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ABSTRACT

The high-pressure and high-temperature thermodynamic properties of rhodium (up to 2000 K and 300 GPa) are presented using
the first principle approach within the quasi-harmonic approximation. The thermal Helmholtz free energy includes the contribution
of both phonon vibrations and electronic excitations. The performance of three popular exchange-correlation functionals—local den-
sity approximation [Perdew et al., Phys. Rev. B 23, 5048 (1981)], Perdew-Burke-Ernzerhof generalized gradient approximation (PBE)
[Perdew et al., Phys. Rev. Lett. 77, 3865 (1996)], PBE modified for dense solids [Perdew et al., Phys. Rev. Lett. 100, 136406 (2008)]
are shown. The simulated thermal expansion coefficient, isobaric heat capacity, mode-Griineisen parameter, thermodynamic average
Griineisen parameter, and bulk modulus are compared with the available experimental and theoretical reports. The contribution of
thermal electronic excitations to the obtained thermodynamic parameters is significant at low pressure and high temperatures, except
in bulk modulus, where it is small. The pressure-dependent elastic constant coefficient (Cj) and the Debye temperature are com-
puted at 0 K. The Pugh ratio calculated from Cjj indicates that rhodium undergoes brittle to ductile transitions at an average pressure
of 7.45 GPa.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0203098
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I. INTRODUCTION

Rhodium, a silvery white metal with a density of 12.41 g/cm’
(at 20°C) and a melting point of ~2200 K, is a face-centered
cubic (fcc) 4d transition metal in the platinum group. Due to its
inertness against corrosion, high melting point, low electrical resis-
tance, and structural stability under a high-pressure environment,
rhodium is suitable for applications under extreme conditions.
Moreover, rhodium is a vital catalyst element for three-way cata-
lysts (TWC) converters, which reduces the harmful nitrogen oxides
into nitrogen and oxidizes hydrocarbon, and carbon monoxide
into water vapor and carbon dioxide."” As an alloy with platinum
and palladium, rhodium improves its hardness and makes it more
corrosion-resilient. Recently, rhodium hydrides (RhH3) have been
predicted to be a potential hydrogen storage device material that
remains stable up to 300 GPa.’ Despite such potential applications, a

comprehensive ab initio study on pristine rhodium’s thermody-
namic properties at high pressures and temperatures is missing.
The equation of state (EOS) for rhodium at extreme pres-
sures obtained using shock wave experiments is described in
Refs. 4-7. The room-temperature and high-pressure (< 70 GPa)
study by Yusenko et al® using a diamond anvil cell (DAC) on
powdered rhodium is a crucial reference to compare the theoreti-
cal values. Theoretically, reports on the temperature dependence of
other thermodynamic properties like thermal expansion coefficient,
heat capacity, and bulk modulus are only available at zero or ambient
pressure. For example, Grabowski et al.’ studied the temperature-
dependent thermal properties of rhodium at 0 GPa using the quasi-
harmonic approximation (QHA) with local-density approximation
(LDA) and Perdew-Burke-Ernzerhof (PBE) functionals. Recently,
Smirnov'’ reviewed rhodium’s structural stability, elastic proper-
ties, EOS (isothermal and Hugoniot), and sound velocity on the
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Hugoniot using the full-potential all-electron linear muffin-tin
orbital method (FP-LMTO) and PBEsol. The author'’ reports that,
at 0 K, rhodium undergoes a structural transition from fcc to a dou-
ble hexagonal closed packed (dhcp) structure at 4.1 TPa and later to
a body-centered cubic (bcc) structure at 5 TPa. Moreover, Kumar
et al.,'' using a mean-field approach to account for the anhar-
monic effects due to the lattice vibration, found a reasonable degree
of success at high temperatures and high-pressure thermodynamic
properties except in bulk modulus. Thus, a detailed ab initio descrip-
tion of different thermodynamic properties at high temperatures
and pressures is still lacking.

