Valence instability and crystal structures in YbCu,Gas_, studied by x-ray absorption
spectroscopy and x-ray diffraction
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The electronic and crystal structures of YbCu,Gaz_, under pressure were investigated by high-
resolution x-ray absorption spectroscopy (XAS) at the Yb-L3 absorption edge and x-ray diffraction.
First-order valence transition was found in YbCug.5Gai. 5 around 5 GPa accompanying the structural
phase transition. In YbCuGa and YbCui.5Gag.5 the Yb valence increased gradually up to 5-7 GPa
and 16 GPa with pressure, respectively, and did not show a significant change above those pressures.
XAS study at the Cu-L absorption edge was also performed. The major hybridization partner of
Yb 4f electrons switched from Ga to Cu with increasing the Cu content around x = 1-1.5, where
the c—f hybridization was weakest. Photoelectron spectroscopy was performed around Yb 4d—4f

resonance energy and at 8.4eV.

I. INTRODUCTION

Material properties strongly correlate to the degree of
freedom of electrons such as spin, orbital, and charge.
In intermetallic compounds, valence fluctuation provides
an additional degree of freedom induced by pressure or
temperature. The rare-earth intermetallic compounds of
Ce, Sm, Eu, and Yb systems have often shown valence
fluctuation, which depends on the hybridization between
the localized 4f electrons and itinerant conduction elec-
trons (c—f hybridization) and the hybridization strength
is characterized by the Kondo Temperature (Tk) [1]. The
physical property of the compounds is described within a
frame of Doniach phase diagram where the interplay be-
tween the Ruderman-Kittel-Kasuya-Yosida (RKKY) in-
teraction and the Kondo effect has been observed [2-
6]. In the vicinity at which both interactions compete is
called a quantum critical point (QCP) where a magnetic
phase transition is suppressed and anomalous and exotic
physical properties such as unconventional superconduc-
tivity or non-Fermi liquid state have been observed.

Ce- and Yb-containing ternary intermetallics of RE-
M-X (RE = Ce, Yb, M = transition metal, X = main
group) often reveal the intermediated valence state. In
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Yb-containing ternary intermetallics, Yb-M gallides have
been extensively studied for the past three decades, for
example in YbTGa (T = Mg, Cu, Pd, Ag, Pt, Au) [7-12],
YbAgGas [11, 13], YbAu,Gaz_, [14], YbCus_,Ga, [15],
YbCuGas [16], YbNiGa, [11, 17], YbNisGag [18-22],
YbsRuszGag [23] and YboPtgGays [24]. Among them,
the Yb-Cu-Ga and Yb-Ni-Ga systems have attracted
much interest because of their interesting physical prop-
erties such as heavy fermion behavior, mixed valence, and
quantum criticality induced by chemical substitution or
pressure. While most works have been focused on the
synthesis of new samples and the study of the transport
properties such as resistivity, specific heat, and magnetic
susceptibility with x-ray diffraction (XRD) patterns to
determine the crystal structures.

Pressure could control Tk and induce evolution from
nonmagnetic fermi liquid to magnetic state through
QCP. High-pressure studies have been performed for
YbAuGa [11], YbAgGay [11, 13], YbNizGag [18-20],
YbNiGa,y [11, 17]. Electronic structures are also impor-
tant to clarify the origin of the physical properties. How-
ever, studies of the electronic structures were limited to
YboPtsGays [24] at ambient pressure and YbAgGas [13],
YbNiGay [11, 17], YbNizGag [20, 21], and YbNizGag [20]
under pressure. Pressure dependence of the detailed elec-
tronic structure has not been explored even for the most
simple YbT' Ga systems.

YbCuGa is known to also show valence fluctuation
with an orthorhombic CeCus-type crystal structure [7, 8].
Magnetic susceptibility showed a broad maximum of
around 190K [8], which corresponded to the Kondo en-
ergy of 205K measured by the inelastic neutron scat-
tering [9]. Thermoelectric power also showed a mini-
mum of around the same temperature range [8]. The
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mean Yb valence was estimated to be 2.61 from the fit
to the magnetic susceptibility with the interconfiguration
fluctuation (ICF) model [8]. Electrical resistivity (p) of
the Fermi liquid follows a relation p = py + AT?, where
po, A, and T are residual resistivity attributed to impu-
rity scattering, coefficient attributed to electron—electron
scattering, and temperature, respectively. In YbCuGa
T?2-dependence of the electrical resistivity was observed
at 4.2-92 K and thus Fermi liquid ground state was sug-
gested [8]. A-coefficient of the T2-dependence was esti-
mated to be 0.0025 pQem /K2 [9].

