Pressure-induced large valence transitions in Yb—Cu binary intermetallic systems
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Electronic and crystal structures of YbCu, YbCuz, and YbCug 5 under pressure were studied
by high-resolution x-ray absorption spectroscopy and x-ray diffraction. We found pressure-induced
large valence transitions on the order of 0.3 in these Yb compounds. YbCu exhibited a first-order
transition with a sudden change in the Yb-valence at 4 GPa, at which a structural transition was
not accompanied. With further increasing pressure, YbCu shows a structural transition from the
FeB-type to the cubic CsCl-type structure around 10 GPa, where the Yb valence increases only
gradually. In YbCug, a structural transition was not observed up to 11.8 GPa, while the Yb valence
shows a rapid increase around 4-7 GPa, indicating a significant change in the electronic structure.
Anomalous re-entrant valence transition to lower valence state was found at low pressures of 3—
4GPa in YbCug.5 without the structural phase transition. It is suggested that the anomaly in
YbCug.5 possibly correlated to the electronic structure of the Cu d band. On the other hand, we
found that these anomalous large changes in the Yb valences were linked to anomalies in crystal
structures although there were no structural phase transitions. Complementary to the measurements
of the PFY-XAS spectra under pressure, we performed x-ray absorption spectroscopy at the Cu-L3

absorption edge and measured the valence band spectra at ambient pressure.

I. INTRODUCTION

In rare-earth compounds, some of the elements such as
Yb, Eu, Sm, and Ce often show the valence instability
between the two charge states [1-3]. The 4f electrons
of these elements have a localized nature, while the elec-
tronic state of the 4f electrons in the compounds is the
result of the hybridization of the 4f electrons with con-
duction (c) electrons (¢—f hybridization) which is charac-
terized by the Kondo temperature (Tk) [4]. The valence
of the rare-earth elements of these compounds is a mea-
sure of the c—f hybridization and the Kondo tempera-
ture, which could be controlled by chemical substitution,
temperature, and pressure.

In Yb compounds, Yb*" state is favored under pres-
sure because of the smaller ion radius of Yb*" ions com-
pared to that of Yb®T ions. Pressure increases the Yb va-
lence with decreasing the c—f hybridization and induces
the magnetically-ordered state through a quantum criti-
cal point (QCP) with increasing the Yb valence [5]. This
behavior has been described within the Doniac’s phase
diagram and the Anderson model [6, 7]. Interestingly, in
Yb compounds a theory predicts that further increase of
the pressure decreases the Yb valence and there may be
a second QCP because of the increase of the hybridiza-
tion [8]. This pressure range was on the order of more
than around 100 GPa and the electronic structures of Yb
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compounds have not been explored so far in this high-
pressure range.

Recently, on the other hand, direct measurements of
the Yb valence under pressures have revealed that some
Yb compounds showed an anomalous decrease of the Yb
valence with pressure at low pressures. In YbCuys a
first-order valence transition to the divalent Yb state
was found around 0.6-2.7 GPa [9]. This valence transi-
tion was accompanied by the structural transition at the
same pressure range. Furthermore, in the cubic YbCus-
based compounds the Yb valence was found to decrease
with pressure without structural phase transition at low
pressures less than 10 GPa, indicating a pressure-induced
crossover from a localized 4f13 state to the valence fluc-
tuation regime, which was not expected for Yb systems
with the conventional ¢—f hybridization [10]. A similar
pressure-induced anomaly of the Yb valence has been also
observed in YbInCuy-based compounds [11]. Anomalies
of the decrease of the Yb valence under pressure in these
systems have been found to correspond to anomalies in
the crystal structure.

In this paper, we performed a systematic study of the
electronic and crystal structures of the Yb—Cu binary in-
termetallic systems, the compositions of YbCu, YbCus,
YbCu4,5, YbCu5, and YbCu6,5 [127177 19721]. The pur-
pose of the paper is to clarify the pressure dependences in
the crystal and electronic structures of these compounds
which have not been explored yet. One of the physi-
cally interesting matters is whether the pressure-induced
anomaly in the Yb-valence is a general phenomenon or
not. Thus, it is vital to explore Yb systems that show the
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pressure-induced valence decrease at low pressure, other
than YbCuy 5, cubic YbCus-based, and YbInCuy-based
compounds [9-11]. To measure the electronic structures
of YbCu, YbCus, and YbCug 5 under pressure, we em-
ploy high-resolution x-ray absorption spectroscopy with
a partial fluorescence mode (PFY-XAS) at the Yb-Ls
absorption edge [22-24]. Pressure dependences of the
crystal structures were also measured. We found large
changes in the valence of the order of 0.3 under pressure
in YbCu and YbCus.