In the present report, we considered the contributions of
phonons and electronic excitations in the free energy, and tested
the performance of three popular exchange-correlation functionals,
namely, PBE, PBEsol, and LDA. We provided the EOS at room and
high temperatures, and further conducted a detailed study on the
thermodynamic properties of rhodium up to 2000 K and 300 GPa.
Finally, the pressure-dependent elastic constant coefficient at 0 K
and the corresponding Debye temperature are presented.

Il. METHOD

The results presented in this work are calculated using the
density functional theory (DFT) as implemented in the Quantum
ESPRESSO (QE) package.'”'” The anharmonic thermodynamic
properties of rhodium within quasi-harmonic approximation
(QHA) are computed using the Thermo_pw!! code, which
uses the FORTRAN routines of QE.'”'” We used the projector
augmented wave (PAW)" method and a plane wave basis set
with scalar relativistic pseudopotentials (PPs) from pslibrary.'®"
The exchange-correlation (xc) functional is approximated by
the generalized gradient approximation (GGA) suggested by
Perdew-Burke-Ernzerhof (PBE),'® the PBE functional modified for
densely packed solids (PBEsol),'” and the local-density approxima-
tions (LDA) with the Perdew-Zunger’’ parameterization. For PBE,
PBEsol, and LDA, we used Rh.pbe-spn-kjpaw_psl.1.0.0.UPF,
Rh.pbesol-spn-kjpaw_psl.1.0.0.UPF, and Rh.pz-spn-
kjpaw_psl.1.0.0.UPF, respectively, as pseudopotential files from
pslibrary.®"” The electronic configuration of Rh is [Kr]5s*5p%4d’,
and the used PPs include the 4s* and 4p° as semi-core states among
the valence states.

We expanded the wavefunctions and charge densities in a plane
wave basis with a kinetic energy cutoff of 75 Ry and 650 Ry, respec-
tively. A 32 x 32 x 32 k-point mesh using the Monkhorst-Pack
method’! was used. The presence of the Fermi surface is dealt with
by the Methfessel and Paxton (MP) smearing approach’ with an
MP smearing parameter of o = 0.02 Ry. The density functional per-
turbation theory (DFPT)* extended to PAW? is used to calculate
the dynamical matrices on a coarse 8 x 8 x 8 q-point mesh. The esti-
mated dynamical matrices are then Fourier interpolated on a thicker
192 x 192 x 192 q-point mesh to perform the Brillouin zone sum-
mation. For each functional, the dynamical matrices are calculated
on 15 geometries with unit cell dimensions varying in the steps of
Aa ~ 0.1 a.u. In the Helmholtz free energy, we included the contri-
butions from the phonons and the electronic excitations (within the
rigid bands’ approximation).

For elastic constant coefficients (Cj), the strain on the
unstrained (equilibrium) lattice vectors is applied, and the stress ten-
sor is calculated. Finally, the derivative of the evaluated stress with

pubs.aip.org/aip/adv

the applied strain is performed to determine Cj’s. The theoretical
description for calculating the different thermodynamic properties
using QHA and elastic constant coefficients is documented in our
group’s previous studies.”” *’ Internal relaxations are not considered
since we have only 1 atom/cell.

I1l. RESULTS AND DISCUSSION

Figure 1 compares the P-V EOS of rhodium at 301 K, obtained
for the three functionals, with the experiment and other theoretically
predicted results. In the inset of Fig. 1, the P-V isotherms at 301
K and 1999 K are shown, where we observe a significant difference
in the lattice parameter at 0 GPa, which decreases with increasing
pressure, reflecting a much smaller thermal expansion (see below).

From Fig. 1, we noticed that the room temperature and high-
pressure DAC experiment by Yusenko ef al.,’ up to 70 GPa, shows
an excellent agreement with our PBEsol result at low pressures;
while increasing the pressure, it moves closer to the LDA isotherm.
Furthermore, the theoretically predicted results of Smirnov,'’ calcu-
lated using the full-potential all-electron muffin-tin orbital method
(FP-LMTO) and PBEsol, align almost perfectly with our PBEsol in
the entire studied pressure range. The P-V isotherm calculated by
Cazorla” using the full-potential linearized augmented plane waves
(FP-LAPW) and Wu-Cohen (WC) functional remains in agreement
with our PBEsol curve, and only at very high pressure, a minor dif-
ference is noticed. In addition, the EOS predicted by Shao et al.,’
studied using PAW and PBEsol, agrees only with our PBEsol at low
pressures. In contrast, Shao et al.’ EOS diverges and overlaps with
our PBE curve at high pressures.