In the Yb system, the Kondo temperature decreases
with pressure, and the Yb valence shifts to Yb*, and
Yb3* should become dominant in the pressure range
above QCP. But in YbCuGa no measurement of the elec-
tronic structure was reported even at ambient pressure
so far. In YbCuGa, it is also not known which of Cu or
Ga would be a main partner of the hybridization with
Yh.

In this study, we prepared samples with different com-
position ratios of Cu and Ga, YbCu,Gas ,, and clari-
fied the composition dependence of the electronic struc-
ture and the hybridization as well, systematically. We
also studied the pressure dependence of their electronic
structures and discussed the possibility of quantum crit-
icality. We employed a high-resolution x-ray absorption
spectroscopy with partial fluorescence mode (PFY-XAS)
at the Yb-Lj3 absorption edge [25-27]. We found the
first-order transition of the Yb valence in YbCug 5Gay 5
around 5 GPa and the successive transitions in YbCuGa
and YbCu; 5Gags. Crystal structures of YbCu,Gas
under pressure have not been explored. We performed
XRD study under pressure to ascertain whether the va-
lence transition was accompanied by a structural phase
transition. The first-order valence transition in Yb of
YbCug 5Gay.5 accompanied the structural phase transi-
tion. Photoelectron spectroscopy (PES) and XAS at the
Cu-L absorption edge were performed at ambient pres-
sure.

II. EXPERIMENTS

Polycrystalline samples of YbCu,Gas—, (z = 0.5, 0.8,
1.0, and 1.5) were prepared by melting in sealed nio-
bium tubes and subsequent annealing. Stoichiometric
amounts of pure elements of Yb (99.9%), Cu (99.99%),
and Ga (99.99%) were sealed in Nb tubes by arc under
an Ar atmosphere. The Nb tubes were sealed in evacu-
ated quartz tubes, and were heated in an electric furnace
at 1373 K for 3 hours and were further annealed at 973 K
for 96 hours. These compounds have the orthorhom-
bic KHgs-type crystal structure with the space group of
Imma. The Cu and Ga atoms are distributed on the
8c sites. Chemical compositions measured with electron
probe micro-analyzer were Yb g5Cug.5Gay 5 for x = 0.5,
Yb1_05Cu0_8Ga1_2 for x = 08, Yb1,05CuGa for x = 10,
and Ybg.92Cuy 5Gag 5 for z = 1.5. Afterwards, we denote

the Yb composition as 1.0 for simplicity.

Pressure dependence of the x-ray diffraction patterns
was measured at Taiwan beamline BL12B2, SPring-8, us-
ing a three-pin plate diamond anvil cell (DAC, Almax In-
dustries) with a CCD detection system at room tempera-
ture. We take an arrangement of both incoming and out-
going x-ray beams passing through the diamonds with an
incident photon energy of hv = 18keV (A = 0.6888 A). A
two-dimensional image of the CCD system was integrated
by using the FIT2D program [28]. The diffraction pat-
terns were analyzed by the JANA2006 program [29, 30].

PFY-XAS measurements were performed at room tem-
perature at the Taiwan beamline BL12XU, SPring-8.
Details of the experimental setup have been published
elsewhere [31, 32]. The overall energy resolution was
estimated to be about 1eV around the emitted pho-
ton energy of 7400eV 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 silicone oil. A membrane-
controlled DAC was used for high-pressure experiments.
The pressure was measured based on the Raman shift of
the ruby fluorescence [33-35].

Soft x-ray PES was performed at the beamline BL-7,
the Hiroshima Synchrotron Radiation Center (HiSOR),
equipped with a hemispherical electron-energy analyzer
(Gammadata-Scienta SES-2002). In the soft x-ray PES
the energy resolution (AFE) was set to 40-50 meV around
hv = 182eV under the vacuum pressure below 108 Pa.
The Fermi edge of Au on the sample holder was used to
calibrate the binding energy. Samples were fractured in
vacuum just before the measurements. The energy res-
olution and the Fermi level are determined with a fit of
the Fermi edge of Au using a convolution of Gaussian and
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FIG. 1. (Color online). X-ray diffraction patterns of (a)
YbCup.5Gai.5, (b) YbCuGa, and (c) YbCu;.5Gag.s at 300 K.
The baseline height of each pattern scales to the measured
pressure.
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(Color online) (a)—(c) Pressure dependence of the lattice constants of (a) YbCupsGais, (b) YbCuGa, and (c)

YbCui.5Gap.s. (d)—(f) Pressure dependence of the volume of (d) YbCug.5Gais, (¢) YbCuGa, and (f) YbCui.5Gag.s. Solid
lines are the fits by using the empirical formula of the Murnaghan’s equation of state [41]. (g ) A summary of the pressure
dependence of the type of the crystal structure in YbCu,Gas—,. YbGas has a structural phase transition at 22 GPa [39]. The
maximum pressures measured here were approximately 25, 13, and 15 GPa for YbCup.5Ga1.5, YbCuGa, and YbCu;.5Gag.s5,

respectively.