Lawrence et al. systematically measure the temper-
ature dependence of Yb valence while changing X for
YbXCuy (X = Ag, Cd, In, Mg, TI, Zn), and dis-
cussed how the slow crossover of Yb valence changed. In
YbX Cuy, the crystal structure did not change even if X
is changed, but in YbCu,, the crystal structure changed
when the Cu composition was changed as described be-
low, and thus we also systematically measured the pres-
sure dependence of the crystal structures. In this study,
we found a common feature between anomalous changes
in the Yb valences and anomalies in crystal structures.

Complementary to the measurements of the electronic
structure of the Yb site under pressure, we performed
x-ray absorption spectroscopy at the Cu-Lg absorption
edge to measure that of the Cu site at ambient pressure.
Additionally, the valence band spectra were measured at
ambient pressure [25].

II. EXPERIMENTS

Polycrystalline samples of YbCu and YbCuy were pre-
pared by melting the pure elements of Yb (99.9%) and
Cu (99.99%) in a closed Nb tube. The Nb tubes were
sealed by an arc furnace under argon atmosphere. Then,
the tubes were sealed in evacuated quartz tubes and were
heated in an electric furnace. For YbCu, the quartz tube
was heated at 1223 K for 6 hours and cooled to 873 K, at
which the sample was annealed for 48 hours. For YbCus,
the quartz tube was heated at 1273 K for 1 hour, and was
homogenized at 1003 K for 12 hours.

Polycrystalline samples of YbCuy 5 and YbCug 5 were
prepared by melting the elements in an arc furnace under
argon atmosphere, and subsequently annealing. Slightly
excess amounts of Yb were added to compensate the loss
of Yb during the arc melting. The melted ingots were
wrapped with tantalum foils and were sealed in evacuated
quartz tubes. Then the samples were annealed by heating
the tubes at 1023 K for 2 weeks.

Homogeneities and chemical compositions of YbCu,
samples were confirmed by the scanning electron mi-
croprobe (SEM) and the electron probe micro analy-
sis (EPMA). The backscattered electron images (BEI-
COMPO) of the samples indicate that the samples were
homogeneous and phase pure. The chemical compo-
sitions were almost in agreement with the stoichiome-
try of YbCu,. The chemical composition observed for
YbCu, YbCusy, and YbCuys (YboCug), YbCus, and

YbCug.5 were Yby7 4Cusae, Ybzi.1Cuggg, YbigoCugy s,
YbCus.13, and YbisgCugs.o, respectively. In particu-
lar, the chemical composition for YbCuy 5 was Yb 18.2%
and Cu 81.8%, which is very close to those of YbCuy 5.
Therefore, the neighboring phases, such as YbCuy4
and YbCuy o5, are not relevant in the present experi-
ment [33, 34]. Crystal structure and physical parame-
ters of YbCu, YbCus, YbCus5, YbCuy5, and YbCug 5
are summarized in table T [9, 12, 15-17, 19-21, 26-32].
The effective magnetic moments of YbCu, with higher
Cu content at = = 3.5 suggest nearly the Yb>" valence
state because the effective moment of a free Yb®*™ ion is

Measurements of the PFY-XAS spectra were per-
formed at room temperature at the Taiwan beamline
BL12XU, SPring-8 [35]. A Johann-type spectrometer
equipped with a spherically bent Si(620) crystal (radius
of ~1m) was used to analyze the Yb emission of 3d5 /5 —
2p3 /o de-excitation following a 2pz/, — 5d excitation
with a solid state detector. The intensities of all sample
spectra are normalized by the intensity of the incident
beam monitor of an ion chamber just before the sample.
The overall energy resolution was estimated to be about
1eV around the emitted photon energy of 7400V from
the elastic scattering. The high-pressure conditions were
realized using a diamond anvil cell (DAC) with a Be-
gasket and the pressure-transmitting medium was sili-
cone oil. The pressure was measured by the ruby flu-
orescence method [36, 37]. A Be-gasket with 3mm in
diameter and approximately 100 um thick pre-indented
to approximately 40-50 pym thick. The diameter of the
sample chamber in the gasket was approximately 120 pm
and the diamond anvil culet size was 300 ym. We used
the Be gasket in-plane geometry where both incoming
and outgoing x-ray beams passed through the Be gasket.