The calculated free energy is fitted with the fourth-order
Birch-Murnaghan (BM) equation, and the obtained equilibrium

301K

301K 1999 K

Vi)lurrle (A%

100 200
Pressure (GPa)

Volume (A%

= Yusenko et al. (DAC expt.)

10+

X Smirnov (FP-LMTO and PBEsol)

L --# - Cazorla et al.(FP-LAPW and Wu-Cohen)
- b= Shao et al. (PAW and PBEsol)

9 ! ! . !
0 50 100 150
Pressure (GPa)

1 L L
200 250 300

FIG. 1. P-V EOS of rhodium calculated at 301 K for LDA, PBEsol, and PBE func-
tionals. The DAC experiment of Yuesenko et al.® is included. Theoretical study
of Smirnov'? [using full-potential all-electron linear muffin-tin orbital (FP-LMTO)
method and PBEsol], Cazorla et al.2¢ [full-potential augmented plane-wave tech-
nique (FP-LAPW) and Wu-Cohen functional], and Shao et al.® [using projector
augmented wave (PAW) method and PBEsol] are compared. Inset shows the EOS
at 301 Kand 1999 K for LDA, PBEsol, and PBE.
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parameters [unit-cell lattice constant (a9), bulk modulus (By), and
its pressure derivative (Bg)], are compared with other experimental
and simulated results (see Table I). In Table I, we found that our
lattice constant at 301 K obtained from LDA and PBEsol are under-
estimated by 1 % and 0.3 %, respectively, and PBE is overestimated
by 1.1 % with respect to the results of Yusenko et al.® obtained by
fitting the experimental data at 300 K with third-order BM-EOS. In
addition, at 0 K, our LDA, PBEsol, and PBE g are underestimated by
0.1 % with respect to the values obtained by the FP-LAPW*’ method
and by ~ 0.2 % for each functional when compared to the PAW
method by Dal Corso.”

We compared our equilibrium bulk modulus (By) at 301 K with
the DAC experiment® and noticed that our By for LDA is overesti-
mated by 1.5 % (4.6 GPa); for PBEsol and PBE, it is underestimated
by 5.7 % (17.2 GPa) and 18.5 % (55.7 GPa), respectively. Moreover,
comparing our By at 0 K with the values obtained from the elas-
tic constant measurement by Walker ef al.’! at 4.2 K, we observe
that our LDA and PBEsol are overestimated by 15.7 % (50.1 GPa)
and 9.4 % (28 GPa), respectively; meanwhile, the PBE is underes-
timated by 4.0 % (10.4 GPa). Our By and its pressure derivative
By, agree with almost all results reported in the theoretical stud-
ies, but our By is significantly lower than results of Yusenko et al.®
(see Table I).

pubs.aip.org/aip/adv

The temperature-dependent volumetric thermal expansion
coefficient () and the electronic excitation contribution (EEC) in
B at 0 GPa and 300 GPa for the three functionals are shown in Fig. 2.
At 0 GPa and relative to LDA, the B (in 107° K™!) of PBEsol (PBE)
is higher by 1.35 (5.01) at 301 K and by 4.18 (18.55) at 1999 K. In
contrast, the difference of EEC in B (in 107° K1) for PBEsol (PBE)
at 301 K and 1999 K is 0.06 (0.2) and 0.2 (5.77), respectively. On
the other hand, at 300 GPa and relative to LDA, the change in p (in
107 K™") for PBEsol (PBE) is 0.02 (0.07) at 301 K and 0.03 (0.09) at
1999 K, whereas the difference of EEC in f (in 107 K™!) vanishes
at 300 GPa, which for PBEsol (PBE) at 301 and 1999 K is 0.0 (0.0)
and 0.02 (0.05), respectively. Thus, the difference in B obtained for
different functionals is not due only to the change in the EEC in f,
and this change decreases significantly with increasing pressure, as
noticed in Fig. 2.

