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The phase behavior of rhodium (Rh) metal has been studied to 191 GPa and 2700 K using a combination of
room-temperature isothermal compression and double-sided flash laser heating experiments. The isothermal
compression data have been fitted with a second-order adapted polynomial of order L equation of state
(EoS) with best-fitting parameters of V, = 13.764(2) A3/atom, Ky = 258(3) GPa, and K’ = 5.36(9). Two-
dimensional maps of the uniaxial stress component ¢ are presented for Rh at different pressures showing
the spatial distribution of the local stress state of a relatively high-yield strength material encased in a Bi
pressure medium. In addition, a simple, thermal pressure equation-of-state model, based on a single Einstein
temperature, has been fitted to the high-pressure-temperature data up to 2700 K at 148 GPa and ambient-
pressure thermal expansion data up to 1982 K. Also determined are the best-fitting parameters to reproduce the
thermal EoS within the DIOPTAS two-dimensional integration software. The optimized DIOPTAS parameters are
Vo = 13.764 A’ Jatom, K, = 260.54 GPa, K’ = 5.114, ap = 2.99 x 1075 K~', day /8T = 1.27 x 107° K2,
0Ky/dT = —6.43 x 107> GPa/K, and dK'/dT = —9.3 x 10710 K1,
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I. INTRODUCTION

Rhodium (Rh) is one of six transition metals [along with
ruthenium (Ru), palladium (Pd), osmium (Os), iridium (Ir),
and platinum (Pt)] that form the platinum group of elements.
Together with silver (Ag) and gold (Au), these elements
constitute the noble metals of the periodic table as they are
generally resistant to corrosion and oxidation even at el-
evated temperatures. As such, and despite its scarcity, Rh
finds wide-ranging applications in industry, for example, as a
strengthening component in alloys, in high-temperature ther-
mocouples [1], in catalytic reduction processes [2], or even
as a nanoparticle electrocatalyst component for green energy
hydrogen production [3].

Despite its numerous industrial applications, relatively
few experimental studies extending into the high-pressure-
temperature (high-P-T') regime have been performed on pure
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Rh. Single-shock experiments along the principal Hugoniot
have accessed states up to ~200 GPa [4] while three diamond
anvil cell (DAC) studies have compressed Rh to ~64 GPa [5],
~83 GPa [6], and ~60 GPa [7] at room temperature all using
a Ne pressure medium. Theoretical work suggests Rh exhibits
a simple phase diagram, maintaining its face-centered-cubic
(fcc) structure from ambient conditions up to pressures as high
as at least 500 GPa [8] or even 10 TPa [9].

Rh’s simple behavior, and its inertness at high-7', make it
an ideal candidate as an x-ray coupler in new experiments
being developed at next-generation, hard x-ray, free electron
laser (XFEL) sources [10]. In these experiments, controlled
heating of low-Z samples (e.g., H,O or N;) can be achieved
through energy transfer from a surrounding higher-Z coupler,
which is itself heated by a train of XFEL x-ray pulses. The
uniformity of the x-ray heating within the coupler, and there-
fore the low-Z sample, depends on the careful selection of the
coupler’s x-ray absorption length, heat capacity, and heat con-
duction properties. For example, high-Z couplers (e.g., Au)
develop very large temperature gradients as a result of their
short x-ray attenuation lengths, which produce nonuniform
heating of the low-Z sample. In contrast, a mid-Z coupler like
Rh achieves a more uniform temperature gradient, resulting
in more homogeneous heating of the sample. In addition, Rh’s
thermal conductivity allows sufficient heat flow into the low-Z

Published by the American Physical Society
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sample while not being so high that the heat is preferentially
dissipated within the coupler itself; its high melting tempera-
ture (2242 K at ambient pressure, increasing to > 6900 K at
150 GPa [9]) enables extreme P-T states to be reached in the
coupler without reaching melt; Rh’s low thermal expansion
limits the thermal pressure buildup within the DAC under
high-T' conditions, thereby minimizing the pressure waves
that are generated through rapid x-ray energy deposition [11].

Despite being an almost ideal coupler material, little is
known about the behavior of Rh at extended P-7 conditions,
an accurate thermal equation of state (EoS) is required if it
is to be used more widely. Here we present the results of
DAC experiments in which Rh was isothermally compressed
to 191 GPa in a Bi pressure-transmitting medium (PTM) at
298 K and high-pressure laser heating experiments to 148 GPa
and 2700 K in an MgO PTM. The data are used to refine
a thermal equation-of-state model describing the pressure-
volume-temperature (P-V-T') behavior of the metal up to these
extreme conditions. This will enable Rh to be used as a cali-
bration standard in DAC experiments as well as a coupler in
low-Z heating experiments at XFELs.

II. EXPERIMENTAL DETAILS

A. 298-K isothermal compression
1. Sample preparation

For the room-temperature compression data, two Boehler-
Almax plate DACs [12], fitted with tungsten (W) gaskets
and either flat 300-um culets (cell RT1) or 300-um culets
beveled down to 100 um (RT2), were prepared. The sample
loaded was high-purity Rh powder (> 99.95%) from Sigma-
Aldrich, and the PTM and internal pressure standard [13] was
Bi powder (> 99.999%) from Alfa Aesar. The initial gasket
holes, with diameters of 100 and 37 um for RT1 and RT2,
respectively, and thicknesses of 30 and 10 um, were filled
with Bi powder which was then gently compacted. A second
sample chamber, of a smaller diameter (35 and 13 um for RT1
and RT?2, respectively), was then drilled partway through the
Bi, thereby creating a well into which a small granule of Rh
powder was placed [Fig. 1(a)]. The Rh was then covered with
additional Bi such that it was entirely encased within the PTM.
The initial thicknesses of the Bi PTM layers above and below
the Rh sample were approximately 10 and 3 um for RT1 and
RT2, respectively.

