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ABSTRACT ARTICLE HISTORY
Antiferromagnetic intermetallic compound EuRhGejs crystalizes in a Received 31 December 2023
non-centrosymmetric BaNiSns-type (/4 mm) structure. We studied Accepted 21 August 2024
its pressure-dependent crystal structure by using synchrotron

powder x-ray diffraction at room temperature. Our results show a E ) . .

. X . uRhGejs; x-ray diffraction;
smooth contraction of the unit cell volume by applying pressure high pressure; BaNiSns-type
while preserving /4 mm symmetry. No structural transition was crystal structure
observed up to 35 GPa. By the equation of state fitting analysis,
the bulk modulus and its pressure derivative were determined to
be 73 (1) GPa and 5.5 (2), respectively. Furthermore, similar to the
isostructural EuCoGes, an anisotropic compression of a and c¢
lattice parameters was observed. Our experimental results show a
good agreement with the pressure-dependent structural
evolution expected from theoretical calculations below 13 GPa.

Reflecting a strong deviation from integer Eu valence, the
experimental volume data appear to be smaller than those of
DFT calculated values at higher pressures.

KEYWORDS

1. Introduction

Rare-earth compounds in non-centrosymmetric BaNiSns-type structures have attracted
considerable attention for their rich magnetic properties and pressure-induced supercon-
ductivity [1]. A series of Eu-based silicides/germanides EuTX; (T = transition metal, X = Si
or Ge) have been discovered with the BaNiSns-type structure. In the crystallographic unit
cell of EuTX3 systems, Eu atoms occupy the 2a Wyckoff site, silicon/germanium atoms are
located at two different Wyckoff positions 2a and 4b, while transition metal atoms occupy
the 2a site [2,3]. Due to the lack of inversion symmetry in the crystal structure, the
Dzyaloshinskii-Moriya antisymmetric spin interaction plays an active role and results in
complex magnetic structures among the EuTX3 series [3-8].
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EuRhGe; possesses magnetic Eu?t (4f, J = 7/2) ions and exhibits antiferromagnetic
ordering in the tetragonal ab-plane below Ty = 11.3K [3,4]. Temperature-dependent
electrical resistivity of EURhGe; shows a linear increase of Ty by applying pressure up
to 8 GPa [9]. Since the energy difference between Eu?* and nonmagnetic Eu3t (4f°,
J=0) is not very large [10], and the ionic radius of Eu3t is ~10% smaller than EuZt ion,
a pressure-induced Eu valence transition accompanied by a collapse of antiferromagnetic
ordering and a volume change was expected. This phenomenon has been observed in
ternary Eu-compounds with the ThCr,Si,-type (l4/mmm) structure [11,12]. However, the
antiferromagnetic ordering and divalent Eu were revealed to be stable against pressure
in EuRhGes;. Recently, we performed high energy resolution fluorescence detected
(HERFD) near-edge x-ray absorption spectroscopy (XAS) on EuRhGes as a function of
pressure. In the Eu L3-edge XAS spectra, a prominent Eu’" peak was observed at
ambient pressure. By increasing pressure, the spectral intensity shifted from Eu?* to
Eu3t peaks. The obtained mean Eu valence from the Eu L3 XAS spectrum exhibited a con-
tinuous increase from ~2.1 at ambient pressure to ~2.4 at 40 GPa without a first-order
valence transition [13].

Pressure-dependent Eu valence and crystal structure were also studied in isostructural
antiferromagnets EuCoGe; and EuNiGes. Their antiferromagnetic phases are stable
against pressure [9,14,15]. Both exhibited a continuous contraction of their unit cell
volume by applying pressure without any symmetry changes [16,17]. The mean Eu
valence in EuCoGe; only changes from 2.2 at 2 GPa to ~2.3 even around 50 GPa [16]. In
EuNiGes, the mean Eu valence changes from 2.13 at 1 GPa to 2.43 at 48 GPa at 8K [17].
As well as EuRhGes, the Eu valence does not reach Eu3t in both EuNiGe; and EuCoGes,
even under such high pressure. These pressure-dependent changes of Eu valence in
the EuTGes series are rather small compared to ternary Eu-compounds with the ThCr,Si-
2-type structure (Eu122-systems), which often show a drastic pressure-induced Eu valence
transition below 10GPa [11,12]. For example, antiferromagnet EuRh,Si, exhibits a
pressure-induced valence transition at room temperature. By applying pressure, the
mean Eu valence changes from Eu?2* at ambient pressure to almost Eu3t at ~8 GPa
[18]. Such pressure-induced valence transition is also reported in antiferromagnet EuNi-
,Ge,, where the Eu valence changes from 2.2 at ambient pressure to almost Eu3*
above 5GPa at room temperature [19]. In the Eu122-systems, a correlation between
the Eu valence and its unit cell volume tends to appear as a lattice volume collapse sim-
ultaneously happening with the Eu valence transition since the size of the Eu3* ion is
about 10% smaller than the Eu?* ion [20].