Fermi-Dirac functions. XAS study at the Cu-L absorp-
tion edge was performed at BL-14, HiSOR with the total
electron yield mode, where the samples were fractured
under the vacuum [36]. The energy resolution around
930eV was set to be approximately 0.15eV. It is noted
that we could discuss the relative shift of the energy an
order of magnitude lower than the resolution.

III. RESULTS

A. X-ray diffraction

Figure 1 shows XRD patterns as a function of pres-
sure for YbCugsGais, YbCuGa, and YbCuy5Gags.
YbCug 5Gay5 shows a phase transition at the pressure
between 5.5 and 7.1 GPa.

RCugsGay 2 and RCugsGays (R = Tm, Lu, both
sides in the periodic table) were reported to have the
crystal structures of KHgs type (space group Imma) and
Calny type (space group P63/mmc), respectively [37].

For the case of R = Yb, YbCug.sGay .5 has been reported
to be of the KHg, type, similar to the case of R = Tm
and Lu. For YbCugs5Gay s, there is no report, but the
XRD pattern shows that the KHgs type is the most plau-
sible. This is probably due to the large ionic radius of Yb
due to valence fluctuation or the effect of the number of
valence electrons in YbCug 5Ga; 5. It may be reasonable
that the crystal structure of YbCug 5Gay 5 undergoes a
phase transition to the Calny type when approaching the
Yb3" state with pressure.

Diffraction data of YbCuGa and YbCuy 5Gag 5 at all
pressures were fitted by the structure model isotypic to
YbCug.gGay 2, which is the KHgs-type structure of the
space group I'mma [37]. As for YbCug 5Gay 5, the KHgo-
type structure was taken at 4.74 GPa and below, while
the diffraction patterns at 7.13 GPa and above were fit-
ted by the model isotypic to LuCug 5Ga; 5; namely, the
Calna-type structure of the space group P63/mme [37].
The pattern at 5.46 GPa resembles that at 7.13 GPa, but
was insufficiently fitted by the Calns-type model. Resid-
ual intensities were seen in the lower-angle region of the
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FIG. 3. (Color online) (a)—(c) Chemical composition (x) dependence of the lattice constants at ambient pressure. The errors
are within the size of the symbols. (d) Crystal structures and definition of the distances from d1 to d4 for the crystal structure
of Imma type and d'1 and d'2 for that of P63/mmc type, where d is the distance between Yb and M (Ga, Yb). (e)—(f) =
dependence of the atomic distances of (e) Yb-Ga/Cu and (f) Yb-Yb estimated from the present XRD results. Note that the
distances at z = 0.8 and 2.0 were estimated from the CIFs (Crystallographic Information Files) of YbCuz and YbCug.sGa;.2 in
the Inorganic Crystal Structure Database [37]. In (e) Dotted circles correspond to the data where pressure-induced anomalous
changes occurred. (g)—(h) Pressure dependence of the atomic distances of (g) Yb-Cu and (h) Yb-Yb in YbCug.5Gais. (1)—(j)
Pressure dependences of the atomic distances of Yb-Yb are shown for (i) YbCuGa and (j) YbCui.5Gag.5. In (j) dotted circle
corresponds to the data where anomalous change was observed. In (e)—(j) the errors are within the size of the symbols.

strong reflection peak at around 15.5°, which indicated
the coexistence of the KHgo-type structure. Thus, the
diffraction pattern at 5.46 GPa was well fitted by assum-
ing that the sample consists of two phases of Calns and
KHg, types. Examples of the plots of the profile fitting
are given in the Supplemental Material (Figure S1) [38].
The results of structure refinements and final parameters
are also summarized in Tables. S1-S4 in the Supplemen-
tal Material [38].