2. XRD data collection

The ambient temperature compression data were collected
on beamline ID27 of the European Synchrotron Radiation
Facility (ESRF-EBS) in Grenoble, France. Two-dimensional
(2D) XRD images were collected on an EIGER2 X CdTe OM
detector using an x-ray wavelength of 0.3742 A and a beam
size (FWHM) of 1.7 x 1.7 um? [14]. The detector had a pixel
size of 75 x 75 um? and was located ~212 mm from the sam-
ple. The precise sample-detector distance and tilt orientations
were determined using a CeO, standard and refinement within
the detector calibration suite in DIOPTAS [15]. Data were col-
lected at pressure intervals ranging between 2—10 GPa and
following each pressure increase, the system was allowed to
equilibrate for a minimum of 5 min prior to data collection.

100 pm
——

W gasket
/'/

Ruby sphere Rh - Pt disc

FIG. 1. Micrographs of the sample chambers in DACs RT1 and
LH1. (a) Shows the loading of the Rh inside the “well” fabricated
through electrical discharge machining (EDM) in the Bi PTM in RT1
before a top layer of Bi was added and the cell closed. (b) Shows
DAC LHI1 prior to laser heating containing a Rh disk, coated on
each side with 1 um of Pt, encased in a MgO PTM. A ruby sphere
was added beside the disk as an additional pressure marker. Some
extrusion of the MgO PTM out of the sample chamber before being
trapped between the W gasket and the diamond culet is evident.

At each pressure step, a grid scan of data points was collected
over the sample such that the local pressure environment could
be closely monitored. Typically, these scans comprised a grid
of 7 x 7 points spaced by 1.67 um which covered the Rh
sample area. Wider grids of 21 x 21 points across the full
anvil culet were also performed at ~50 GPa intervals. Two
examples of the high-quality raw 2D x-ray diffraction (XRD)
patterns collected are illustrated in Figs. 2(a) and 2(b) where
the corresponding one-dimensional (1D) integrated patterns
[Figs. 2(c) and 2(d)] show between 15 and 11 resolvable
peaks for Bi and Rh, respectively, at low pressure, and 12
and 10 peaks at the highest pressures studied. The contrasting
compressibilities of Bi and Rh resulted in some peak overlap
in the integrated patterns over the pressure range studied but
due to the Bi (bcc) and Rh (fcc) having different structures,
this was kept to a minimum.

B. High-temperature, double-sided laser heating
1. Sample preparation

The laser heating experiment also used two Boehler-Almax
plate DACs equipped with W gaskets and either 300-um-
diameter culet diamonds (LH1) or 300-um culets beveled to
100-um diameter (LH2). Both DACs were loaded with high-
purity (> 99.9%), 6.4(2)-um-thick Rh foil obtained from
Goodfellow. Before loading, vapor deposition was used to
coat both sides of the Rh foil with 0.9(1) um of Pt. The
Pt coatings were applied in two ~0.45-um layers, and the
foil was rotated 90° between layers in order to avoid ten-
sion buildup on the surface. These Pt layers served as the
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FIG. 2. 2D images [(a) and (b)], and integrated profiles with Le
Bail fit residuals [(c) and (d)], from Rh in a Bi PTM at 11.4 and
190.1 GPa, respectively. The yellow circles in (b) identify Bragg
reflections from the diamonds which were masked during the inte-
gration. The tick marks beneath the profiles in (c) and (d) show the
calculated positions of the peaks from Rh and the Bi PTM and the
residuals of the fits are shown below these. The asterisk at 7° in (c) in-
dicates an impurity peak that was not observed at higher pressures
and was therefore ignored. The triangle at 31° in (c) identifies weak
peaks that arose from scattering from the pinhole upstream of the
sample. These peaks did not move with pressure and were masked
during the analysis process.

local pressure standard within the sample assembly during
x-ray data collection. The Pt-Rh-Pt sandwich was then cut
into circular disks of varying diameters using a laser drill.
Gasket holes with initial diameters of 127 and 50 um for
LH1 and LH2, respectively, and thicknesses of 28 and 14 um,
were filled entirely with dried MgO powder to provide both
chemical and thermal insulation from the diamonds. Each
sample disk was then placed on top of the MgO powder and
covered with a disk of precompressed MgO. The cell was then
gently closed to tamp all the components into place. Finally,
the cells were partially reopened to allow moisture to escape
the sample chamber and subsequently dried in a vacuum oven
at 120 °C for 6 h before being closed once again [Fig. 1(b)].
The thicknesses of the MgO insulating layers above and below
the Rh sample were approximately 10 and 3 um for LH1 and
LH2, respectively.

2. XRD data collection and double-sided laser heating

The high-temperature XRD patterns from cells LHI1
and LH2 were collected at the P02.2 Extreme Conditions
Beamline (ECB) at the PETRA III synchrotron in Ham-
burg, Germany [16]. 2D XRD images were collected on
a Perkin-Elmer area detector using an x-ray wavelength of
0.2917 A and a beam size (FWHM) of 2 x 2 um?. The

DACs were mounted in a water-cooled copper block located
approximately 395 mm from the detector. The precise sample-
detector distance and detector tilts were again determined
using a CeO, standard and optimization in DIOPTAS [15].
Samples were optically heated using an on-axis, double-sided,
continuous wave (1072 nm), heating system developed at the
ECB [16] and the temperature was inferred from pyrometry
measurements. To minimize the carbon diffusion and carbide
contamination commonly observed in laser heating experi-
ments on transition metals [17,18], the heating system was
operated in a flash heating mode whereby the timing of the
laser, x-ray shutters, and spectrometer data collection were
all precisely controlled by an electronic triggering system. In
this way, the time spent heating the sample was minimized
with the heating duration governed by the minimum exposure
time required to obtain the diffraction data. The laser heating
time was 3.1 s and the x-ray collection time was 2.9 s. The
combination of short x-ray wavelength and wide pressure cell
opening angle provided sufficient access in reciprocal space
for observation of up to 14—16 Bragg reflections for Rh and Pt
depending on the pressure. However, analysis was typically
based on a subset of reflections due to sample texture, peak
overlap, and low intensity of some reflections.