The different pressure behavior in the EuTGes series from the Eu122-systems raises
questions about whether the variation of the Eu valence in the EuTGe; series correlates
with the pressure evolution as well as their crystal structural changes. Unlike the inten-
sively investigated Eu122-systems, pressure-dependent crystal structural studies of the
EuTGe; series remain scarce. To elucidate a trend of pressure-dependent structural
changes in the EuTGe;s series and its relation to the Eu valence evolutions, a systematic
study is needed. Here we performed synchrotron powder x-ray diffraction (XRD) as a func-
tion of pressure to study the pressure-dependent crystal structural change in EuRhGe;s,
together with the theoretical predictions by density functional theory (DFT) method.
The results are discussed in relation to the pressure evolution of the mean Eu valence
obtained by HERFD near-edge XAS [13].
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2. Experiment

Single crystals of EuURhGe; were synthesized by the metal-flux method using liquid indium
as solvent. The crystals were taken from the same batch reported in Ref. [3]. The grown
crystals were characterized by XRD, electrical resistivity, and magnetic susceptibility
measurement [3-5].

The high-resolution XRD was performed at the PSICHE beamline of SOLEIL synchrotron
with a photon energy of 33 keV (A = 0.3738 A). The single crystal of EuRhGes was ground
into a powder using mortar and pestle with ethanol. Fine grains of EuURhGe; afloat on the
ethanol were collected by using a syringe and transferred onto a clean glass slide. After
drying the powdered sample was loaded in a membrane diamond anvil cell (DAC). Dia-
monds of 300 pm diameter culet size were used. A rhenium gasket was pre-indented
to about 28 um thickness, and then a hole of 150 um was drilled through it to serve as
a sample chamber. Gold powder was also loaded in the DAC as a pressure reference
material. Helium was used as a pressure-transmitting medium. Pressure was controlled
by a membrane on the DAC and was determined by the Au equation of state [21].

The pressure evolution of the crystal structure of EuURhGe3 was also studied theoreti-
cally by using the Quantum ESPRESSO DFT package [22,23]. In DFT calculations, we
have used pseudopotentials from pslibrary 1.0.0 [24], with the Perdew—-Burke-Ernzerhof
exchange-correlation functional appropriate for solids [25,26]. The kinetic energy cutoff
for wavefunctions was 150 Ry, while for the charge density and potential, it was 700 Ry.
The Brillouin sampling was 16 x 16 x 8 (no offset), with the Marzari-Vanderbilt Fermi
surface smearing [27]. To take into account the antiferromagnetic ordering on Eu, we
have used the simplified formulation of DFT+U proposed by Dudarev [28]. The
Hubbard interaction U for Eu was assumed to be 3.8 eV to match the Eu 4f peak in the
valence band spectrum by photoelectron spectroscopy measurement [29]. This U value
was kept constant for all pressure calculations.

3. Results and discussion

We performed powder XRD on EuRhGejs as a function of pressure at room temperature up
to 35 GPa. The contour map of diffraction intensities in the pressure range from 1 to 35
GPa is presented in Figure 1. In order to highlight the pressure evolution of the peak pos-
itions, the contour map is plotted in the 26 range from 5 to 19 deg. The pressure evolution
of Bragg peak positions contains the main phase EuRhGe; and gold as pressure reference.
When pressure exceeds 25 GPa, new peaks that belong to neither EuRhGes nor gold
emerge in the diffraction pattern. These new peaks were identified as rhenium from
the gasket.