Pressure dependence of the x-ray diffraction patterns
was measured at BL12B2, SPring-8, using a CCD de-
tection system at room temperature. For pressure gen-
eration, a 3-pin plate diamond anvil cell (Plate DAC,
Almax easyLab) was used with silicon oil as the pressure-
transmitting medium. We take an arrangement of both
incoming and outgoing x-ray beams passing through the
diamonds with an incident photon energy of hv = 18 keV
(A = 0.6888A). A two-dimensional image of the CCD
system was integrated by using the FIT2D program [38].
The quality of the XRD patterns at high-pressure phase
of YbCu was not good for the Rietveld analyses and
thus we fitted them by the La Bail method also using
the Jana2006 program. For YbCuy, and YbCug s, lat-
tice constants and atomic positions were refined by the
Rietveld method using the Jana 2006 program [39-41].
Since the quality of the XRD patterns for YbCu was
not good for the Rietveld method, we obtained its lat-
tice constants analyzed by the Le Bail method also using
the Jana2006 program. Examples of the fits are shown
in the Supplemental Materials [25]. Vacuum ultra-violet
PES was performed at the beam line BL-7, the Hiroshima



TABLE I. Crystal structure and physical parameters of YbCu, YbCuz, YbCus.5, YbCus.5, and YbCus.5. pesy, v, and Tk are
the effective magnetic moment, the specific heat coefficient, and the Kondo (or characteristic) temperature, respectively. The
values of the Yb valence with an asterisk mark (*) were the values at ambient pressure estimated from the PFY-XAS spectra
in this study. YbCug .5 is related to the CaCus structure including 18% Ca site occupied by pairs of Cu atoms [13]. YbCuy4.5 is
based on AuBes-type substructures with approximately 4570 and 2780 atoms per unit cell [33]. The crystal structure of YbCua 5
was solved using x-ray diffraction and high-resolution transmission electron microscopy by Cernyet al. [20]: a mono-clinically
distorted 7x7x6.5 superstructure of the cubic AuBes structure type with 7448 atoms per unit cell.

YbCu YbCUQ YbCU3,5 YbCU4,5 YbCu5 YbCu6‘5
Crystal structure Orthorhombic ~ Orthorhombic unknown cubic Hexagonal
Type FeB%¢ CeCug® AuBes®? AuBes® CaCus“°
Yb valence 2.89%, 2.377 2.397, 2.5 2.897, 2.7 2,967, 2.85", 2.95" 2.97° 2.407
YD valence (present study) 2.05" 2.20" 2.41*
Pers (UB) 4.127,4.3%  4.227, 4367, 3.9% 4.55!
v (mJ/mol K?) 6.8™ 90°, 310% 600™, 635° 5501
7407 (0.82 GPa)
Tk (K) 157 60"

a: Ref. [17], b: Ref. [18], c: Ref. [19], d: Ref. [20], e: Ref. [13] f: Ref. [15], g: Ref. [26], h: Ref. [9], i: Ref. [27], j: Ref. [12], k:
Ref. [28], 1: Ref. [16], m: Ref. [29], n: Ref. [30] o: Ref. [21], p: Ref. [31], q: Ref. [32],
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FIG. 1. (Color online) (a), (b), and (c) Pressure dependence of the PFY-XAS spectra for (a) YbCu, (b) YbCusz, and (c)
YbCue.s, respectively. (d) A fit example of the PFY-XAS spectra of YbCu at 4.8 GPa. (e), (f), and (g) Pressure dependence
of the Yb valence of YbCu, YbCusz, and YbCus 5, respectively. In (e) two independent measurements for YbCu are shown as
closed and open circles. In (e), (f), and (g) shaded areas correspond to the pressure range where the valence transitions occur.

Synchrotron Radiation Center (HiSOR), equipped with binding energy. Samples were fractured in vacuum just

a hemispherical electron-energy analyzer (Gammadata- before the measurements. The energy resolution and the
Scienta SES-2002). The energy resolution (AE) was set  Fermi level are determined with a fit of the Fermi edge
to approximately 150 meV at hv = 182eV under the vac- of Au using a convolution of Gaussian and Fermi-Dirac
uum pressure below 1078 Pa. The Fermi edge of Au evap- functions.

orated on the sample holder was used to calibrate the
p b X-ray absorption spectra at the Cu-L absorption edge



were measured at BL-14 at HiSOR with the total elec-
tron yield mode, where the samples were fractured under
the vacuum [42]. The energy resolution was set to be
approximately less than 0.2eV around 930eV.