Figures 2 (a)-2(f) show the pressure dependence of
the lattice constants and the volume. YbCuGa and
YbCu; 5Gags kept the KHgs-type structure up to
approximately 13 and 15GPa, respectively.  While

YbCug 5Gay 5 has a structural phase transition approx-
imately at 5 GPa. Pressure-induced decrease of the lat-
tice constants and the volume of YbCug 5Gay 5 is more
rapid at the pressure less than 5 GPa compared to those
of others and they become gradual after the structural
transition as shown in Fig. 2(d). In Fig. 2(g) we sum-
marize the pressure dependence of the type of the crystal
structure in YbCu,Gas_, including YbGasy [39]. YbGas
has a Calna-type crystal structure at ambient pressure,
while YbCu,Gasy_, has the KHg-type crystal structure
with the space group of Imma at x > 0.5 (z = 0.5, 1.0,
1.5, and 2.0). Pressure dependence of the crystal struc-
ture for YbCug was recently measured [40].



In Figs. 2 (d)-2 (f) we show fits of the pressure-volume
relation by using the empirical formula of the Mur-
naghan’s equation of state widely used in the high-

7

pressure research [41], % =1 +p%‘;’]7%, where V|
Vo, Bo, and By’ are volume, volume at ambient pressure,
bulk modulus, and its first derivative with respect to the
pressure, respectively. We obtain the parameters of By =
43.9 GP&, BOI = 187, VO = 220.7 AS for YbCu1.5Ga0,5
and By = 66.4GPa, By = 22.1, V; = 221.6 A3 for
YbCuGa. In YbCug 5Ga; 5 the parameters are estimated
to be By = 54.8GPa, By = 6.84, Vo = 240.0 A3 at
p < 6 GPa and By = 121 GPa, By’ = 8.85, Vi = 228.1
A® at p > 5GPa.

B. Lattice constants and atomic distances

In Fig. 3 (a)-3 (c) we show z dependence of the lattice
constants. x dependence of them is small at x > 1.0. Fig-
ure 3 (d) shows the crystal structures of the KHgs-type
with the space group Imma and the Calns-type with
the space group P63/mmec. We estimated the atomic
distances between Yb and M (Ga, Cu) at ambient pres-
sure based on the results in Fig. 2, as shown in Fig. 3 (e).
Crystallographically, there is only one site occupied by
Cu and Ga in the model of space group Imma. We as-
sumed that this site is M, Cu and Ga randomly occupy
(solid solution) the M site (at a ratio corresponding to
the composition ratio of the sample). There are 12 rel-
atively short-range M sites around one Yb. It means
that M has 12 coordinates to Yb as shown in Fig. 3 (d).
These 12 interatomic distances (Yb—M) are classified into
4 types from d1 to d4, and there are 2 each for d1 and
d3, and 4 for d2 and d4, 12 distances in total. They are
the averaged distances of Yb—Cu and Yb—Ga. There-
fore, in this case, the Yb—Cu and Yb-Ga distances in
the crystal cannot be determined separately from the
XRD analysis. Figure 3 (e) is a plot of the above four
types of Yb—M distances against the parameter x. The
CIFs (Crystallographic Information Files) of YbCusy and
YbCug gGay o were found in ICSD (the Inorganic Crystal
Structure Database) [42] and the interatomic distances
calculated from them were also added. There is a trend
that the distances decrease with increasing x. However,
in dl at x = 0.8 and d2 and d3 at © = 1.5, the Yb-M dis-
tance increases irregularly. Furthermore, the decrease of
the atomic distances in d1 and d4 seems to slow down be-
tween x = 1.5 and 2. Here, the data at x = 0.8 estimated
based on the table [37] seem not to be closely connected
to the present measured results and thus, we do not dis-
cuss the anomaly of the Yb—M distances at x = 0.8. In
Fig. 3 (f) we show the atomic distances between Yb atoms
against z. The Yb-YDb distance decreases monotonically
with x.

Figure 3 (g) shows the pressure dependence of the Yb—
M distances in YbCug.5Gaq 5. In the high-pressure phase
of the P63/mmec type, YbCug5Gai 5 has one indepen-
dent Yb site crystallographically. There are 12 M (= Cu

or Ga) sites in the vicinity of Yb, and the distance be-
tween Yb and M is divided into two types (d'1 and d’'2)
each containing 6 atoms. In the P63/mmc crystal struc-
ture, the change in the interatomic distance is relatively
gradual and well corresponds to the contraction of the
unit cell in Fig. 2(d) and gradual change in the Yb va-
lence after the valence transition in Fig. 4 (f) below. We
observed the anomaly of the Yb—Cu distances just below
the pressure range of the phase transition. Figure 3 (h)
shows the pressure dependence of the Yb—Yb distances
in YbCugs5Ga; 5. The Yb—Yb distances show smooth
changes before and after the phase transition, compared
to the case of the Yb—Cu distance.