We integrated the diffraction images using Dioptas software [30] and performed Riet-
veld refinement for three phases using the Profex program [31]. The Rietveld refinement
fits at selected pressures are presented in Figure 2. Although the DAC was prepared not to
have an excessive amount of the sample in the gasket hole, a possible occurrence of brid-
ging between the diamond anvils cannot be eliminated, which could explain the broad-
ening of the diffraction peaks above 10 GPa. Note that, helium pressure medium has the
highest hydrostatic limit among other rare gases [32], a development of uniaxial stress is
reported above 30 GPa that largely depends on experiments [33,34]. The obtained lattice
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Figure 1. Contour map of synchrotron x-ray diffraction intensities in the pressure range 1-35 GPa. The
pressure evolution of Bragg peak positions contains EuRhGe; (main phase), gold (standard material),
and rhenium (gasket) which appears above 25 GPa. The black arrows (top) and yellow arrows (bottom)
indicate the main peak positions of rhenium and gold respectively.

parameters and refinement parameters at selected pressures are shown in Table 1. The
detailed atomic coordinates as a function of pressure are presented in Appendix 2. Our
analysis confirms that EuURhGes; maintains the same crystal symmetry (/4 mm) up to 35
GPa. Note that the unit cell parameters a = 4.4129 A, ¢ = 10.0906 A, and unit cell
volume V, = 196.50 A3 at ambient pressure are taken from Ref. [3].

Figure 3(a) shows the evolution of lattice parameters a and ¢ as a function of pressure.
The lattice parameter a shows greater pressure change compared to c. Similar high-
pressure behavior is also observed in EuCoGes [16] and EuNiGes [17]. We also performed
high-pressure powder XRD of EuRhGes by using a neon pressure transmitting medium.
The pressure-dependent changes of a and c lattice parameters showed the same ten-
dency (see supporting material), which suggests an intrinsic pressure behavior to the
EuTGe; series and is independent from the pressure medium. Figure 3(b) shows the

Table 1. Experimental lattice parameters, unit cell volume, and refinement parameters of EuRhGe; at
selected pressures.

Pressure 1GPa 10 GPa 25 GPa 35GPa
(Experimental) Lattice parameters and volume
a (A) 43899 (1) 4249 (4) 4103 (2) 404 (1)
C (A) 10.035 (3) 9.821 (9) 9.567 (6) 9.45 (2)
v (R3) 193.38 (9) 177.3 (3) 161.1 (1) 154.2 (8)
Refinement parameters
Rwe 9.47 10.39 9.8 9.21
Rexp 10.11 9.55 9.98 10.52
0.88 117 0.96 0.77
GOF 0.94 1.06 0.98 0.91
Pressure 0 GPa 10 GPa 20 GPa 30 GPa
(DFT) Lattice parameters and volume
a (A) 4.3889 4.2547 41564 4.0774
cA) 10.0478 9.8246 9.6787 9.5731
Vv (A3) 193.5452 177.8495 167.2059 159.1546

Note: Where Ry is the weighted profile R factor, Reyp is the expected R factor and GOF is the goodness of fitting. Lattice
parameters and unit cell volume obtained by DFT calculation at various pressures.
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Figure 2. Synchrotron powder XRD patterns of EuRhGe; along with the results of Rietveld refinement
at (a) 1 GPa, (b) 10 GPa, (c) 25 GPa, and (d) 35 GPa. The vertical bars indicate Bragg peak positions of
EuRhGes (green), gold (orange), and rhenium (magenta).
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Figure 3. (a) Relative pressure variations of the lattice parameters of EuRhGe; with respect to the
values at the lowest experimental pressure. (b) Pressure dependence of the axial ratio (c/a). Straight
lines emphasize linear behavior. The two different colors represent two different pressure regions. To
emphasize the change of slope, the linear fit of the LP region is extended into the HP region.

change of axial ratio (c/a) as a function of pressure. Pressure evolution of the c/a can be
divided into two regions: low-pressure (LP) region <13 GPa and high-pressure (HP) region
above 13 GPa. The linear fitting of the LP region provides 2.28+0.003P, while it provides
2.31+0.001P in the HP region. In the LP region, the value of the c/a linearly increases with
pressure with a rate of 0.003 GPa~’, then the rate decreases to 0.001 GPa~" in the HP
region. This change in the c/a increase rate is ascribed to a change in compressibility
along the a- and c-axis. The linear modulus of the c-axis increases considerably in the
HP region, which makes the c-axis less compressible and changes the slope of c/a (see
Appendix 1). Among Eu122-systems, the change of c/a slope as a function of pressure
was reported as a consequence of pressure-induced isostructural transition. Across
such isostructural transition from tetragonal to so-called collapsed tetragonal phase, a-,
c-lattice parameters and the unit cell volume greatly change along with the c/a slope
[19,35-38]. Compared to the large structural changes in Eu122-systems, no discontinuous
changes are observed in lattice parameters at the pressure range of the c/a slope change
in EuRhGes. Moreover, the c/a slope change does not coincide with the pressure change
of Eu valence in EuRhGes. The isostructural phase transitions in the Eu122-systems are
accompanied by pressure-induced Eu valence transition from almost Eu?* to Eu3".
However, in EuRhGes, the mean Eu valence linearly increases from ~2.1 at ambient
pressure to ~2.4 around 25 GPa, then the increase rate becomes smaller and deviates
from the linear behavior above 25GPa [13]. Hence, we eliminate the possibility of
pressure-induced isostructural transition in EuRhGes. It is worth mentioning that the
change of the c/a slope as a function of pressure was also observed in EuCoGe; [16]
and EuNiGes [17] without any isostructural transitions.

