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Mixed-valence state of the rare-earth compounds YbX Cuy (X = Mg, Cd, In, and Sn):
Magnetic susceptibility, x-ray diffraction, and x-ray absorption spectroscopy investigations
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We report an investigation on the mixed-valence state for YbX Cuy compounds with X = Mg, Cd, In, and
Sn. The x-ray diffraction measurements on X = Sn have revealed a cubic AuBes-type structure with the lattice
constant ¢ = 7.123 A. The Kondo temperature of X = Sn is determined to be Tx = 503 K from the value of
magnetic susceptibility. We have observed a mixing of the Yb*' and Yb** electronic states from the x-ray
absorption spectra at 300 K and a change in their relative intensities with varying X atoms, indicating a different
degree of valence mixing in YbXCuy. Our data clearly exhibit correlations among the energy of the Yb** peak,
the degree of valence mixing, and the Kondo temperature. These results suggest that the 5p electrons of X atoms
play an important role in the mixed-valence state of YbX Cuy by controlling the number of the Yb 4 f electrons.
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I. INTRODUCTION

A mixed-valence state in rare-earth compounds is one
of the most intriguing subjects. In particular, YbInCuy has
attracted considerable interest, because it exhibits a first-
order valence transition between 4f'3 (trivalent) and 4f'4
(divalent) electron configurations at 7y = 42 K [1,2]. The
mean valence of Yb ions determined by the Mossbauer spec-
troscopy measurements changes from z ~ 2.9 for T > Ty
to z ~ 2.8 for T < Ty [2]. Concomitantly, the temperature
dependences of the lattice volume, electric resistivity, and
magnetic susceptibility show a discontinuity at Ty [2,3]. A
driving force for the valence transition is considered to be the
hybridization between conduction and 4 f electrons (c-f hy-
bridization). The Kondo temperature Tk, which is a measure
of the hybridization strength, varies from 7g ~ 25 K in the
high-temperature phase to Tx ~ 400 K in the low-temperature
phase [4]. It has been suggested that conduction electrons at
the Cu and In sites mediate the electron transfer in 4 f orbitals
[5-7]. Hence studies in terms of the conduction electrons are
required to clarify the driving factors for the valence transition
in YbInCuy.

The In-substituted compounds YbX Cuy (X = Mg, Cd, Ag,
Au, Zn, etc.) provide us with a unique opportunity to under-
stand the mixed-valence state. First, these compounds crys-
tallize in the same AuBes-type (C15b) structure as YbInCuy
shown in Fig. 1(a), and the Kondo temperature changes with
varying X atoms [8,9]. For instance, the Kondo temperatures
calculated from Wilson’s formula, Tx = 1.297, are Tx ~
1109 K for X = Mg and Tx ~ 287 K for X = Cd, where Tj
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is the characteristic temperature determined by the value of
zero-temperature susceptibility [9-13]. Such a large variation
in Tx leads to a detectable change in electronic structures
derived from the effect of hybridization. We have successfully
grown single crystals of YbSnCuy, but the fundamental phys-
ical parameters such as lattice constant, Kondo temperature,
and Yb valence have remained unclear. It is thus important
to revisit the electronic structures in the series of YbXCuy
compounds under the same experimental conditions. Second,
only the YbInCuy exhibits the valence transition [9-11]. For
X atoms in the fifth periodic elements, the nominal valence
electron configurations of Cd, In, and Sn are respectively
5525p°, 55?5p!, and 5s25p?, implying its relevance to the
emergence of the valence transition. Therefore, the study of
the electronic states as a function of X atom will provide
valuable information on the valence transition.

X-ray absorption spectroscopy (XAS) is a bulk probe to
measure both unoccupied and occupied electronic states with
elemental and orbital selectivity. The energy and intensity of
the absorption edge reflect the valence state. A number of
XAS experiments have been performed on YbInCuy, and they
revealed the mixed-valence state of 4 f electron configurations
from the spectra of Yb Ly edge [14—17]. In contrast, the XAS
spectra for X = Mg, Cd, and Sn have been rarely reported thus
far.