Figures 3 (i) and 3 (j) show the pressure dependences
of the distances between the Yb atoms in YbCuGa and
YbCu; 5Gag 5, respectively. The distances between Yb
atoms decrease monotonically with pressure. But there
is an exception in Fig. 3 (j) that the d2 in YbCu; 5Gag 5
increases above 10 GPa as shown in Fig. 3(j) although
both the crystal structure and the Yb valence do not
show any anomaly around 10 GPa.

C. Pressure dependence of Yb valence

Pressure dependence of the PFY-XAS spectra was
measured at room temperature as a function of pres-
sure for YbCug5Ga; 5, YbCuGa, and YbCu; 5Gag s as
shown in Figs. 4 (a)—4 (d). Figure 4 (e) shows an exam-
ple of the fits to the PFY-XAS spectrum of YbCug 5Ga 5
at 5.0 GPa. In the fits, we assumed some Voigt functions
for each Yb component with the arctan-like backgrounds.
The mean valence is defined to be v=2 + I(3+)/(I(2+)
+ I(3+)), where I(n+) is the intensity of Yb"t com-
ponent [43]. The errors of the valence are on the order
of £0.01. In YbCug5Ga; 5 we found the first-order va-
lence transition as shown in Fig. 4 (f). In YbCuGa and
YbCuy 5Gag sthe Yb valence increased gradually up to
5-7 GPa and 16 GPa with pressure, respectively, and did
not show a significant change above those pressures as
shown in Figs. 4 (g) and 4 (h).

In Figs. 4 (g) and 4 (h) we approximate the pressure de-
pendence of the Yb valence by a modified logistic curve
which draws an S-shaped curve and the increase ap-
proaches nearly a constant value at high pressures [38].
The logistic curve has been used widely to represent
many natural phenomena. Here, we define the pressure
of the inflection point of the fit curves as the critical
pressure of the valence crossover (P,) for the pressure-
induced successive valence transition. We also use P, for
the first-order valence transition.

In YbCug 5Gay 5 we observed a rapid increase of the
Yb valence up to 5 GPa with pressure and after the va-
lence transition, the Yb valence does not change much.
We also measured the PFY-XAS spectra by decreasing
the pressure as shown in Fig. 4 (b). The results show a
hysteresis of the pressure-induced change in the Yb va-
lence in Fig. 4 (f), indicating the first-order valence tran-
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The baseline
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respectively.

sition. The valence transition pressure coincides with the
structural phase transition observed in the XRD spec-
tra. Therefore, this valence transition originates from the
structural phase transition. Meanwhile, in the other two
compounds of YbCuGa and YbCu; 5Gag s no structural
phase transition was observed as described above. Mean
Yb valences at the ambient pressure were estimated to
be 2.46 for YbCug5Gay 5, 2.91 for YbCuGa, and 2.84
for YbCuy 5Gag 5, where the errors are on the order of
40.01. This value for YbCuGa is in contrast to the value
of 2.61 estimated from the fit to the magnetic suscepti-
bility with the ICF model by Adroja et al. [8] The ICF
model assumed the thermal population of two different
valence states. However, the inelastic neutron scatter-
ing showed the Kondo energy of 205 K [9], suggesting the
dominant role of the Kondo interaction on the Yb valence
state through the hybridization between f and conduc-
tion electrons. Therefore, the value of the Yb valence
based on the ICF model may be underestimated.

In YbCu,Gas_, the lattice constants and the unit cell
volume increase with decreasing the Cu content x at am-
bient pressure. On the other hand, the critical transi-
tion pressure seems not to correlate to the change in the
lattice constants and the volume. Furthermore, the Yb

valence increases with increasing « up to z = 1.0, does
not show a remarkable change between x = 1.0 and 1.5,
but decreases rapidly between x = 1.5 and 2.0 at ambi-
ent pressure. We discuss the chemical composition de-
pendence of the Yb valence in detail in the Discussion
below.

D. XAS spectra at the Cu-L absorption edge and
the valence band spectra

We measured the XAS spectra at the Yb-Lz absorp-
tion edge with those at the Cu-L absorption edge at low
temperatures. Photoelectron spectroscopy was also per-
formed at low temperatures.

Figure 5 (a) shows the comparison of the PFY-XAS
spectra for YbCug 5Ga; 5, YbCuGa, and YbCuy 5Gag. s
at 10K at the Yb-Ls absorption edge. The intensity
is normalized by the area. In YbCugsGaj s divalent
Yb component is dominant, while in YbCu; 5Gag s and
YbCuGa the intensity of the trivalent Yb component be-
comes stronger.

