 GPa up to 10 GPa. A 4:1 methanol-ethanol mixture
was used as the pressure transmitting fluid. The pressure at
the sample position in DAC was determined by the ruby
fluorescence method with an accuracy of 0.2 GPa. The
wavelength was 0.3275 A. The diffraction patterns of
YbInAu, and LulnAu, were recorded with an imaging plate.
A typical error in the lattice parameter is 0.0005 A.
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FIG. 1. XRD patterns of YbInAu, under various pressures at room
temperature.

C. X-ray absorption

The XANES measurement at high pressure was carried
out at the BLIOXU beamline in SPring-8 to investigate the
valence state of rare earth ion in YbInAu, and LulnAu,. The
foil sample of YbInAu, with thickness of 30 um was pre-
pared by compressing the powder and confined in the metal
gasket (SUS304) hole of DAC that was also used for the
XRD measurement. The pressure medium was also a 4:1
methanol-ethanol mixture. Data acquisition was performed
both in increasing and decreasing pressure processes to con-
firm the reproducibility of the measurements. Single crystal-
line Si mirrors were used to eliminate the higher harmonics
of the incident x-ray beam and to focus the incident x-ray
beam on the sample in DAC. The transmission mode was
employed for the XANES measurement with the ionization
chambers filled with gases: N, 100% for the incident beam
and N, 75% +Ar 25% for the transmitted one, respectively.
A typical error in the valence determination is less than 0.02.
The details of the high-pressure XANES experiment are
given elsewhere.'

lll. RESULTS AND DISCUSSION
A. High pressure XRD

XRD patterns of YbInAu, and LulnAu, under various
pressures at room temperature are shown in Figs. 1 and 2,
respectively. Both compounds have the Heusler-type struc-
ture at normal pressure and room temperature. It is found
that the structural transformation is not observed under pres-
sure up to 17 GPa for YblnAu, and 11 GPa for LulnAu,,

Downloaded 10 Jun 2008 to 150.65.7.70. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



043712-3 Fuse et al.

LulnAu, S.R. A=0.3275 A

[ cubic Cu,MnAIl-type

220)

(
(400)
(440)
(620)
(444)
(642)
(822)

422)

P=0.3 GPa

P=1.7GPa

| P=4.1GPa N
| P=6.0 GPa A
i %
| P=98 GPa A

P=10.8 GPa . at R.T.
- T N A T D B T S

0 10 20 30
26 (deg)

Intensity (a.u.)

FIG. 2. XRD patterns of LulnAu, under various pressures at room
temperature.

respectively. However, the compression curves of both com-
pounds are apparently different from each other as seen in
Fig. 3. YbInAu, is more compressible at moderate pressures
than LulnAu,. The lattice volume of YbInAu, is drastically
decreased especially in the pressure range from O to 4 GPa
in comparison with LulnAu,, while above 4 GPa the slope of
the compression curve of the former compound approaches
that of the latter. This finding suggests a rapid approach to
the trivalent state of Yb ion in the low pressure below 4 GPa
and a gradual increase in the valence of the Yb ion in the
compound above 4 GPa.

To evaluate the bulk modulus of these compounds, we
have applied the Birch type of equation of state (EOS) to the
pressure-volume data from the high-pressure XRD measure-
ment. The Birch type of EOS is expressed as follows: !

$._ O YbInAu,
320 “.4— K=547GPa and K’ =19.7 1
th,_ o
“— 0. ™
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FIG. 3. Compression curves of YbInAu, and LulnAu, at room temperature.
Fittings are made by the Birch type of EOS.
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TABLE I. The bulk modulus K, its first pressure derivative K’, and the
volume at normal pressure V|, of YbInAu, and LulnAu,.

Compound K (GPa) K’ V, (A3) P range (GPa)
YbInAu, 54.7 19.7 322.51 0-9.5
LulnAu, 112.5 4.7 315.45 0-9.8

7/3 5/3
p=2e] (%)~ (%) - 2e-x
2 Vv 1% 4

4(%)”%] , (1)

where P, V, and V, are the external pressure, lattice volume
at P, and volume at normal pressure, respectively. The K and
K' denote bulk modulus and pressure derivative of K, re-
spectively. The derived K, K’, and V) are listed in Table I for
YbInAu, and LulnAu,. The compression curve for YbInAu,
is characterized by the smaller bulk modulus K (54.7 GPa)
being less than half of that of LulnAu, and extremely high
value of K’ (19.7) when we fit the curve in the whole pres-
sure range (dotted curve in Fig. 3).

B. High pressure XANES

The observed Yb Lj-XANES spectra of YbInAu, at
various pressures and room temperature are shown in Fig. 4.
Even at ambient pressure, YbInAu, shows a double-peaked
XANES spectrum. This proves that the Yb ion in YbInAu, is
in the intermediate valence state at ambient pressure and
room temperature. With increasing pressure, the low-energy
peak originating from Yb?* ion is depressed, while the high-
energy one originating from Yb?* ion is enhanced. This ten-
dency indicates that the valence of Yb ion in YbInAu, is

Normalized Absorption (a.u.)
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FIG. 4. Yb Li;-XANES spectra of YbInAu, at various pressures and room
temperature.
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FIG. 5. Pressure dependence of mean valence of Yb ion in YbInAu, at room
temperature.

increased toward 3 with pressure. However, even at the
maximum pressure applied in this experiment, the XANES
spectrum of YbInAu, remains a double-peak structure.
Therefore, it is not definitely concluded that the valence of
Yb ion in YbInAu, is fully trivalent at 10 GPa.