C. Data processing

The 2D diffraction images were integrated using the DIOP-
TAS analysis suite [15]. An additional third-order polynomial
correction was applied to the 20 values of all integrated pat-
terns to ensure the differences between the ideal and observed
CeO,; peak positions were minimized. The maximal correc-
tion necessary was less than 0.001° demonstrating the quality
of the DIOPTAScalibration.

The 298-K isotherm parameters and cross correlations in
Table I were determined via weighted least-squares minimiza-
tion of the compression data in the Supplemental Material,
Table S1 [19], using the EOSFIT7 suite [20]. The data sum-
marized in Table S1 [19] were generated by fitting to the
measured peak positions in 3900 diffraction profiles collected
through grid scans of the sample area. Determination of the
peak positions was performed using the batch fit software
developed at DESY by Karnevskiy.

For the high-temperature patterns, Le Bail fits were per-
formed on the integrated 1D profiles using JANA2006 [21].
The sample temperature was estimated using the average of
the measured upstream and downstream pyrometry measure-
ments. In the instances where only one temperature reading
was recorded, the reading was assumed to be equivalent to
the sample temperature. Temperature uncertainties were esti-
mated to be £10% of the measured temperature, comparable
to the uncertainties reported in previous experiments using the
laser heating setup [16].

III. RESULTS

A. Room-temperature isothermal compression

Data were collected from two samples (RT1 and RT2) to
a maximum pressure of 191 GPa at 298 K. The experimen-
tally determined lattice parameters and volumes as a function
of pressure for Rh are summarized in Table S1 [19]. The
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TABLE I. The parameters, covariances (ij), and weighted x? for the best-fitting AP1, AP2, Vinet, and Birch-Murnaghan (B-M) EoSs to
the ambient isothermal compression data of Table S1 [19]. Values in bold were fixed when fitting. The dagger () indicates an implied value.

EoS model Vo Ko K’ Oix, a‘fU Py 0,%0 K X2

AP2 13.739(8) 268(4) 5.11(12) —0.026 0.0006 —0.479 0.79
AP1 13.764(2) 266.7(7) 5.03" 0 0 0 1.27
AP2 13.764(2) 258(3) 5.36(9) 0 0 —0.228 0.99
Vinet 13.764(2) 257(2) 5.44(8) 0 0 -0.177 0.96
B-M 13.764(2) 261(3) 5.11(8) 0 0 —0.2 1.1

B-M 13.764(2) 262.5 5.05(2) 0 0 0 1.1

use of Bi as a PTM effectively mitigates issues with large

nonhydrostatic stresses that can arise in compressing materials
such as Rh, which possess relatively large yield strengths,
to multimegabar pressures [13,22,23]. These nonhydrostatic
stresses cause diffraction peak broadening and hk/-dependent
peak shifts. The absence of these effects is demonstrated in
Fig. 2 which shows 2D diffraction images [Figs. 2(a) and 2(b)]
from pressure cell RT2 at 11.4 and 190.1 GPa, respectively,
the resulting integrated profiles [Figs. 2(c) and 2(d)], and
the residuals of Le Bail fits to these patterns. The integrated
profiles display no obvious increases in peak widths, and the
quality of the Le Bail fits is consistent indicating the ab-
sence of large hkl-dependent shifts, despite the large pressure
difference.

B. Local stress state of Rh in a Bi medium

As we wish to establish an accurate EoS for Rh, and as the
measured compressibility of a material can be affected by the
nonhydrostaticity of the pressure environment, we quantified
the local stress state in detail in both the Rh samples and Bi
PTM at various pressures by determining the uniaxial stress
component (¢) using the peak-shift analysis method of Singh
[24-26], the details of which are given in the Supplemental
Material [19, Sec. IV]. In both materials,  was determined
using up to 9 Bragg reflections but no less than 5. Rather than
simply making a single average measurement of ¢ in the Rh
at each pressure, we exploited the submicron beam size and
fast-scanning abilities of beamline ID27 to map ¢ across both
the Bi PTM and Rh sample from 2D grid scans.

Figure 3(a) shows the size and location of the gasket hole
relative to the 100-um diamond culet at 189 GPa, as deter-
mined from a grid scan. Figure 3(c) shows the variation of
t across the 22 x 22 ym? area of the Bi PTM at 110 GPa
that contains the 10 x 10 um?> Rh sample, while Fig. 3(d)
shows the variation of ¢ within the Rh sample at the same
pressure. The maximal ¢ values within the Bi are +0.5 GPa,
emphasizing its excellence as a PTM, while the ¢ values within
the Rh, with its much higher yield strength, ranged between
44 GPa. However, volumes of the Rh separated by only 1 um
showed quite large and nonphysical differences in ¢, while
the values of ¢ in the Rh and the Bi PTM measured at the
same location, and therefore from the same diffraction profile,
showed no correlation [Fig. 3(b)], suggesting that there is
significant noise in the # measurements. The average value
of ¢ in the Rh sample at 110 GPa is 1.0(15) GPa, where the
uncertainty is the standard deviation.
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FIG. 3. (a) Grid scan of the 100-um diamond culet at 189 GPa,
showing the size and location of the gasket hole, as determined by the
presence of scattering from the Bi PTM. The relative size of the x-ray
beam is shown for comparison. (b) A plot of #-Rh versus 7-Bi, as
measured at the same 55 X-Y positions in (c) and (d). There is no cor-
relation between the values of ¢ in the Rh and the Bi surrounding it.
The vertical dotted and horizontal dashed-dotted lines represent the
average ¢ values of the Bi and Rh, respectively while the shaded blue
and red areas define the extent of one standard deviation. We found
55% of the Bi data points and 51% of the Rh data points were within
one error bar of zero. (c) A map of the uniaxial stress component (¢)
in the Bi PTM at ~110 GPa calculated under the assumption o = 1.
The location of the Rh sample is shown by the black dashed-dotted
line. (d) The corresponding ¢ map for the 10 x 10 um? Rh sample at
the same pressure. Note the nonphysical changes in ¢ on um length
scales. () A t map across the Bi at 189 GPa. The extrema in the ¢
values are comparable to those measured at 110 GPa. The location
of the Rh is shown with a dotted-dashed line. (f) A high-resolution ¢
map (9x9 grid with 0.875-um steps) of the Rh at the same pressure,
again showing nonphysical changes in # on um length scales.
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TABLE II. The as-published EoS parameters for Rh [5-7], Ru [36], and Pd [7,37], and the revised parameters obtained by fitting AP2
model parameters used in the data linearization. Numbers given in bold were held fixed during the refinement. The asterisk denotes averaged

from two experimental measurements and fixed during refinement.