Figure 4 shows the pressure evolution of the unit cell volume of EuRhGes. It exhibits a
smooth contraction with increasing pressure. A slight change in the slope can be seen
around 30 GPa (also in the lattice parameters of Figure 3(a)). This slope change of the
unit cell volume coincides with the slope change of the mean Eu valence as a function
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Figure 4. Pressure evolution of the unit cell volume of EuRhGe;s (solid circles) with the result of EOS
fitting (solid line). The unit cell volume obtained by DFT calculation for the selected pressures (open
circles) and its EOS fitting (dashed line). The error bar is the range of symbol size. The inset shows the
crystal structure of EuRhGes drawn by VESTA [41].

of pressure. The mean Eu valence of EuURhGe; obtained by HERFD XAS exhibited a linear
increase by applying pressure up to 25 GPa and exhibited a smaller change at higher
pressure [13]. Pressure-dependent unit cell volumes obtained by the DFT calculation
are also plotted in Figure 4. The theoretically calculated unit cell volumes exhibit a
good agreement with experimental results in the LP region. However, the deviation
from the experimental results increases in the HP region. The DFT-calculated unit cell
volumes in the HP region tend to be larger than the experimental values. This is due to
the change of the c-axis compressibility in the HP region, which is not captured by the
DFT calculation. Since the DFT calculations cannot take into account the valence fluctu-
ation, the Eu valence was considered to be Eu®" in the whole pressure range. In the LP
range, the average Eu valence in EuRhGes stayed close to Eu?* (2.1-2.2) [13] resulting
in a reasonable agreement between the experiment and the DFT calculation. However,
the mean Eu valence increases toward 2.4 by further increasing pressure. Considering
the different ionic radius between Eu?t and Eu3* (10% smaller), it is somewhat under-
standable that the experimental unit cell volume appears to be smaller than the DFT-cal-
culated values. In order to study the elastic properties of EuRhGe;, we performed
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Table 2. The unit cell volumes, bulk modulus, and first pressure derivative of bulk modulus of EuTGes
series and those obtained by the DFT calculation in EuRhGes.

Compound Unit cell volume (Vo) Bulk modulus (Bg) A
EuCoGes 184.39 SA3) 75.6 5.58 [16]
EuNiGe; 185.7 (A%) 79 8.8 [17]
EuRhGe; (XRD) 196.50 (Af) 73 (1) 5.5(2)
EuRhGe; (DFT) 193.545 (A3) 97.4(1) 4.61(1)

Note: The values of EuCoGe; and EuNiGes are taken from Ref. [16,17], respectively.

equation of state (EOS) fitting by using EOSFit7c software [39]. We used the 3" order Birch
Murnaghan equation below for EOS fitting [40] :

_380 Vo 7/3 Vo 5/3 3 Vo 2/3
”W)—T[(ﬁ (¥) [pie-e| (D) -

Here, By and B denote the bulk modulus at 0 GPa and its first pressure derivative, respect-
ively. We also performed EOS fitting on the lattice volume of EuRhGe; obtained by the
DFT calculation. The obtained values from the EOS fitting are listed in the Table 2 and
compared with the reported values of EuCoGes and EuNiGes, as well as those obtained
in the theoretical unit cell volume of EuRhGes.