We also measured the XAS spectra of Cu at the
Cu-L absorption edge and at 12K with the total flu-
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edge. (b) X-ray absorption spectra of YbCug.sGai.2, YbCuGa,

and YbCu1.5Gags at the Cu K absorption edge and 12K with

that of Cu2O at 300K for comparison. (c) Enlarged figure of (b) near the absorption edge. (d) Valence band spectra of
YbCup.5Gai.5, YbCug.sGai.2, and YbCuGa at hv = 182eV and 7T-18 K. (e) Valence band spectra of YbCug.5Ga1.5, YbCuGa,
and YbCui.5Gag.5 near the Fermi level at the incident photon energy hv = 8.4eV (Xe lamp) and 7-8 K.

orescence yield mode for YbCuy 5Gags, YbCuGa, and
YbCugsGaj o as shown in Fig. 5(b). The intensity is
normalized to the peak. In Fig. 5(b) we also show the
spectra of CuzO (3d'Y) at 300K as a reference. The spec-
trum of CupO reproduced well the previous results [44].
The absorption edges of YbCu,Gas_, shift to higher en-
ergies than those of CuO (3d”) and CupO [44-46], where
Cu atoms are covalently bonded to the O atoms, but sim-
ilar to that of the metallic compound of YbInCuy [47].
Theoretical calculations for fcc and bee Cu metal sug-
gested that the first peak at 935eV and the second peak
at 939eV corresponding to the transitions of 2p-3d and
2p-3s, respectively [45]. Figure 5 (b) indicates that the
XAS spectra at the Cu-L absorption edge do not show
a significant difference among the above three samples.
Figure 5 (¢) shows an expanded view of Fig. 5 (b) around
the absorption edge. Relative energy shift of the ab-
sorption edge to lower incident energy was observed as
increasing the Cu content x.

Figure 5 (d) shows valence band spectra measured at
4d-4f resonant energy of 182eV and at 7-18K [48,
49]. The spectra consist of Yb?" near the Fermi level
and Yb*" components with Cu 3d and Ga 3d peaks.
The intensity of the Yb*' component in YbCuGa is
stronger than those in others, while the intensities of the
Yb2t component in YbCug 5Ga; 5 and YbCug gGay o are
stronger than that in YbCuGa When the intensity of the

Yb2* component is strong, the ¢—f hybridization is also
usually strong in the Kondo system. Therefore, above re-
sults indicate stronger hybridization in YbCug 5Ga 5 and
YbCuggGayo than that in YbCug5Gay 5. This trend
agrees with the results of the PFY-XAS as shown in the
x dependence of the Yb valence in Fig. 6 (b) below.

Bulk-sensitive high-resolution PES was also performed
by using light of 8.4eV from a Xe lamp at 7-8K for
YbCug 5Gay s, YbCuGa, and YbCuy 5Gags as shown in
Fig. 5(e). The peaks near the Fermi level and 1.5eV
are the components of 4f7/,5 and 4fs /o, respectively. It
is noted that in this incident photon energy range, the
cross-section of the Yb 4 f electrons is much smaller com-
pared to that of Cu/Ga d and p electrons and, there-
fore, the valence band spectra mainly reflect the d and p
states [50]. The density of states (DOS) at the Fermi level
of YbCuGa is smaller than those of YbCug5Ga; 5 and
YbCuy 5Gags. The Yb valence of YbCuGa is closer to
the Yb**" state compared to the other samples, suggest-
ing a weaker hybridization strength in YbCuGa than that
in YbCu0,5 Ga1,5 and YbCu1_5Gao_5. In Yb metal and Yb
compounds, pressure induces the shift of the Yb*" com-
ponent toward the Fermi level, charge transfer occurs
above the Fermi level, the intensity of Yb?" component
decreases, and a transition to the Yb®™ state occurs nor-
mally [51, 52]. In YbCuGa the Yb valence is already
near the Yb3" state at ambient pressure and, therefore,



it is reasonable that the transition pressure to the Yb3™
state for YbCuGa lower than those for YbCug 5Gaq 5 and
YbCu; 5Gag 5 as shown in Fig. 4. Additionally, we mea-
sured the valence band spectra of YbCug5Gay 5 around
the Yb 4d-4f resonant energy. Details are shown in
Fig. S3 of the supplemental Material [38].