III. RESULTS AND DISCUSSION
A. XAS at the Yb-L3 absorption edge

Pressure dependence of the PFY-XAS spectra of
YbCu, YbCus, and YbCug s are shown in Figs. 1(a),
1(b), and 1(c), respectively. In Fig. 1(d) we show an
example of the fit of YbCu at 4.8 GPa assuming two Voigt
functions for Yb?*, and those for Yb®T with arctan-like
backgrounds. The intensities of the two arctan-like back-
grounds were determined to be proportional to the inten-
sities of their corresponding Voigt functions of the Yb?™
and Yb?" components. The mean valence is defined to be
v=2+ I(3+)/(I(2+) + I(3+)), where I(n+) is the inten-
sity of Yb™" component [43]. The Yb valences of YbCu,
YbCus, and YbCug 5 at ambient pressure were estimated
to be 2.05, 2.20, and 2.41, respectively. In YbCu, earlier
magnetic and lattice constant measurements suggested
the Yb valence of 2.4-2.5 [44, 45]. While the photoelec-
tron spectroscopy (PES) showed nearly the divalent Yb
state of 2.18 later [46]. Present bulk-sensitive measure-
ment supports the PES result.

Pressure dependence of the Yb valence of YbCu and
YbCus is shown in Figs. 1 (e) and 1 (f), respectively. In
YbCu we found the first-order valence transition around
4 GPa, and the change in the Yb valence is reduced above
5 GPa. Similarly, in YbCusy a rapid change in the Yb va-
lence was observed at the pressure between 4 and 8 GPa,
and further increase of the pressure does not change the
Yb valence much above 8 GPa. Temperature-induced
first-order valence transition of the Yb compounds has
been observed in YbInCuy so far [43, 47, 48], but the
first-order transition under pressure is rare.

In YbCug s we found an anomalous pressure-induced
change in the Yb valence. The Yb valence decreased
rapidly in the pressure range between 3—4 GPa from 2.42
to 2.1 and increased gradually with further increase of
the pressure as shown in Fig. 1(g). The magnetic Yb**
state is favored commonly at high pressures in Yb com-
pounds because of its smaller ionic radius of the Yb3"
ion compared with that of Yb?*' ion. The rare-earth
metal theory predicted a return to the divalent state
or to the valence fluctuation region under the pressure
with increasing the pressure up to a few hundred GPa
(Mbar range) [8], which has not been observed exper-
imentally so far, despite trials up to 202GPa in Yb
metal [49]. Therefore, the decrease of the Yb valence at
low pressures in YbCug 5 is highly anomalous, which can-
not be understood by the conventional Anderson mod-
els. Recently, such pressure-induced anomalous valence
crossover was found in YbCuysjs, YbCus-based inter-
metallic compounds, and YbInCuy-based compounds [9-
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FIG. 2. (Color online) (a), (b), and (c¢) Pressure depen-
dence of the XRD patterns for (a) YbCu, (b) YbCusz, and
(¢) YbCug 5, respectively.

11]. However, YbCuys showed a possible structural
transition around the pressure of the valence transition,
while YbCug 5 did not have a structural transition up to
17.4 GPa as shown below. The YbCus-based compounds
also did not show any structural transition [10].

We also measured the temperature dependence of the
PFY-XAS spectra of YbCu, YbCus, and YbCug 5 (the
results are not shown here). No temperature dependence
of the Yb valence was observed within errors in these
compounds.

B. XRD under pressure

Figures 2 (a), 2 (b), and 2 (¢) show the XRD patterns of
of YbCu, YbCug, and YbCug sas a function of pressure,
respectively. In YbCu the first-order valence transition
occurred at 4 GPa as described above, but there is no
structural transition up to 7.9 GPa. On the other hand,
the XRD pattern of YbCu in Fig. 2 (a) clearly demon-
strates that a structural transition occurs at the pres-
sure between 7.9 and 12.5 GPa. The high-pressure phase
is most likely to be the cubic CsCl-type as will be de-
scribed below. Interestingly, the pressure-dependent Yb-
valence does not show a significant change in the pressure
of the structural transition. In YbCusy the successive va-
lence transition occurred around 4-7 GPa, while no struc-
tural phase transition was observed up to 11.8 GPa. In
YbCug 5 no structural transition was also observed up
to 17.4 GPa as shown in Fig. 2 (¢). Thus, the first-order
valence transition in YbCu, the successive valence tran-
sition in YbCus, and the anomalous decrease of the Yb
valence at low pressure in YbCug 5 do not accompany the
structural phase transition.