In Fig. 2, we compare our results with the experimental data
of White and Pawlowicz’® (determined using the three-terminal
capacitance method), Singh** (determined using x rays), Touloukian
et al®® (Thermophysical Properties Research Center, TPRC data
series), and literature reviewed by Arblaster.”® On comparison, we
found that, at low temperatures (< 300 K), the PBEsol reasonably
agrees with all the experimental data. In contrast, with increasing
temperature, the experimental data lies between PBE and PBEsol

TABLE I. Equilibrium lattice constant (ar,), bulk moduli (Br), and its pressure derivative (B7) at 0 K and 300 K were obtained after fitting the free energy with the fourth-order BM
equation for the three functionals. The experimental data are measured at 300 K using a DAC high-pressure experiment.® The experimental bulk modulus measured at 4.2 K,
determined using the elastic constant coefficient,' is included. The simulated values at 0 K and 297 K using different methods are acquired from Refs. 9, 28-30, and 32. The
methods mentioned are FP-LAPW: full-potential linearized augmented plane-wave, ae: all-electron, and LSDA: local-spin density approximation. The underlined values are used

for the comparison mentioned in the text.

Lattice constant (ar,) (A)

Bulk modulus (B7) (GPa) Pressure derivative of By (BY)

Exchange - correlation functional 0K 301K 0K 301K 0K 301K
LDA 3.756 3.765 318.8 305.6 5.0 5.2
PBEsol 3.781 3.791 296.7 283.8 5.1 52
PBE 3.830 3.842 258.3 245.3 52 53
Expt.: 3.801 (300 K).* Expt.: 268.7 (4.2 K),”! Expt.: 3.1 (300 K).*
301.0 (300 K).* LDA:
LDA: LDA: 5.2 (PAW) (0K),’

3.759 (FP-LAPW) (0 K),”*
3.763 (PAW) (0 K),”
3.791 (LSDA) (0 K),
3.766 (ae) (0 K),’

3.774 (PAW) (297 K).»
PBEsol:

3.785 (FP-LAPW) (0 K),”
3.788 (PAW) (0 K),*
3.799 (PAW) (297 K).»
PBE:

3.834 (FP-LAPW) (0 K),”
3.837 (PAW) (0 K),*
3.844 (ae) (0 K),’

3.847 (PAW) (297 K).»"

Other studies

316.5 (PAW) (0 K),*

303 (LSDA) (0 K),

316 (ae) (0K).”

PBEsol:

294.4 (PAW) (0 K),
299.4 (FP-LAPW) (0 K).**
PBE: PBE:

256.3 (PAW) (0 K), 4.94 (PBE) (0 K),”
255 (ae) (0 K),” 5.4 (ae) (0 K),’
248 (PAW) (0K).” 5.3 (PAW) (0 K).

4.99 (LSDA) (0 K),”
5.3 (ae) (0 K).”

PBEsol:
4.9 (FP-LAPW) (0 K).2*
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FIG. 2. Temperature-dependent volume thermal expansion coefficient () (solid
line) and electronic excitation contribution (EEC) to B (dash-dot-dot) for LDA,
PBEsol, and PBE at 0 GPa and 300 GPa. The experimental data of White and
Pawlowicz,%* Singh,3* Touloukian et al. (TPRC data series),*°> and Arblaster,®
and theoretical predicted data from Grabowski et al. (LDA and PBE)® and Pan
et al. (PBE)*" are included.

and move closer to the PBE at higher temperatures. The ab initio
calculations of Grabowski et al’ using LDA and PBE agree well
with our results. However, the results of Pan et al,”” simulated
using quasi-harmonic Debye model and ultrasoft pseudopotentials
with PBE, are significantly lower than our prediction and with
other experimental data, and they remain almost constant with the
temperature.