Here, we present a study of the mixed-valence state in
YbXCuy (X = Mg, Cd, In, and Sn). The lattice constant and
Kondo temperature of X = Sn are respectively estimated from
x-ray diffraction and magnetic susceptibility measurements.
With improved data quality, the obvious material dependence
of the peak intensity is identified in the Yb Ly XAS spectra
at 300 K. Quantifying the parameters of the Yb** and Yb**+
components, we show the correlations among the energy of
the Yb>* peak, the degree of valence mixing, and the Kondo
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FIG. 1. (a) Schematic crystal structure of YbX Cu, with AuBes-
type cubic lattice. (b) The x-ray diffraction pattern of the single
crystal YbSnCuy at T = 300 K. The diffraction lines are indexed on
the basis of the AuBes-type cubic structure with a lattice constant
a=7.123 A. (c) Magnetic susceptibility x(T) of YbSnCu, in a
magnetic field of 10 kOe. The data are plotted on logarithmic scales.

temperature. We propose that the low non-4 f density of states
near the Fermi level (Ef) and their substantial energy shift
plays an important role in the valence transition of YbInCuy.

High-quality single crystals of YbXCuy with X = Mg,
Cd, In, and Sn were synthesized by the flux method [18-20].
The reference samples of Yb,O3; and Cu,O were prepared
using commercially available powders. The x-ray diffraction
measurements were preformed at 7 = 300 K on a powder
of crushed single crystals YbSnCuy. The lattice parameters
were calculated using the peak positions by least-square cal-
culations. The magnetic susceptibility measurements of the
X = Sn compound were performed with a superconducting
quantum interference device (SQUID) magnetometer. The
XAS experiments with synchrotron radiation were performed
at beamline 7C of the Photon Factory. The spectra were
collected in the transmission mode using ionization chambers
at T = 300 K. The energy resolution was ~1 eV at the Yb Ly
edge. The energy was calibrated at the preedge peak observed
in the Cu K edge XAS spectrum of the Cu foil.

II. RESULTS AND DISCUSSION

Figure 1(b) shows the x-ray diffraction pattern of
YbSnCuy. The pattern can be indexed on the AuBes-type
cubic structure shown in Fig. 1(a). Thus all the samples (X =
Mg, Cd, In, and Sn) exhibit the same structure at 7 = 300 K.
The lattice constant is estimated to be a = 7.123 A from the
Rietveld refinements.

reported in Ref. [17]. (a) The XAS spectra at the Yb Ly; edge. The
spectra of Yb,0; are also shown as a reference for the 4 f 13 electron
configurations of Yb ions. (b) The spectra at the Cu K edge, together
with the spectra of Cu,O as a reference material for the 3d'° electron
configurations.

The temperature dependence of the magnetic susceptibility
x(T) of YbSnCuy is shown in Fig. 1(c) on a logarithmic
scale. The susceptibility increases with decreasing tempera-
ture and exhibits a broad peak at T ~ 40 K, which is known
to be a characteristic of mixed-valence compounds [9,10].
Then, x (T') increases below T ~ 20 K, possibly owing to the
presence of impurity phases. This upturn at low temperatures
is small compared to the data reported in Ref. [9]. A local
minimum of the susceptibility is estimated to be x(25) ~
8.45 x 1073 emu,/mol.

The ratio x(T)/x(0) is a universal scaling with respect
to T /Ty [12]. This universality is associated with the Kondo
temperature through Wilson’s formula [13]. We have applied
the value at the local minimum yx (25) to the zero-temperature
susceptibility x(0) and evaluated the Kondo temperature of
YbSnCuy as Tx = 503 K.

Figure 2(a) shows Yb Lyj-edge XAS spectra, which are
derived from the electric dipole transition from the Yb 2p3, to
Yb 5d unoccupied states. The spectra for X = Mg and Sn are
compared with those for X = In and Cd reported in Ref. [17].
We also plot the spectrum of Yb,Oj3 as a standard for trivalent
Yb ions. A well-defined absorption peak is observed at hv ~
8950 eV in common and is thus assigned to the Yb>* state.
The doublet peaks at 8947 and 8952 eV originate from the
energy separation of the Yb 5d unoccupied density of states
[21-23].

For X = Mg, Cd, In, and Sn compounds, a shoulder is ob-
served at ~8940 eV on the low-energy side of the Yb*>* peak,
as shown in Fig. 2(a). This shoulder is attributed to the Ly
transitions of the Yb*>* electronic state [14—16]. Therefore,
the 4f-electron occupancy of YbXCuy consists of mixing
between the divalent and trivalent states at 300 K [9-11]. It
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FIG. 3. Fitting results for the Yb Ly XAS spectra of YbX Cuy. Figures are arranged from left to right in order of increasing electron number
of X atoms: (a) X = Mg, (b) X = Cd, (¢c) X = In, and (d) X = Sn. Open circles are the Yb Lj; XAS spectra from the same data set as in
Fig. 2(a). The black curves represent the results of the fitting analysis. The contributions of the Yb** and Yb*" components are shown by the

dashed blue and red lines, respectively.

is noteworthy that the intensity of the shoulder changes with
varying X atoms, implying a change in the degree of valence
mixing in YbX Cuy.