Figure 3(a) shows a schematic view of the crystal
structure of YbCu at lower pressures or at ambient pres-
sure. Figures 3 (b)-3(d) show the analyzed results of
the XRD patterns in Fig. 2(a). The change in the vol-
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ume was linear to pressure, and there was no particular
anomaly as shown in Fig. 3 (b). In Fig. 3(c) it can be
seen that compression along the b axis is less likely to
occur than those along the a and ¢ axes. This can be
clearly seen in Fig. 3(d), which shows the ratios of the
lattice constants. The XRD patterns of the high-pressure
phase after the structural phase transition in YbCu could
be fitted with the CsCl-type crystal structure as shown
in Fig. 3(e). This is consistent with the crystal struc-
tures of RCu with R being the heavy rare-earth elements
(Gd-Lu), for which the cubic CsCl-type (Pm-3m) is re-
ported to be stable [25]. The only exception is YbCu,
where the crystal structure is reported to be the or-
thorhombic FeB-type (Pnma) [18]. This is presumably

attributed to the larger ionic size of Yb because of the
nearly divalent state. Therefore, it is reasonable that
the cubic CsCl-type YbCu is stabilized under high pres-
sure. At high pressures above the structural phase tran-
sition, the volume and lattice constant decrease mono-
tonically as shown in Figs. 3 (f) and 3 (g). In YbInCuy
the first-order valence transition accompanied the struc-
tural phase transition [51]. On the other hand, in YbCu
the structural phase transition starts to occur partially
just above the pressure of the valence transition. This
seems to suggest that the structural phase transition is
triggered by the valence transition at the beginning of the
structural transition, although the origin of the valence
transition is not known.



(a) ) ()

Yb-Cul on aa surface \ E !
Cul-Cu2 on Cu tetrahedron 90% YbCug s 1 . YbCug s

.
. o
. 1 ‘ A A
L .
-~ 86 “ oo oL I
Yb-Cu2(l)on < \e . o ta
ac surface s N § aa e .
Yo-c2@)in 82 X 096 .
c aac hexagonal . .
structure . ,=5.03554(4) A .
e Co=4.1255(3) A
78 — ~ 0.94 L L
0 5 10 15 20 0 5 10 15 20
a Pressure (GPa) Pressure (GPa)
z d
oss . (d) )
L ]
YbCug s 3 ¥ YbCugs o YOSl
; J—y ., ¢ . ey
. S 3 T v Cul-Cu
083 @ 0.98 :
o
@ ° E L |
° . 8 33
. e ° . F
0.8240® 8096 4 ogosh * , ¥
g i) =3.8534 A LIEN
S Grocua=4.8241 A *
, b4 dour.cp=2.4259 A
0.81 . 0.94 e
0 5 10 15 20 0 5 10 15 20
Pressure (GPa) Pressure (GPa)

FIG. 5. (Color online) (a) A schematic view of the YbCus. 5 crystal structure. Here, it is noted that the report of ref. [13]
suggested that 18% of the Yb site was randomly occupied by Cu—Cu dimers (not shown in the figure). (b) Pressure dependence
of the volume. A shaded area corresponds to the pressure range of the valence transition in Fig. 1 (f). (¢) Pressure dependence
of the normalized lattice parameters. (d) Pressure dependence of the ratio ¢/a of the lattice constants. (e) Pressure dependence
of the normalized atomic spacing, where each distance is defined as shown in (a). For the data where the error is not visible,
the error is less than or equal to the symbol size.

4 ‘ (a) ‘ and S3 (c) in the Supplementary material [25]. Since the
[ P2 . XRD peaks were broader in the high-pressure range and
- Py N\~ YbinCu, . (b) reliable results could not be obtained, the analyzed re-
/ - ‘ ‘ ‘ ‘ , yzed re
0 8p Ybu.. | YbCu,s | sults of the atomic position and the atomic distance are
5 j /\,‘k"ug.;( shown only up to 9 GPa. The atomic position of Yb_z
£, \/\Yt&Eﬁ/ rises above about 7 GPa. The tendency of the change in
% J the position of Cu in Fig. S3 (¢) is not clear. Each atomic
g AN I distance decreases with pressure as shown in Fig. S3 (d),
£ // e —80K - where pressure-induced changes are smaller or r%lore étez—
| R | ble at 6-9 GPa than the case less than 6 GPa [25]. In
ol ~_  Cu. — 10K the pressure region where the valence transition occurs,
930 935 940 045 950 930 935 940 945 950 the change in the position of Cu becomes small, and Yb
Incident photon energy (eV) Incident photon energy (eV) shifts along the z direction. No structural phase transi-
tions have been observed in YbCus in the pressure range
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FIG. 6. (Color online) (a) XAS spectra of YbCu, YbCu2,  atomic position correlate to the valence transition.
YbCus.5, YbCug.5, and YbInCuys at 10K with that of CuzO
at 300 K. (b) Temperature dependence of the XAS spectra of Figure 5(a) shows a schematic view of the crystal
YbCuy.s. structure of YbCugs. Figures 5(b)-5 (e) show the an-