IV. DISCUSSION
A. Chemical composition dependence

The chemical composition dependence of the volume
is shown in Fig. 6 (a). The volume decreases rapidly be-
tween x = 0.5 and 1.0 and does so gradually between
xz = 1.0-2.0. The chemical composition dependence of
the Yb valence estimated from the PFY-XAS and the va-
lence band spectra at ambient pressure between x = 0.5—
1.5 is shown in Fig. 6 (b), with the data at = 0 mea-
sured at 0.6 GPa [39], at « = 2.0 estimated from the
valence band spectrum [53], and at = 2.0 previously
measured from the XAS spectrum [40]. The Yb valences
derived from the valence band spectra show a trend to be
larger than those from the PFY-XAS spectra. The Yb
valence derived from the valence band spectra may re-
main the surface effect although we separate the surface
component of the Yb** spectra [54]. The decrease of the
Cu content induced the increase of the ¢—f hybridization
at x < 1, resulting in the decrease of the Yb valence. As
shown in Fig. 5 (c), the spectra at the Cu-L absorption
edge showed a shift to the lower incident energy with in-
creasing the Cu content z between x = 0.8-1.5. A similar
energy shift of the Cu absorption edge was observed in
YbInCuy in the temperature-induced valence transition,
where it has been considered that the charge transfer oc-
curred between Yb and Cu [47, 55]. The result of the
energy shift of the Cu-L absorption edge supports the
charge transfer with the increase of the Yb valence up to
x = 1.0-1.5 in Fig. 6 (b).

The atomic distances between Yb and M (M = Ga,
Cu), the lattice constants, and the volume decreased with
increasing x, the Cu content [38]. Here, the Yb valence
increased with increasing the Cu content z at z < 1,
suggesting the decrease of the ¢—f hybridization between
Yb and Ga. It is reasonable to consider that the electron
transfer may occur mainly between Yb 4f and Ga bands
at x < 1 and the decrease of the Ga DOS may cause the
decrease of the hybridization of Yb and Ga [38]. The Yb
valence increases with decreasing the volume normally.
Thus, both effects of the decreases of both the Ga DOS
and the volume result in the increase of the Yb valence up
to x = 1.0. Interestingly, in the region where Cu and Ga
contents are comparable, the hybridization is the weakest
and the Yb valence approaches 3+. On the other hand,
the Yb-M distances of d2 and d3 show an anomalous
increase at x = 1.5 as shown in Fig. 3 (e) (indicated by
dotted circles). The atomic distances of d1 and d4 show
a little change between x = 1.5-2.0 and also the volume

decreases with x gradually at x > 1.0. These changes
in the atomic distances at x > 1.5 seem to correlate to
those in the Yb valences in Fig. 6 (a).

Additionally, we note that in YbAu,Gas_, a similar
trend as in YbCu,Gas_, was reported where the Yb
valence took the maximum around z ~ 1 which corre-
lated to the minimum of the volume [14]. However, in
YbCu,Gas_, the minimum of the volume does not cor-
respond to the maximum of the Yb valence.

The atomic distances of d1 and d4 changed irregularly
at > 1.5 as described above with increasing the Cu con-
tent, but we should, on the other hand, consider the fact
that both the lattice constants and volume decreased as
a whole with increasing x. Therefore, the sudden large
decrease of the Yb valence at x = 2.0 is anomalous. An-
other factor could be also considered as the origin of the
rapid decrease of the Yb valence and increase of the hy-
bridization at x = 2.0. At x > 1.5 the ¢—f hybridization
between Yb 4f and Cu d may be enhanced largely be-
cause of both the effects of the increase of the Cu d DOS
and the decrease of the Yb—Cu atomic distances. Our
preliminary DFT calculation results (not considering hy-
bridization) support this scenario that increasing x makes
Cu d DOS much stronger in particular at = > 1.5 [38].
Further detailed calculations taking into account the hy-
bridization remain challenging in the future. Thus, in
YbCu,Gas_, the hybridization partner of Yb switched
from Ga to Cu with increasing the Cu content around
x = 1.0-1.5, where the hybridization became minimum.

B. Pressure dependence

Figure 6 (c) shows the chemical composition and pres-
sure dependences of the Yb valence in YbCu,Gas_,. The
Yb valence of YbGay is included as a reference although
it has a different crystal structure of Calny at ambient
pressure [39]. In YbGag Schwartz et al. [39] measured
the pressure dependence of the XAS spectra at the Yb-
L3 absorption edge at three pressure points of 0.6, 4.7,
and 28.8 GPa, but the values of the Yb valence were not
estimated. Here, we analyzed their data and added the
estimated values of the Yb valences in Figs. 6 (b) and
6 (c) [38].