Published Refitted AP2
Material Model Vo (A% K, (GPa) K Vo (A%) K, (GPa) K
Rh [6] B-M 13738 270.0 4756 13.7455(5) 266.2(2) 4.939(4)
Rh [5] B-M 13.73(7) 301(9) 3.12) 13.714(14) 308(8) 2.8(3)
Rh [7] B-M 13.762(16) 244.0(66) 5.11(24) 13.757(14) 246.5(61) 5.05(24)
Ru [36] B-M 13.561(3) 323.4(11) 42(2) 13.5889* 320.4(6) 425(2)
Pd [37] 14.603
Pd [7] Vinet 14.645(18) 189.3(30) 5.473(63) 14.7258(2) 179.6(2) 5.620(8)

Figure 3(e) shows a low-resolution (6-um steps) ¢ map
of the Bi PTM across the full sample chamber at 189 GPa,
the highest pressure at which such maps were made, while
Fig. 3(f) shows a high-resolution (0.875-um steps) ¢ map
across the 8 x 6 um? Rh sample at the same pressure. The
data exhibit the same noisy behavior seen at 110 GPa, with
maximal ¢ values of £1.25 GPa in the Bi, +4.5 GPa in the
Rh, and average values of 0.1(4) GPa and —0.5(1.9) GPa,
respectively.

While the measured values of ¢ can be used to calculate
the hydrostatic lattice parameters a,, (see Supplemental Mate-
rial [19, Sec. IV]), from the measured lattice parameters a,,,
the large uncertainties and scatter in ¢ increases the scatter
in a, relative to a,,, rather than reducing it, as would be
expected if correcting for nonzero values of t. As a result,
we have followed the approach of Takemura et al. [27] in
their construction of a hydrostatic EoS for gold, in which
they used only the (111) peak from Au to determine the
pressure because, for fcc structures, the (111) reflection is
least affected by nonhydrostatic compression. Similarly, for
a body-centered-cubic (bcc) structure like Bi-V, it is the (222)
reflection that is least affected by nonhydrostaticity, and thus
the pressures in this work have been calculated primarily
using the measured position of the (222) peak in Bi-V and
the associated unit-cell volume of Rh was determined from
the position of the (111) peak.

C. Ambient temperature EoS

The compression data to 191 GPa are shown in Table S1
[19] and are plotted in Fig. 4. We have analyzed the data
using Holzapfel’s second-order adapted polynomial of order
L (AP2) EoS [28]:

POy = 3K, LT peot-n)

(x) = 3K0x—se [1 4 xc(1 —x)], (1)
where Kj is the zero-pressure bulk modulus, K’ is its pres-
sure derivative, x = (V/Vy)'/3, ¢y = —In(3Ky/Prco), ¢2 =
(3/2)(K/ — 3) — Cp, PFGO = apgo(nZ/Vo)(5/3) is the Fermi-gas
pressure, Z is the atomic number, apgy = 2337 GPa ASis a
constant, and » is the number of atoms in a chemical for-
mula. Fitting this EoS to our data using EOSFIT7 [20] gave
the results and parameter cross correlations listed in Table I,
along with the optimized parameters from an AP1 (¢, =0), a
second-order Vinet, and a third-order Birch-Murnaghan (B-
M) fit to the same data. The AP2 fit to the data is plotted

in Fig. 4 alongside experimental and theoretical data from
previous studies. Formulas for error and parameter correlation
propagation through the AP2 formalism are provided in the
Supplemental Material [19, Sec. VII]. The room-temperature
compression curve for Rh from this study agrees very well
with the static compression measurements of Young et al.
from 31 to 83 GPa [6], and to higher pressures, as indicated by
the extrapolated AP2 fit (parameters in Table II) to their data.
However, the V; as determined through extrapolation of their
B-M fit is slightly smaller than our experimentally measured
value of 13.764(2) A3/atom and explains their moderately
larger and smaller values for Ky and K’, respectively, due to
correlation between the fitting parameters. Our data agree less

Vinet EoS : V0: 13.764(2) A3 atom™!
KO: 257(2) GPa

K': 5.44(8)
ChiSq: 0.96
34 Order B — M EoS: VO0: 13.764(2) A3 atom™?!
KO: 261(3) GPa
K': 5.11(8)
Chisg: 1.1
AP2 EoS: VO: 13.764(2) A3 atom™!
KO: 258(3) GPa
K': 5.36(9)
ChiSq: 0.99

Theory
—— Shao (2021) [29]
Exp
Marsh Hugoniot (1980) [4]
Trunin (2001) Hugoniot [30] Fit

Volume (/33 atom™1)

u
A
10 4 O Young (2016) [6] -——-= AP2: Yusenko ) R R o
A Yusenko (2019) [5] AP2: Young N R
v Frost (2023) [7] —- - AP2: Frost b
#  This work ——— AP2: this work
T T T T T T T =
0 25 50 75 100 125 150 175 200

Pressure (GPa)

FIG. 4. The atomic volume of Rh as a function of pressure along
the 298-K isotherm. Experimental data from this study (ll) are shown
and the dashed line through them is the best second-order APL fit.
Experimental data from the previous studies of Yusenko et al. [5]
() and Frost et al. [7] (V) are also shown, along with pseudo-data
points () generated at regularly spaced intervals using the Rh EoS
of Young et al. [6]. Second-order APL fits to these data are also
shown, along with the compressibility calculated by Shao et al. [29],
and the shock compression data for Rh along the principal Hugoniot
measured by Marsh et al. [4] and Trunin [30].
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well with the previous static compression study of Yusenko
et al. [5] to 64 GPa showing volumetric (V/V;) deviations of
~0.5% by 64 GPa. An AP?2 fit to their data extrapolated up
to 2 Mbar diverges significantly from our results as shown in
Fig. 4. Interestingly, we find our ambient volume measure-
ment and K’ value, as determined through refinement of the
B-M EoS, to agree well with the compressibility behavior
observed by Frost ez al. [7] up to 60 GPa. However, their value
for Ky [244.0(66) GPa] is ~6.5% less than ours [261(3) GPa]
(see Tables I and II).