alyzed results of the XRD patterns in Fig. 2(c). Fig-

ures 5 (b)-5 (e) indicate that in YbCug 5 volume, normal-

Figure 4 (a) shows a schematic view of the crystal  ized lattice constants, a ratio of the lattice constants, and
structure of YbCus. Figures 4 (b)—4(d) show the ana-  the atomic spacings, respectively. We analyzed the XRD
lyzed results of the XRD patterns in Fig. 2(b). The patterns of YbCug 5 with the Rietveld method and fitted
volume drops gradually in the pressure range where the in the all pressure range with the same crystal struc-
successive change in the Yb-valence occurs as shown in ture. The XRD patterns of YbCug s slightly changed
Fig. 4 (b). The lattice constant in Fig. 4 (c) also changes  above 12.2 GPa. This may be due to the non-hydrostatic

in the same way as the volume changes. YbCus is com- condition by solidification of the pressure-transmitting
pressed strongly along the b axis than along the a and medium which resulted in the peaks being broader. The
c axes. This change can be clearly seen in the ratio be- crystal structure seems not to show a significant change
tween the axes in Fig. 4(d). The changes in the posi- around 3—-4 GPa where the anomalous valence transition

tions of Yb_z, Cu_y, and Cu_z are shown in Figs. S3(b),  was observed. The c¢/a ratio of the lattice constants in



Fig. 5(d) is a gradual change up to around 10 GPa, but
it rises sharply at higher pressures above 10 GPa. This
corresponds to a larger compressibility along the a axis
compared to that along the ¢ axis. Atomic distances also
show similar changes to the volume and lattice constants
as shown in Fig. 5 (e).

The crystal of YbCug 5 is characteristic with respect
to the Yb-Cu distances. There are two kinds of Cu
sites, Cul and Cu2, and the distance of Yb-Cul is much
smaller than those of Yb-Cu2(1) and Yb-Cu2(2). There-
fore, the hybridization between Yb and Cu may have a
strong Cu site dependence in YbCug 5. The trend of the
distances between Yb-Cu2(2) and Yb-Cul to decrease
with pressure is different from those between Yb-Cu2(1)
and Cul-Cu2 as shown in Fig. 5(e). The former dis-
tances, Yb-Cul and Yb-Cu2(2) are on the aa surface and
in the aac-hexagonal structure, respectively, as shown in
Fig. 5 (a). The latter distances, Yb-Cu2(1) and Cul-Cu2
are on the ac surface and on the Cu tetrahedron, respec-
tively. The distances of Yb-Cul and Yb-Cu2(2) start to
decrease more rapidly above around 10 GPa. Pressure
dependences of the lattice constants of a in Fig. 5(c)
also show a more rapid decrease above 10 GPa compared
to that of ¢. These pressure-induced changes in the dis-
tances of Yb-Cul and Yb-Cu2(2) reflect that in the lat-
tice constant a. These changes seem to be correlated
to those in the Yb valence above 10 GPa. Thus, the
pressure-induced change in the Yb-Cu distances could be
the origin of the increase of the Yb valence above 10 GPa
in YbCu6,5.

No structural phase transition was observed in
YbCug5 up to 17.4 GPa, including the pressure range
around 3-4 GPa. The valence gradually increases with
pressure above 10 GPa, and this normal change corre-
sponds to the rapid increase of the ratio of the lattice in
Fig. 5(d). On the other hand, pressure-induced change in
the valence up to 10 GPa without structural phase tran-
sition is anomalous. We could consider a following sce-
nario. Pressure-induced changes in the volume and lat-
tice constant along the a axis become sharp above 7 GPa
as shown in Figs. 5(b) and 5(c). Since the ionic radius
of Yb*" is smaller than that of Yb?", the transition to
the Yb3* state above 7 GPa is normal. In contrast, the
change in the ratio of the lattice constants is gradual
up to 10 GPa as shown in Fig. 5(d). The pressure de-
pendence of the volume seems to be also gradual in the
pressure range of 4—7 GPa, which may correspond to de-
compression as discussed in Ref. [11], when we consider
the volume change above 7 GPa is a normal compression,
consequently, this possibly cause a decrease in the va-
lence in this pressure range. However, the more direct
reason for this anomalous valence transition is likely to
be derived from the electronic structure of Cu above the
Fermi level, the coexistence of two kinds of charge states
of Cu, which are described below. In YbCug 5, it is also
likely to occur that the atomic distance between the Cu-
Cu dimer site which replaces the 18% of the Yb site has
changed by pressure [13], leading to the charge transfer

from the Cu—Cu dimer to the Yb site. Unfortunately,
the present resolution of the XRD patterns under pres-
sure did not allow us to refine the atomic position of the
Cu—Cu dimer site.