The evaluation of the valence of Yb ion in YbInAu,
from the obtained XANES spectra has been conducted as
follows. Firstly, the background absorption is estimated by
applying the Victoreen’s formula to the total absorption be-
low the absorption edge. Secondly, the spectrum intensity is
normalized to that at the absorption edge. Then, the normal-
ized spectrum is separated into two absorption lines. Each
subspectrum is described by the sum of an arctangent func-
tion representing the Ly-edge absorption and a Lorentzian
representing the white line. Then, the mean valence v of Yb
ion in YbInAu, is evaluated by the relative intensities of the
two Lorentzians.

The obtained pressure dependence of the v of Yb ion in
YbInAu, at room temperature is given in Fig. 5. The value of
v is 2.71(2) at normal pressure, which is in good agreement
with the earlier work.” The major finding is that the valence
of Yb ion in YbInAu, is an increasing function of external
pressure. The value of v reaches 2.94(2) at 10 GPa. The ten-
dency that magnetic 4f'3 state is stabilized under high pres-
sure is supported by the previous magnetic study at high
pressure.7 It should also be stressed that the increasing rate in
0 with pressure below 4 GPa is twice as large as that above
4 GPa. This finding is consistent with the result obtained in
the present high-pressure XRD measurement.

Now, we discuss the relation between the valence states
of Yb ion in terms of the lattice volume of the YbInAu,
compound. Figure 6 illustrates the volume dependence of the
mean valence of Yb ion in YbInAu, at room temperature. It
is clear that the 0 of Yb ion is increased linearly with com-
pression of the lattice volume in YbInAu,; 0=0,
+2.9|AV/V,| where v is 2.71 at P=0. If this linear relation
holds at further compression between the 0 and the unit-cell
volume, we could have the fully trivalent state of Yb ion in
YbInAu, at 13 GPa where the lattice volume is reduced to
about 90% of that at normal pressure.
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FIG. 6. Volume dependence of mean valence of Yb ion in YbInAu, at room
temperature.

IV. CONCLUSION

We have measured the XRD patterns and XANES spec-
tra of YbInAu, and LulnAu, at various pressures and room
temperature using synchrotron radiation at SPring-8. We
have elucidated that the valence state of Yb ion in YbInAu,
is strongly correlated to the unit-cell volume so that the mag-
netic 413 state is stabilized at high pressure. YbInAu, is
more compressible at pressures lower than 4 GPa than above
it; the evaluated bulk modulus by Birch type of EOS is
547 GPa which is one half of that of the LulnAu,
(112.5 GPa). The mean valence v is increased linearly with
the lattice compression: o=+2.9|AV/V,|. The critical pres-
sure has been evaluated to be 13 GPa for the Yb ion to oc-
cupy completely the Yb3* state.

ACKNOWLEDGMENTS

The authors thank M. Mashimo of JAIST for his help in
the XANES measurement. This work was performed under
the approval of the SPring-8 Program Advisory Committee
(2001A0333-ND-np and 2002B0501-CX-np).

'R. Marazza, R. Ferro, and D. Rossi, Z. Metallkd. 66, 110 (1975).

M. J. Besnus, J. P. Kappler, A. Meyer, J. Sereni, E. Siaud, R. Lahiouel,
and J. Pierre, Physica B & C 130, 240 (1985).

M. I. Besnus ef al., J. Less-Common Met. 120, 101 (1986).

M. Kurisu, A. Fuse, T. Nobata, and G. Nakamoto, Physica B 281&282,
147 (2000).

D. Muller, S. Hussain, E. Cattaneo, H. Schneider, W. Schlabitz, and D.
Wohlleben, in Valence Instabilities, edited by P. Wachter and H. Boppart
(North-Holland, Amsterdam, 1982), p. 463.

H. Oesterreicher and F. T. Parker, Phys. Rev. B 16, 5009 (1977).

TW. Zell, R. Pott, B. Roden, and D. Wohlleben, Solid State Commun. 40,
751 (1981).

8K. Alami-Yadri, H. Wilhelm, and D. Jaccard, Solid State Commun. 108,
279 (1998).

°A. Fuse, T. Nobata, G. Nakamoto, and M. Kurisu, Physica B 281&282,
175 (2000).

A. Fuse, G. Nakamoto, M. Kurisu, N. Ishimatsu, and H. Tanida, J. Alloys

Compd. 376, 34 (2004).

"E. J. Birch, J. Appl. Phys. 9, 279 (1938).

10

Downloaded 10 Jun 2008 to 150.65.7.70. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