In Fig. 2(b), we show the Cu K-edge XAS spectra, together
with the spectra of Cu,O as a reference material for the 3d'°
electron configurations. A preedge peak and a large absorp-
tion peak are clearly observed at hv ~ 8984 and 8995 eV,
respectively. Their energy positions coincide with the peak
energies for Cu,0O, indicating that the electron configuration
at the Cu site of YbXCuy is in the 3d'0 electronic state as
a closed shell. This is in agreement with the results that the
satellite peak is not observed in the photoemission spectra of
Cu 2p orbitals [6,7]. Hence the electrons at the Cu site are less
sensitive to varying X atoms than those at the YD site, as seen
from Figs. 2(a) and 2(b).

To quantify the parameters of the Yb*>* and Yb** com-
ponents, we have performed a fitting analysis of the Yb Ly
XAS spectra with phenomenological functions [2,14]. Two
Lorentzians are applied for each edge in accordance with
the observation of doublet peaks at 8947 and 8952 eV. The
parameters of the doublet peaks, such as the energy splitting,
the peak intensity ratio, and the peak width ratio are fixed for
the Yb?* and Yb** components. The fitting function includes
an arctangent background as an incoherent spectral weight. As
shown by thick black curves in Figs. 3(a)-3(d), the result of
this procedure satisfactorily tracks the shoulder at ~8940 eV
and the doublet peaks in the Yb** component.

In Figs. 4(a) and 4(b), we show the energy of the Yb3t
peak and the energy difference between the Yb** peak and
the preedge Cu peak, respectively. The horizontal axis is
arranged from left to right in order of increasing electron
number of X atoms. An energy shift of the Yb** peak is
detected. Specifically, the Yb** peak for X = In is located
at the lowest energy position, and the peaks for X = Mg, Cd,
and Sn are shifted to the high-energy side by ~0.76, ~0.31,
and ~0.67 eV, respectively.

The Yb valence can be evaluated from the formula z =
2 4+ [I;/(I, + I3)], where I, and I5 are the integrated intensities
of the Yb** and Yb** components, respectively [2,14]. As
shown by red circles in Fig. 4(c), z at 300 K increases from
X = Mg, to Cd, and to In, and then decreases at X = Sn.
The X-dependent behavior of the Yb valence indicates a
different degree of the mixed-valence state in YbXCuy. We

note that the values of z for X = In and Sn are consistent with
those obtained from XAS and photoemission spectroscopy
measurements [2,7,14,15]. On the other hand, the values for
X = Mg and Cd deviate from the results reported by Sarrao
et al [9]. This discrepancy may arise due to an inadequate
sample size and/or quality. Indeed, the temperature depen-
dences of the magnetic susceptibility in the data set of Ref. [9]
are strongly deformed at low temperatures, compared to the
typical data shown in Fig. 1(c).

The Kondo temperature Tx is also plotted by blue squares
in Fig. 4(c). Significantly, Tx is anticorrelated with z as a
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FIG. 4. Parameters extracted from the fitting analysis. The hor-
izontal axis is arranged from left to right in order of increasing
electron number of X atoms. (a) The energy of the Yb*+ absorption
peak. (b) The energy difference between the Yb** peak and the
preedge Cu peak. (c) X dependence of the Yb valence zat 7 = 300 K
shown by red circles on left axis. The Kondo temperature Tk is also
plotted by blue squares on the right axis. For X = Mg and Cd,
Tx is calculated from the Wilson’s formula, 7x = 1.297j, using the
characteristic temperature 7y reported in Ref. [9]. For X = In, we
adopted the Kondo temperature in the high-temperature phase [4].
The data for X = Sn originate from the magnetic susceptibility in
Fig. 1(c).
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function of X atom. This behavior can be qualitatively ex-
plained by the change in carrier density at Er. Previous mea-
surements of Hall coefficients have revealed that the Fermi
level for the high-temperature phase of YbInCuy lies in the
low density of states (quasigap) [24,25]. Such a semimetallic
state has a small contribution to the interplay between the con-
duction and 4f electrons, resulting in the weak hybridization
of Tx ~ 25 K [4]. Thus the Yb ions for X = In remain the
nearly trivalent state with one hole in the 4f orbitals. The
X = Mg and Cd compounds, in contrast, exhibit a metallic
behavior with healthy density of states [24]. The enhanced
carrier density is available to mediate the c-f hybridization.
This is consistent with the recovery of the strong hybridization
strength at X = Mg and Cd. The Yb 4 f hole states are partially
occupied by the conduction electrons, and consequently the
Yb valence decreases toward the divalent state, as shown in
Fig. 4(c).