In Figs. 3(b), 3(f), and 5(b) we show fits of the
pressure-volume relation by using an empiricgl formula

of the Murnaghan’s equation of state [52], y= = [1 +

pl%]_é, where p, V, Vy, By, and B’ are pressure, vol-
ume, volume at ambient pressure, bulk modulus of in-
compressibility, and fits first derivative with respect to
the pressure, respectively. In Fig. 5 (b) we fitted for the
data above 8.8 GPa far above the valence transition pres-
sure. We obtain the parameters of By = 61.98 GPa, B’ =
—0.301, Vp = 187.0 A3 for YbCu at the low-pressure
phase, By = 61.98GPa, B’ = 1,65, V, = 40.3 A® for
YbCu at the high-pressure phase, and By = 59.96 GPa,
B’ =5.34, Vi = 101.2 A3 for YbCug5. A small negative
value of B’ in YbCu is due to the nearly linear pressure
dependence of the volume.

The temperature-induced first-order valence transition
of YbInCuy had been believed not to accompany the
structural transition [48, 53]. However, later, it was
found that the splitting of Bragg peaks at the 26 angle
greater than 90° was detected in high-order reflections
below the Yb valence transition temperature in a single-
crystal XRD experiment, indicating a structural change
from a F43m-cubic to a I4m2-tetragonal structure [51].
The present measurements for the YbCu, systems were
performed for the powder samples and thus precise mea-
surements of the XRD patterns for the single crystals
under pressure have a potential to show a change in the
crystal structure. This remains a challenge to study in
the future.

C. XAS at Cu L absorption edge

Complementary to the measurements of the electronic
structure of the Yb site, we measured the high-resolution
XAS spectra of the Cu site at the Cu-Lg absorption edge
for YbCu, YbCus, YbCuys 5, YbCug 5, and YbInCuy at
10K with that for CuzO at 300K as shown in Fig. 6 (a).
Both spectra of YbCu and YbCuy are similar to each
other. The spectrum of CuyO reproduced well the pre-
vious results [54]. The single peak around 933eV in
Cuz0 was assigned to a 2p°3d*° final state coming from
a 2p®3d? initial state [55]. The spectra of YbCu, are very
different from that of CusO, where Cu atoms are cova-
lently bonded to the O atoms [54, 56, 57], but are similar
to that of Cu metal [54] except YbCugs. Theoretical
calculations for fcc and bee Cu metal suggested that the
peak P2 at 935eV and the peak P3 at 939eV correspond
to the transitions of 2p-3d and 2p—4s, respectively [56].
The energy of the absorption edge shifts to higher energy
at the order of YbCu < YbCusy < YbCuys.

In YbInCuy a slight shift of the peak P2 to higher en-
ergy was observed with increasing the intensity of the
peak P1 below the temperature of the valence transition,



where the weak shoulder peak P1 was considered to be
derived from the Cu 3d states [58]. It was suggested that
the electron transfer from the Cu 3d sites to the Yb 4f
sites occurred across the valence transition at low temper-
atures, resulting in the increase of the DOS of the Yb**
states near the Fermi level. The peak intensity of YbCu
and YbCuy corresponding to the peak P1 of YbInCuy is
relatively stronger than that of YbCuyys. This suggests
that the unoccupied states of Cu 3d of the former com-
pounds are larger than those of the latter. This explains
why the Yb valences of YbCu and YbCus are smaller
than that of YbCuy 5.

The electronic structure of Cu in YbCug s above the
Fermi level is very different from others as shown in
Fig. 6 (a), and rather similar to that of KoNaCuFg [59].
YbCug.5 has a sharp and strong peak at 931eV, which
was not observed in YbCu, YbCus, and YbCuy 5. Two
peaks around 931 eV and 934 eV could be assigned to be
Cu?t and Cu®t states [57, 60]. In YbCugs the XAS
spectrum in Fig. 6 (a) is likely to be a sum of the three
different electronic states of Cu because of the three kinds
of the Cu sites (2¢, 3g, and dimer Cu atoms at vacant Yb
sites) [13]. The peak at 931 eV observed only for YbCug 5
is possibly caused by the Cu dimer site or one of the Cu
sites in Fig. 5 (a). A weak shoulder peak on the right of
the 934 eV peak in YbCug 5 is due to the multiplet effect.