4, Conclusion

We performed pressure-dependent synchrotron x-ray diffraction measurements on poly-
crystalline non-centrosymmetric EuURhGe; at room temperature. It revealed a smooth con-
traction of the lattice constants without any structural transition within the investigated
pressure range. An anisotropic compressibility between the a- and c-axis was observed.
The lattice parameter along the a-axis exhibits more sensitivity to pressure and greater
contraction in comparison to that of the c-axis. The change of slope in the pressure-
dependent c/a ratio was observed around 13 GPa, which does not seem to have a
direct correspondence to the pressure evolution of the mean Eu valence in EuRhGes.
By performing the EOS fitting on the obtained unit cell volume, we determined the
bulk modulus and its pressure derivative of EURhGes;. Our experimental results show a
good agreement with the pressure-dependent structural changes expected from the
DFT calculations at P<13 GPa, and slightly deviates in the HP region. The experimental
unit cell volume tends to be smaller than the theoretical values in the HP region as a con-
sequence of the increased mean Eu valence in the HP region.
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Appendices
Appendix 1. Linear EOS fitting

As mentioned in the main text, the pressure evolution of the c¢/a ratio can be divided into the low-
pressure (LP) region <13 GPa and the high-pressure (HP) region above 13 GPa. We also performed a
linear EOS fitting by using the EOSFit7c software [39]. The linear modulus is defined as:

()
ox/)

Thus the relation between the linear modulus and the bulk modulus can be described as follows:

po (L 1] -
WM, My Ms

Here, My, M,, and M3 are linear moduli along the a-axis, b-axis, and c-axis respectively. For tetra-
gonal symmetry M; and M, are the same. The lattice parameters along the a- and c-axis at 0 GPa
(a=4.4129A, c = 10.0906 A) used for the linear EQS fitting were taken from Ref. [3]. The linear
EOS fitting was performed separately in the LP and the HP regions. The obtained linear moduli
along the a- and the c-axis both increase in the HP region. The linear modulus in the HP region
especially increases along the c-axis (See Table A1). The bulk modulus calculated by using the afore-
mentioned formula is consistent with the bulk modulus extracted from the pressure-dependent
unit cell volume in the main text.

Table A1. The linear modulus at 0 GPa (M), and first pressure derivative of linear modulus (M) of
EURhGE3.

axis (Pressure region) Linear moduli (Mg) M;

a (LP) 179 (1) 19.9 (5)
a (HP) 205 (4) 14.2 (6)
¢ (LP) 182 (4) 61 (3)
¢ (HP) 303 (5) 16.4 (7)

Appendix 2. DFT-calculated and experimental atomic coordinates

Table A2 presents the DFT-calculated atomic coordinates, and Table A3 shows the atomic coordi-
nates extracted from the Rietveld refinement of the XRD data.
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Table A2. Atomic coordinates of EuRhGes obtained by DFT calculation.

Atoms Symmetry X y z
0GPa

Eu 2a 0.0 0.0 0.0

Rh 2a 0.0 0.0 0.3488

Gel 4b 0.0 0.5 0.2435

Ge2 2a 0.0 0.0 0.5864
10 GPa

Eu 2a 0.0 0.0 0.0

Rh 2a 0.0 0.0 0.3514

Gel 4b 0.0 0.5 0.2423

Ge2 2a 0.0 0.0 0.5886
20 GPa

Eu 2a 0.0 0.0 0.0

Rh 2a 0.0 0.0 0.3532

Gel 4b 0.0 0.5 0.2412

Ge2 2a 0.0 0.0 0.5897
30GPa

Eu 2a 0.0 0.0 0.0

Rh 2a 0.0 0.0 0.3547

Gel 4b 0.0 0.5 0.2404

Ge2 2a 0.0 0.0 0.5903
40 GPa

Eu 2a 0.0 0.0 0.0

Rh 2a 0.0 0.0 0.3557

Gel 4b 0.0 0.5 0.2394

Ge2 2a 0.0 0. 0.5905

Table A3. Experimental atomic coordinates of EuRhGe; extracted from the refinement of the XRD

data.
Atoms Symmetry X y z
1GPa
Eu 2a 0.0 0.0 0.0
Rh 2a 0.0 0.0 0.35377+ 0.00044
Gel 4b 0.0 0.5 0.24164+0.00065
Ge2 2a 0.0 0.0 0.58194+0.00078
10 GPa
Eu 2a 0.0 0.0 0.0
Rh 2a 0.0 0.0 0.35424+0.00055
Gel 4b 0.0 0.5 0.24045 +0.00085
Ge2 2a 0.0 0.0 0.58161 £0.00055
25 GPa
Eu 2a 0.0 0.0 0.0
Rh 2a 0.0 0.0 0.35556+0.00085
Gel 4b 0.0 0.5 0.2440+0.0011
Ge2 2a 0.0 0.0 0.5916+0.0013
35GPa
Eu 2a 0.0 0.0 0.0
Rh 2a 0.0 0.0 0.3568+0.0021
Gel 4b 0.0 0.5 0.2462 +0.0011
Ge2 2a 0.0 0.0 0.593+0.0019
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