Figure 3 shows the pressure dependence on {3 at 301 K (in inset)
and 1999 K (central figure) for the three functionals. At 301 K, the
B with including and excluding the EEC are similar, and all the
functionals become indistinguishable with increasing pressure. In
addition, the p predicted by Pan et al.”’ at 300 K are significantly
lower and decrease faster with pressure than our expected result. At

20
SY

6 with-EEC without EEC
< 25 —_ ---=~  LDA
© e - PBEsol
=5 20 —_— e PBE
g
g 4
%
g &
g 300
=
£
© 0
g
£ 10 —_—
> ESRESEEEEES
1999 K ) )
0 100 200 300

Pressure (P) (GPa)

FIG. 3. Pressure-dependent volume thermal expansion coefficient () determined
by including (solid line) and excluding (dash-dot-dot) electronic excitation contribu-
tion (EEC) at 1999 K and 301 K (in inset) for LDA, PBEsol, and PBE. The simulated
result (line + symbol) of Pan et al. (PBE)*’ obtained at 300 K is compared.
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1999 K, the separation in the p for all the functionals is significant
at 0 GPa; this difference decreases and remains constant at higher
pressure.

In Fig. 4, we compare the temperature-dependent isobaric heat
capacity (Cp) for LDA, PBEsol, and PBE at 0 and 300 GPa. The
experimental results of Furukawa ef al.,*® Clusius and Losa,” Robie
et al,’* and Caldwell’! agree well with our simulated data. All the
functionals follow the reported values at low temperatures, whereas
PBE appears to agree better at higher temperatures. The EEC in Cp
reported by Clusius and Losa’ concurs with our results. In addition,
our Cp and its EEC agree with the PBE and LDA study of Grabowski
et al.” (see Fig. 4).

Furthermore, from Fig. 4, we notice that at 0 GPa, the temper-
ature variation of Cp and the EEC in Cp are similar for LDA and
PBEsol, while they are higher in PBE. In addition, the EEC plays a
significant role in Cp at higher temperatures. At 0 GPa and 1999 K,
the Cp (in J/K.mol) for LDA, PBEsol, and PBE is 38.36, 39.28, and
42.55, and that for its corresponding EEC is 8.99, 9.53, and 11.21,
respectively. It is noteworthy that the difference between the Cp and
its EEC for LDA, PBEsol, and PBE (in J/K.mol) is 29.37, 29.75, and
31.34, respectively, which is greater than the classical Debye limit
(3 Kp ~ 24.95 J/K.mol). The difference is due to the significant con-
tribution of the ﬁZBT VoT in Cp determined using the relation Cp
P, T)=Cy (V,T) + [52 (P, T)-Br (V, T)- Vo (T) - T, where Br is the
isothermal bulk modulus.

Furthermore, from Fig. 4, at 300 GPa and 1999 K, the Cp (in
J/K.mol) for LDA, PBEsol, and PBE is 28.87, 28.91, and 29.03, and
that for EEC in Cp is 3.60, 3.65, and 3.77, respectively. In this case,
the difference between the Cp and its EEC is 25.27, 25.26, and 25.26,
respectively. Thus, with increasing pressure and at high tempera-
tures, the Cp approaches the classical Debye limit and is independent
of the choice of functionals. This is also reflected in Fig. 5, where the
pressure-dependent variation of Cp at 301 K and 1999 K for LDA,
PBEsol, and PBE is presented. In Fig. 5, we observe that at 301 K,
with increasing the pressure from 0 GPa to 300 GPa, the difference
between the Cp with and without EEC remains the same, and they

T T T
——LDA
40 —— PBEsol
——PBE

30

Furukawa et al. - -+ - Grabowski et al. (PBE)

20 - - - Grabowski et al. (LDAJ]

Clusius et al.
Robie et al.
Caldwell

Heat Capacity C,, (J/K.mol)

2000
Temperature (K)

FIG. 4. The dependence of isobaric heat capacity Cp and the EEC to the heat
capacity (Cg) with temperatures at 0 GPa and 300 GPa are shown. The exper-
imental results (symbols) from Furukawa et al.,® Clusius and Losa,* Robie
et al.,*0 Caldwell,*" and theoretical predictions (line + symbols) of Grabowski
et al.? (PBE and LDA) are included.
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FIG. 5. Pressure-dependent isobaric heat capacity Cp with including (solid lines)
and excluding (dash-dot-dot) EEC at 301 K and 1999 K for three functionals.

decrease consistently for all three functionals. In contrast, at 1999 K,
the separation between the Cp determined with and without EEC
decreases initially, and later, it remains constant with pressure. The
decrease in the EEC in heat capacity with increasing pressure is due
to a decrease in the density of states (DOS) at the Fermi level (er)
(see supplementary material).