While K in Table I was obtained from fitting to the
ambient isothermal compression data, its value can also be
determined from ultrasonic studies of elastic constants. For
example, Walker et al. [31] investigated the elastic moduli of
Rh between 4.2 and 293 K and determined Cj;, Cj,, and Cyy
values of 412.6, 193.5, and 184.1 GPa, respectively, at 293 K.
Using the definition of the isentropic bulk modulus for a cubic
system [32]

K, = 3(C1y +2C1), 2

these measurements give K; = 266.53 GPa for Rh. Through
standard thermodynamic identities, Kj is related to the isother-
mal bulk modulus (K7)

o2VTK, 7™
—} , 3)

Gy

where « is the volumetric thermal expansion and C,
is the specific-heat capacity at constant pressure. Us-
ing o = 2.4283 x 1073 [33], V, = 13.764 A3 /atom (8.055 x
107° m3/kg), C, = 241.58 J/kgK [34], and T = 293 K, we
find K7 = 262.5 GPa, in excellent agreement with the values
obtained by fitting to our compression data (Table I) to within
experimental uncertainty.

To better constrain the pressure derivative of the bulk mod-
ulus (K”), we have also refined the B-M EoS using fixed values
of Vy and K,. The refinement results are given in the final
line of Table I. We observed negligible change in the quality
of the fit upon reducing the number of refinable parameters
and the change in the value of K’ was within the associated
uncertainty.

KT = K&I:l +

D. EoS behavior under strong compression

If the EoS of Rh is to be used in extrapolations above
191 GPa then one needs to have confidence that it shows
no evidence of anomalies. It is then informative to inspect
the compression behavior using the linearization scheme out-
lined by Holzapfel [35] where the x axis (o) corresponds
to the volume-scaled Thomas-Fermi radius (o = ogx) with
x = (V/Vo)'? and oy = [3ZV,/(4m)]'/3, and the y axis is
given by napL = In{Px’ /[Prc(1 — x)]} where Prg is the Fermi
gas pressure, as above. In napp -0 space, changes in material
compressibility are exaggerated, and the first-order APL EoS
(AP1) with ¢, = 0 is represented by a straight line passing
through the origin. In previous work, the compressive be-
havior of materials has generally been classified into four
categories (ideal, simple, regular, and irregular [28]) which
are easily identified in the linearized space. Materials exhibit-
ing “ideal” compression follow a straight line with gradient
dn/do = —0.567 A1

-2.6 1
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FIG. 5. Linearization of the compression of Rh shown in the
form of an nap -0 plot. In this space, pressure increases from right to
left and materials that are well represented by a first-order APL EoS
will follow a linear trend. Ideal compression (see text for details) is
shown by the solid black line and the dotted vertical line shows the
location of V, for Rh. The data from this study on Rh (H) are shown,
alongside the previous Rh data [5-7], as well as comparative data
from Ru [36] and Pd [7,37]. Also displayed for comparison are the
linearized shock data of Marsh et al. [4] and Trunin [30].

-324
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The linearized 298-K compression data of this study are
plotted in Fig. 5 alongside the Rh experimental data of
Yusenko et al. [5], Frost et al. [7], and experimental data for
Ru [36], and Pd [7,37] for comparison. Also plotted are repre-
sentative data points generated from the Birch-Murnaghan Rh
EoS of Young et al. [6] and the shock data of Marsh et al. [4]
and Trunin [30]. For consistency, we have refitted this litera-
ture data using an AP2 EoS to determine Vj. The refinement
parameters are given in Table II. Close to oy, indicated by
the vertical dashed line in Fig. 5, the linearization scheme is
extremely sensitive to small differences between the measured
V and the fixed V}. As a result, increased scatter and larger un-
certainties are observed near oy. At higher pressures (smaller
o) we find the current data follow a linear trend (almost
parallel to “ideal” compression) up to the highest measured
pressures of 191 GPa. The AP1 fit for Rh (Table I) yields a
gradient (dn/do = —0.576 A=) very close to “ideal.” How-
ever, moderate improvement in the fit was achieved using the
AP2 model which relaxes the value of ¢, thus, increasing the
number of fitting parameters and allowing for slight curvature
in the n-o space. A material’s compression can be considered
“regular” as long as ¢, in Eq. (1) remains relatively small, such
that [c; — (co — co,igea)| < 0.5 Where ¢p jgeal = — Bidea o0, and
Bigea = 0.567 A~! represents an average slope for all regular
elements [28]. From the best-fitting AP2 values with refined
Vo, Ko, and K’ in Table I, cg = 3.04 and ¢, = 0.12, and hence
|ca — (co — co.igeal)] = 0.073. As this value is <« 0.5, Rh falls
definitively within the category of “regular” solids over the
pressure range studied. The linearized data of this study show
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good agreement with those of Young et al. [6], collected from
31 to 83 GPa using a Ne pressure medium, although there is a
small offset in 1 between the two. By contrast, the linearized
data of Yusenko et al. [5] display very different linearized
behavior, with an unusual positive gradient and without the
correct limiting behavior of lim,_,¢ 1n(c)=0. The positive
gradient in the linearization plot suggests that the compress-
ibility is unusually high, as is also evident in Fig. 4, but the
reasons for this are unclear.