It is known that in most Yb compounds the mag-
netic order occurs at relatively high Yb valence values
of more than 2.7 [56]. YbCuGa showed already a rela-
tively high Yb valence of 2.91 at ambient pressure. How-
ever, YbCuGa was considered to be in the Fermi liquid
ground state at ambient pressure [8, 9], and the Yb va-
lence increased to be approximately 2.96 around 5 GPa
with pressure. In YbCugs5Ga; 5 and YbCu; 5Gag 5 the
YD valence increased similarly from 2.4 and 2.84 at am-
bient pressure to approximately 2.9 around 10 GPa and
2.94 around 15 GPa, respectively. The results suggest
that both YbCug 5Ga; 5 and YbCuy 5Gag.s may be also
in the Fermi liquid ground state at ambient pressure.

In Yb compounds, the Kondo temperature decreases
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with pressure and the Yb?T state is favored. Some Yb
compounds showed the pressure-induced change from the
Fermi liquid ground state to the magnetic order state via
QCP [18, 32, 57-59]. These systems show little change in
the Yb valence at the pressures above QCP. QCP is de-
fined to appear at low temperatures of nearly 0 K. The Yb
valence normally decreases with decreasing temperature
and thus, the valence fluctuation may be enhanced at low
temperatures. However, a relative change in the Yb va-
lence in the pressure dependence is considered to be simi-
lar to that at room temperature [58]. Therefore, YbCuGa
may have QCP around P, = 2.5 GPa. Present results
also predict that the Yb compounds of YbCug 5Ga; 5 and
YbCu; 5Gag s possibly have QCPs around P, = 5 and
P, = 10 GPa, respectively. In YbCug 5Gaq 5 temperature
dependence of the electrical resistivity under pressure will
show anomaly with the hysteresis and the divergent be-
havior of the A coefficient at P, as observed in the Eu
compounds [60, 61] if this system is in the Fermi liquid
state at low temperatures. Such a study of the transport
properties under pressure is expected.

YbGay shows a large pressure-induced change in the
Yb valence similar to the case of YbCug 5Gag 5 and there-
fore, we could expect a first-order valence transition also
in YbGag between 5 and 30 GPa. The first-order valence

transition in YbGas has not been confirmed yet due to
too few data points in the measurements by Schwartz et
al. [39].

In Fig. 6 (d) we show a summary of the chemical and
pressure dependence of the Yb valence. At both the Cu
content end sides of x = 0 and 2.0, the Yb valences are on
the order of 2.2, divalent side at ambient pressure, while
they are 2.8-2.9 around x = 1.0-1.5 around the region
where the Cu and Ga contents are comparable. The re-
sult indicates that the unoccupied states above the Fermi
level are little around x = 1.0-1.5 with small DOS hy-
bridized weakly, while there are many unoccupied states
at = 0 and 2.0 with large DOS of Ga or Cu hybridized
strongly [51]. In any case, pressure-induced the increase
of the charge transfer from Yb to the unoccupied states
of Ga or Cu, resulting in the increase of the Yb valence.

V. CONCLUSION

Pressure-induced changes in the electronic structure
of YbCu,Gas_, were studied by high-resolution XAS
with a partial fluorescence mode at the Yb-L3 absorp-
tion edge. In YbCug5Ga; 5 the first-order transition of
the Yb valence was found around 5 GPa, where the Yb



valence increased largely from 2.6 to 2.9. The Yb valence
of YbCuGa and YbCuy 5Gag 5 successively increased up
to 5 and 15 GPa, respectively, and it did not show a sig-
nificant change above those pressures. In YbCuGa QCP
around P, = 2.5 GPa was suggested and the present re-
sults also predict a potential having QCPs of P, = 5 GPa
in YbCu0.5Ga1_5 and PU = 10GPa in YbCu1.5Gam_5.

XRD study showed the structural phase transition
in YbCug 5Ga; 5 at the same pressure range of the va-
lence transition, indicating the valence transition in-
duced by the structural phase transition. We clari-
fied the crystal structure of KHgs-type at ambient pres-
sure for YbCugsGa;s. The space group of Pmmb
with orthorhombic symmetry was suggested as a crys-
tal structure at high pressures after the phase transition
in YbCug5Gais5. YbCu;5Gags and YbCuGa did not
show the structural transition up to 15 GPa and 13 GPa,
respectively.

The XAS spectra at the Cu-L absorption edge showed
a shift of the edge energy to the lower incident energy
with increasing z. At x < 1 the c—f hybridization oc-
curred mainly between Yb and Ga, while the c¢—f hy-
bridization between Yb and Cu may be enhanced at
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x > 1.5 due to both effects of the increase of the Cu DOS
and decrease of the atomic distances between Yb and Cu.
In YbCu, Gas_, the main hybridization partner of Yb 4 f
electrons switched from Ga to Cu with increasing the Cu
content around x = 1-1.5, where the c—f hybridization
became minimum.
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