The change in carrier density at Er may be understood
as a consequence of a rigid shift of the chemical potential.
The band structure calculations show that the non-4 f density
of states are nearly identical for YbXCuy, and they exhibit
a rigid-band-like shift with varying X atoms [21-23]. The
energy shift of the conduction bands pushes the quasigap
away from the Fermi energy. The magnitude of the quasigap
0.5 ~ 1 eV corresponds to the shift amount of the Yb** peak
shown in Fig. 4(a) [24,25]. Therefore, the number of the
Yb 4f electrons is considered to be controlled by the 5p
electrons of X atoms along with the rigid-band-like shift of
the conduction bands.

On the other hand, a simple picture of the chemical po-
tential shift cannot be fully accounted for the energy shift
of the Yb** peak. A similar observation has been reported
previously on the Cu 2p3,, photoemission spectra of YbX Cuy
[7]. We note here that the XAS spectra of the Yb Ly edge
reflect mainly the unoccupied Yb 5d states. The hybridization
between the In 5p and Yb 4f states induces heavy quasi-
particles and reconstructs the band structure around E [26].
It is assumed that the renormalized bands partially pin the
Yb 5d states to the Fermi level [25], and the position of Ep
for X = In deviates from the simple chemical trend. Further
investigations such as theoretical calculations are required for
the better and quantitative understanding of the nonmonotonic
energy shift of the absorption peak.

Next, we discuss the emergence of the valence transition
in YbXCus among the X atoms in fifth periodic elements.
The lattice constants of X = Cd, In, and Sn are respectively
7.135A,7.158 A, and 7.123 A [9], indicating a volume depen-
dence of both the Yb valence and the Kondo temperature, as

shown in Fig. 4(c). Thus the unit cell volume can be associated
with the strength of the c-f hybridization, similar to the
Kondo volume collapse model for the cerium «-y transition
[27]. It has been reported from high-energy x-ray diffraction
measurement that the crystallographic symmetry of YbInCuy
changes from a cubic structure to a tetragonal structure at Ty
[16]. The enhancement of the unit cell volume implies a large
entropy remaining above Ty. We consider that the volume
effect on the structural phase transition plays an important role
for the valence transition in YbInCuy.

Another clue to the origin of the valence transition is the
position of the Fermi level near the quasigap region [24].
Recent resonant inelastic x-ray scattering measurements have
revealed an energy shift of itinerant Yb 5d states and an
increase in the density of states at Egp below Ty [25]. This
is analogous to what is observed with varying X atoms, as
shown in Figs. 4(a)—-4(c). The substantial energy shift of the
conduction bands at Ty entails a change in the energy and
momentum region where the 4 states and conduction bands
are interacting [26]. Such an energy shift may originate from
the structural phase transition in YbInCuy [16].

III. CONCLUSION

The mixed-valence state of YbX Cuy compounds has been
investigated by x-ray diffraction, magnetic susceptibility, and
synchrotron radiation XAS measurements. We have estab-
lished that the X = Sn compound crystallizes in the cubic
AuBes-type structure with the lattice constant a = 7.123 A
and has a Kondo temperature of Tx = 503 K. The relative
intensity of the Yb>" and Yb’* states in the Yb Ly-edge
XAS spectra showed a material dependence. A remarkable
observation is a correlative behavior among the energy shift of
the Yb>* peak, the degree of valence mixing, and the Kondo
temperature. This finding provides evidence that the 5p elec-
trons of X atoms control the occupancy of the Yb 4 f electrons
along with the rigid-band-like shift of the conduction bands.
We suggest that the c-f hybridization near the quasigap and
the substantial energy shift of the conduction bands should
be incorporated into scenarios of the valence transition in
YbInCuy.
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