The linearized Rh data of Frost er al, while having the
same gradient as the current study, have a more significant
offset of ~0.1 in n. Offsets in n might be explained by the
use of different pressure gauges, differences between the lo-
cal pressure at the pressure gauge and the sample, or small
differences in V; as the linearization scheme is sensitive to
this choice. Converting the pressures of Frost et al. to make
them consistent with the calibration used in this study changed
the pressures by only 0.1 GPa at 60 GPa, much smaller than
the ~5-GPa difference observed (see Fig. 4). For the pressure
conversion, the experimental data of Dewaele et al. [38] were
used to identify the atomic volume of copper associated with
the atomic volume of W as measured by Frost. The pressure
was then calculated from the Cu volume using the EoS of
Fratanduono et al. [39] previously applied to calibrate the Bi
EoS used in this study [13]. However, the images shown by
Frost et al. of their Rh loading show a significant separation
(~35 wm) between the sample and the W calibrant before
compression. While the separation was probably smaller at
higher pressures, pressure gradients within the sample cham-
ber may have resulted in the sample and calibrant being at
different pressures. An advantage of using Bi as both the
PTM and pressure calibrant is that diffraction data are always
obtained simultaneously, even when using a submicron x-ray
beam.

Over the range of o in Fig. 5, the compressive behavior
of Rh, and its neighboring transition metals in the periodic
table (Ru and Pd), follow a relatively linear trend. Such be-
havior is in contrast to materials like Rb [40], Y [41], and
Sm [42] which undergo several phase transitions manifest-
ing as nonlinearity in the n-o space before finally exhibiting
“regular” compression at high pressure. As Rh exhibits “regu-
lar” compression throughout the full pressure range studied,
pressure-induced phase transitions are unlikely and extrap-
olation of the AP2 fit beyond the experimental data should
provide an accurate representation of the material response.

E. P-V-T data and a Rh thermal EoS

Using the double-sided flash laser heating system at the
Petra-III Extreme Conditions Beamline (ECB), and described
in detail in Konopkova et al. [16], we collected P-V data at
elevated temperatures for Rh at pressures from 5-148 GPa
and temperatures between 298-2700 K. The in situ pressure
was determined from the unit-cell volume of the 0.9 um Pt
coatings on the surfaces of the Rh foil sample and the Pt
thermal EoS of Sokolova et al. [43,44]. The P-V-T data are
provided in Tables S2 and S3 in the Supplemental Material
[19]. Before each heating run, a diffraction image was col-
lected to obtain the unit-cell lattice parameters of Rh and Pt at
298 K (ap 298), from which two “cold” pressures (Pagg) were

3000 | = ——liquid
a :
@ solid - fcc
~~
- 2000 = ;
5 d
= b,
] 3
& 1500 =
g 3
L) b
= 1000 —b 1 atm (Schroder 1972)
b x  Rh Solidus (Strong 1959)
P o LHI e Pt melt (Anzellini 2019)
500 A LH2 Rh Solidus (Swift 2019)
3---... " EN EEEEN EE N EN EEEE N BN BN EER BB
15 3 298- 1000 K
(b) 1 1000 - 1500 K
3 1500 - 2000 K
G144 1 2000 - 2500 K
lE BN 2500 - 3000 K
o o  Schroder 1972
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) = 298 K - this study
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©
>
114
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FIG. 6. The high-pressure and temperature data points collected
from laser heating on Rh and used in the determination of the thermal
EoS. (a) Data in pressure-temperature space. The solid black line
marks the Rh melt boundary calculated by Swift et al. [9] and
the green crosses show the experimentally determined melt cure of
Strong et al. [45]. For comparison, the dotted black line denotes
the solid-liquid phase boundary of platinum [46]. The solid black
squares represent the 298-K isothermal compression data of this
study and the open red circles are the isobaric data of Schroder
et al. [47]. The open black squares and triangles represent the laser
heating data from LH1 and LH2, respectively, from this study while
the purple and green polygons denote the thermal pressure and the
temperature uncertainty in each data point. The left side of the poly-
gon is determined from the Pt pressure measured before the heating
run at 298 K while the right side is determined from the in situ Pt
volume measured under heating conditions. The data points with
gray polygons exhibited textural changes in the postheating pattern
and were excluded from the thermal EoS refinement. (b) Data in
pressure-volume space. Here isotherms generated using the refined
thermal model for 298, 1000, 1500, 2000, 2500, and 3000 K (see
Table S5 in the Supplemental Material [19]) are plotted alongside the
experimental data. The data points are colored based on the measured
sample temperature and the intervals indicated.

calculated using their ambient temperature equations of state.
High-temperature diffraction images were then collected at
the same sample position with typical heating and x-ray
exposure times of ~3 s. The cold pressures for the Rh and
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FIG. 7. Diffraction images and profiles from two heating and
cooling cycles. (a)—(c) Show the diffraction images obtained before,
during, and after heating in the first cycle where the maximum
temperature inferred from pyrometry was 1336 & 134 K. No obvious
indications of reaction products are present in the quenched image.
(d) Shows the corresponding integrated 1D profiles over a limited
26 range in which the peaks in the high-T profile (red) are shifted
to lower 26 values and the quenched pattern matches the profile ob-
tained before heating. In contrast, clear changes in the 2D images are
observable in images (e)—(g) which show the stages for the second
heating cycle reaching a maximum temperature of 2323 4+ 232 K.
The enlarged region in (g) highlights the increased intensity between
the (200) Bragg reflections for Rh and Pt in the quenched image. (h)
Shows the integrated profiles from images (e)—(g), highlighting the
differences in the before and after profiles. In particular, (h) shows
that the (200) peaks from the MgO and Pt return to their initial,
preheating, positions while the Rh (200) peak remains displaced
to lower 20 after cooling, indicating an expanded lattice. Since the
peaks from both the MgO and Pt suggest that the pressure in the
cell returned to its starting value after heating, the expanded Rh
lattice likely indicates the inclusion of Pt within the Rh lattice. In
the 2D images, Bragg reflections from the diamond anvils have been
indicated with red circles.