The Yb valence drastically decreased with pressure
at low pressures in both YbCuyss and YbCugs com-
pounds [9]. In YbCuy 5 the rapid decrease of the valence
was considered to be caused by the structural phase tran-
sition [9]. However, there is no structural phase transi-
tion in YbCug 5 and the electronic structure of the Cu site
of YbCug 5 is different from that of YbCuy 5. X-ray ab-
sorption occurs for the unoccupied states above the Fermi
level and the Fermi level corresponds to approximately
the absorption edge of the XAS spectrum in the metallic
compounds. Thus, the results may suggest a lower Fermi
level in YbCug 5 compared to other YbCu, compounds
and it may correspond to the valence transition at a very
low pressure of 3-4 GPa. We could consider a possible
scenario for the valence transition in YbCugs. When
pressure is applied, the 4f level of the Yb*" component
shifts to the upper 5d band, and the charge transfer from
the Yb 4 f band to the 5d band occurs, resulting in the in-
crease in the Yb valence normally [25, 61, 62]. However,
the present results suggest that the inverse charge trans-
fer from the Cu®" to the Yb*" bands with pressure possi-
bly occurs. A similar charge transfer from Cu to Yb was
reported in YbInCuy, where the first-order valence tran-
sition was induced by decreasing the temperature and the
YD valence deceased toward the divalent state [58]. It is
noted that figure 5 shows the lattice constants and the
Yb-Cu and Cu-Cu distances decrease with pressure with-
out a modification and the ¢/a ratio does not show a sig-
nificant pressure dependence around the pressure range
of the valence transition. Therefore, this valence tran-
sition may not be caused by the anomaly in the crystal
structure. In YbCug.s the existence of the Cu®*t state,

the three kinds of Cu sites, and the electronic structure
may play an important role in the anomalous valence
transition. A theoretical study is desired to understand
the exact mechanism of the anomalous valence transition
in YbCug 5. Figure 6 (b) shows the temperature depen-
dence of the XAS spectra of YbCuy s below 80K. No
temperature dependence was observed. In YbCuy s the
Yb valence decreased with decreasing the temperature
from 2.94 at 100K to 2.92 at 16 K [9]. The result in Fig-
ure 6 (b) indicates that the temperature-induced change
in the electronic structure of the Cu sites is too small to
observe in the present resolution.

IV. CONCLUSION

The electronic and crystal structures of YbCu, YbCus,
and YbCugs under pressure were measured by the
high-resolution x-ray absorption spectroscopy and x-ray
diffraction. A first-order valence transition was found at
4 GPa in YbCu where no structural phase transition was
observed. In YbCu the structural transition from the
FeB-type to CsCl-type crystal structure around 10 GPa
was found, whereas the Yb valence does not show a sig-
nificant increase between 10-15GPa, and it seems to
show a small step-like increase of the valence at 15 GPa.
Anomalies in pressure-induced valence changes in these
systems have been found to correspond to anomalies in
the lattice constants and atomic distances in YbCu and
YbCus. In YbCug 5 pressure-induced anomalous valence
transition was observed at low pressure, also without the
structural transition. The Yb valence decreased approx-
imately from 2.41 at 2.2 GPa to 2.1 at 5.1 GPa and in-
creased gradually with further increase of the pressure.
No anomaly in the crystal structure was observed in this
pressure range.

The electronic structures of the Cu site of YbCu, were
also measured at the Cu-Ls absorption edge at ambi-
ent pressure by x-ray absorption spectroscopy. The XAS
spectra of YbCu and YbCuy are similar, but that of
YbCug.5 was very different from others. In YbCug s a
possibility of a charge transfer from Cu d to Yb 4 f bands
was discussed as an origin of the anomalous decrease in
the Yb valence in YbCug 5 at low pressures. It was shown
that the Cu-site-dependent decrease of the atomic dis-
tances could be an origin of the increase of the Yb valence
above 10 GPa. We also measured the valence band spec-
tra of YbCu,, supporting the results of the PFY-XAS
spectra for the Yb valence.

In YbCu,, the crystal structure changed when the Cu
composition was changed. We observed large pressure-
induced valence changes despite the absence of a crys-
talline phase transition. But it is common that anoma-
lous changes in the Yb valences were linked to anomalies
in crystal structures.
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