Pt prior to heating differed by as much as 9 GPa at ~130 GPa
(see Table S3 [19]). This is likely due to anisotropy of the
local stress state in the cell as MgO is not a particularly good
pressure-transmitting medium. Although there is thus uncer-
tainty in the initial pressures at 298 K, at high temperatures
the differential stress effects in the DAC typically relax as the
sample’s capacity to support shear gradients decreases with
increasing temperature. To ensure consistency with the ther-
mal pressures determined at high temperatures, we used the
cold pressure values measured from the Pt in our calculations.

After heating, the sample was allowed to cool to 298 K
before a postheating diffraction pattern was collected. In the
absence of any changes in the 2D diffraction pattern, such as
those displayed in Figs. 7(e) or 7(f) and discussed later, or the
appearance of new peaks, a new heating run was performed at
the same sample position. The postheating diffraction profile
then doubled as the preheating data collection for the next run.
Heating runs in which changes in the postheating diffraction
images were observed are indicated with a degree symbol in
Table S2 [19]. After these heating runs the sample was moved
with respect to the x-ray beam to a new position, indicated by
the asterisks (*) in Table S2 [19], and the high-temperature
data from the previous heating run were not included in the
refinement of the thermal model. The data points in Table S2
[19] are graphed in Fig. 6(a).

By combining the ambient pressure thermal expansion
data of Schroder et al. [47], the 298-K isothermal
compression data, and the high-pressure-temperature
laser heating data of this study, we have constructed a
thermal EoS for Rh from 0-191 GPa and 300-2700 K.
The EoS model is a two-component pressure model with a
volume-dependent isothermal reference part P(V, Tif), and a
temperature-dependent thermal pressure part Py, (7T):

PV, T) = P(V, Ter) + Pu(T). “

The isothermal reference term is simply the AP2 reference
isotherm with parameters given in Table I while the thermal
pressure is of the single Einstein temperature form suggested
by Holland and Powell [48]:

Pu(T) = “0K0<5_0) (exp(OE)/T =1 exp(Op/Ter) — 1>’
5

where « is the ambient volumetric thermal expansion coef-
ficient, 0 is the Einstein temperature, and K is the ambient
isothermal bulk modulus. The parameter &, is introduced
in the thermal expansion model of Kroll ef al. [49] and is
given by

b — (O / Trer)? exp (B / Trer)
O lexp(Or/Tet) — 117

This thermal model is implemented in the framework of
EOSFIT7C [20,50] and, as highlighted by Angel et al., it
benefits from the product oKy reducing to zero at low
temperatures while also limiting to a constant value at high
T. By extension, this behavior corresponds to approximately
linear temperature-dependent behavior of the bulk modulus

(6)
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TABLE III. The optimized AP2-Holland-Powell thermal EoS
parameters for Rh to 191 GPa and 2700 K, along with the opti-
mized parameters for use in DIOPTAS [15]. The numbers shown in
bold were fixed during the refinements. Uncertainties on V;, Ky, and
K’ are equivalent to those given in Table I. The uncertainty on V,
was derived from the experiment while the uncertainties on K, and
K’ were determined through least-squares refinement to the 298-K
isothermal data with fixed Vj,. The uncertainties on ¢, and 6 for the
AP2-HP model were calculated using EOSFIT7C.

Model AP2-HP DIOPTAS
Vo (A%) 13.764 13.764
Ko (GPa) 257.536 260.54
K’ 5.3578 5.114
ag (1/K) [x1075] 2.050(12) 2.99
0 (K) 779(5) n/a
dKy/dT (GPa/K) [x1077] n/a -6.43
da/dT (K72) [x1079] n/a 1.27
dK'/dT (1/K) [x10719] n/a -93

and thermal expansion coefficient above 6 while they both
limit to constant values at low temperatures.

We used EOSFIT7C to perform the thermal parameter re-
finements using weighted least- squares minimization. In the
isobaric expansion data, we assumed a pressure uncertainty
of +0.05 bar and a volume uncertainty of +0.001 A3 /cell.
We also held the isothermal AP2 parameters fixed when per-
forming the refinements. The optimized model parameters are
given in Table III. For comparison, several isotherms gen-
erated from the fitted thermal model are plotted alongside
the high-pressure-temperature data in Fig. 6(b) and the P-V
data points for these isotherms are provided Table S5 [19].
This simple two-parameter thermal pressure model captures
both the ambient pressure isobaric expansion behavior and the
laser heating data up to ~100 GPa. At higher pressures, the
discrepancy between the thermal model and experimental data
is greatest and, consequently, the model refinement is least
constrained by these points. A thermal model with a greater
number of refinable parameters could be optimized in place
of the Holland-Powell (HP) model to capture this behavior
but we believe more data in this regime is required before this
is justified and therefore the HP thermal model is appropriate
for the current data set.

As we wish to use Rh as a P-T gauge in future XFEL
experiments, we also developed a thermal EoS model suitable
for use in the widely used 2D x-ray diffraction integration
software, DIOPTAS [15]. Using the refined AP2-HP thermal
model, we generated a grid of P-V-T data points [at temper-
atures of 298, 1000, 1500, 2000, 2500, and 3000 K, between
0-200 GPa in 0.5-GPa increments (see an abridged Table S5
[19])] and then used the optimization approach described in
McHardy et al. [51] to generate a Rh jcpds parameter file
for use in DIOPTAS. The optimized parameters for this file are
given in Table III, and replicate the pressures calculated by the
AP2-HP EoS to within +0.55 GPa over the full P-V-T grid.
The reparametrized DIOPTAS EoS also reproduces the experi-
mental data to within a maximum deviation of AV = 1.2% at
~148 GPa and ~2700 K.

F. Pt-Rh high-temperature alloying

As stated previously, we conducted repeated heating stud-
ies at a specific sample location until we observed changes
in the postheating 2D diffraction images or integrated pro-
files. At that point, we moved to a new sample location
before continuing the experiment. An example of the changes
seen is illustrated in Fig. 7, which shows the behavior ob-
served in a sample when heated to 1336 K and then cooled
[Figs. 7(a)-7(c)] and then heated to 2323 K and then cooled
[Figs. 7(e)-7(g)]. On cooling from 1336 K, the diffraction
profile is the same as that obtained before heating [Fig. 7(d)].
However, after cooling from 2323 K, while the MgO and Pt
(200) peaks return to their preheating positions, and hence
indicate that the sample pressure is unchanged, the Rh (200)
diffraction peak is displaced to lower 26 than its initial posi-
tion [Fig. 7(h)], suggesting an expanded lattice. This change
in the relative spacing of the Pt and Rh peaks is also evident
in the 2D image [Fig. 7(g)].

The expanded lattice parameter seen in the postheated Rh
likely arises from the partial alloying of the sample with the
hot Pt coating, resulting in the apparent expansion of the Rh.
We can estimate the extent of the alloying using Vegard’s law
and the change in the measured lattice parameter of the Rh
obtained from the before and after heating profiles in Fig. 7(h).
The lattice parameters of the Pt and Rh prior to heating were
3.7930(3) A and 3.6687(3) A, while after heating the lattice
parameter of the Rh had increased to 3.6973(3) A. Using
Vegard’s law

Aalloy = xapy + (1 — X)arn, @)

where x is the fraction of the Pt alloyed with the Rh, and
these lattice parameters give x = 0.24, and hence the alloy
is Rhg 76Ptg 24. Given the initial starting thicknesses of the Rh
(6.4 um) and the Pt coatings (1.8 um) and complete alloying
of the Rh and the Pt, we would expect Rhy 75Ptg 25.

G. Heating-cooling cycles in the LH DAC

Given the observed alloying at high temperatures, we made
a more detailed study of the sample behavior as a result
of repeated heating at the same sample location at 65 GPa.
After collecting a preheating diffraction profile (heating cycle
No. 0), 13 heating runs were then made at the same sample
location, while the sample temperature was increased from
~1060 K on cycle No. 1 to 2370 K on No. 13 [Fig. 8(a)].
As shown in Fig. 8(b), there was no change in the postheating
diffraction profiles after the first five heating cycles, at which
point the maximum temperature reached was 1580 K. A small
shift of both the Pt and Rh diffraction peaks to slightly smaller
values of 26 showed that the pressure decreased slightly after
each heating cycle [Fig. 8(e)] and that the pressure determined
separately from the Rh and Pt was very similar [Fig. 8(e)].

Starting at heating cycle No. 6, however, we saw a change
in the relative lattice parameters of the Rh and the Pt
[Fig. 8(c)], clearly evident in the movement of the diffraction
peaks, an increase in the apparent uniaxial stress component
t [Fig. 8(d)], and a difference in the pressure experienced by
the Rh and Pt [Fig. 8(e)], which was further increased after
accounting for the different values of ¢ in the Rh and Pt.
All of these changes remained relatively unchanged until the
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FIG. 8. The effects arising from repeated laser heating and cooling at the same sample location. Cycle No. O refers to the data collected prior
to the first laser heating cycle. (a) The peak sample temperature reached in each heating cycle, as inferred from the pyrometry measurements.
No pyrometry data were acquired for cycle No. 7 due to the saturation of the detector during this run. (b) The integrated profiles obtained
from the quenched samples after each heating run, highlighting the (200) peaks from the Pt and Rh. The peaks from both materials show a
shift to lower 26 angles with increased heating cycles, typical of a pressure relaxation following repeated heating. (c) The ratio of the Pt and
Rh unit-cell parameters after each heating cycle. The black squares show the as-measured data while the triangles denote the hydrostatically
corrected ratio based on the measured ¢ parameter. Both the measured and hydrostatic ratios remain relatively constant for the first six cycles,
after which a reduction in the ratio likely indicates a reaction in the sample upon reaching some threshold temperature. (d) The ¢ parameter
for the Pt (H) and Rh (0J) after each cycle. An increase in the ¢ parameter is observed after the sixth heating cycle and is accompanied by
a significant increase in the uncertainty. (¢) The measured and corrected pressures in the Pt and Rh samples after heating. Both materials
indicate a decrease in pressure in agreement with (b), however, the apparent pressure drop in the Rh is significantly greater. This difference is
exaggerated in the corrected hydrostatic data.

final heating cycle (to 2370 K) where ¢ decreased, and the
pressure experienced by the Rh and Pt became more similar
again. Due to the large uncertainties on the uniaxial stress
component after heating cycle No. 6, it was not possible to
determine whether the increase in ¢ was related to changes
in the local stress state or to the changes in the sample
composition.

The results of this experiment suggest that while the data
from heating cycles No. 1-No. 5 could be used in obtaining
the thermal EoS of Rh, the higher-temperature data at this
pressure could not. While studies as detailed as this were not
conducted at other pressures, we did monitor the evolution
in the lattice parameter ratio (api/agrp) at other pressures as
this provided a rapid means of deciding when to move to a
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new sample position. As already mentioned, only spectra that
did not exhibit such changes in the postheating 2D diffraction
images or integrated profiles were used in the creation of the
Rh thermal EoS.

IV. CONCLUSIONS

By combining room-temperature compression and laser
heating studies, we have determined a thermal equation of
state of Rh to 191 GPa and 2700 K. By exploiting Bi’s ex-
cellence as a PTM, we have quasihydrostatically compressed
Rh to 191 GPa at 300 K, and have used the micron-sized
x-ray beam available at the ESRF-EBS to make detailed mea-
surements of both the pressure distribution within the sample
chamber and the uniaxial stress distribution in the Rh sam-
ple. Using a flash laser heating system, we have also studied
Rh at elevated temperatures, where we see clear evidence
of alloying between the Rh and the Pt pressure calibrant.
This alloying is evident from both the 2D diffraction images
and the integrated profiles and, as such, these data were not
included in the determination of the Rh EoS.

Initial studies at the European XFEL have shown Rh to be
an almost ideal laser heating coupler. Our determination of
a thermal EoS for Rh should broaden its use in the future.
To facilitate this, we have also determined a thermal EoS
for Rh that is suitable for use within the DIOPTAS analysis
suite.
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