Figure 6 demonstrates the temperature-dependent isentropic
(Bs) and isothermal (Br) bulk modulus calculated at 0 GPa and
300 GPa for the three functionals. The EEC in the Bs is negli-
gible, as seen in Fig. 6. The bulk modulus obtained by Yusenko
et al.® using the DAC experiment at 300 K is halfway between our
LDA and PBEsol. Meanwhile, the bulk modulus of Walker et al.”’
obtained from the elastic constants of a rhodium’s single crystal lies
between the PBEsol and PBE. The bulk modulus at 0 K obtained
by Sahara et al*’ using PAW and PBE is significantly higher
than our PBE result. Furthermore, the temperature-dependent bulk
modulus computed by Sahara et al.*” using the fcc-lattice gas model

ARTICLE pubs.aip.org/aip/adv

Bulk Modulus (GPa)

r + Yusenko et al. (DAC) K Sahara er al. (PBE) -——

150~ © Walker et al. O Sahara et al.(MD) (Rosato Potential) T

- ® Cagin ef al.(MD) (Sutton-Chen Potential) ~
0 £ _Singh -
[EEC at 0 GPa
_50 . | . | . I .
0 500 1000 1500 2000
Temperature (K)

FIG. 6. Variation of isoentropic (Bs) and isothermal (Br) bulk modulus with the tem-
perature at 0 and 300 GPa for LDA, PBEsol, and PBE (shown in solid and dashed
lines). The experimental results of Yusenko et al.8 using DAC measurement and
Walker et al.3! using the elastic constant coefficient are included. The theoretically
predicted data from Sahara et al.*” (PAW with PBE and potential renormaliza-
tion technique with Rosato potential), Cagin et al.** (Sutton-Chen potential), and
Singh** are compared.

with a potential renormalization technique and Rosato potential
agrees with our LDA at 0 K, whereas for higher temperatures, they
are very close to the PBEsol. The bulk modulus value of Cagin et al.,*’
determined using molecular dynamics and Sutton-Chen potential,
overlaps our PBE results up to 1500 K. In addition, the results of
Singh’s** follow well with our PBE up to 1000 K, beyond which the
difference between our values and Singh’s** values increases with the
temperature.

In Fig. 7(a), the phonon dispersions calculated at 297 K are
shown and they agree with Ref. 30. Comparison with the inelastic
neutron scattering data® indicates a good agreement with PBEsol
and LDA, whereas the phonon modes for PBE are significantly
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softened. In Fig. 7(b), we illustrate the mode-Griineisen parameter
(Yqn) obtained for different functionals determined on the same
high-symmetry path chosen for phonon calculations. Like phonon
dispersions, the yq, of LDA and PBEsol are similar, whereas PBE
always remains higher. The yq, of Antonov et al.’® shows a sig-
nificant difference with our values [see Fig. 7(a)]. Antonov et al.*®
studied using the pseudopotential model based on the second-order
perturbation theory, where the local pseudopotential acts on the s
electrons, and the repulsive Born-Mayer interatomic potential is
used to simulate the contribution of d electrons.

Figure 8 shows the temperature-dependent thermodynamic
average Griineisen parameter (y = 8 (T)f}CTV(TT))Vf’(T) =B (T)BCSP((TT))V o1
calculated at 0, 100, 200, and 300 GPa. At 0 GPa, the variation of y
obtained with including and excluding EEC are similar for LDA and
PBEsol, while for PBE, it is higher. Furthermore, the y obtained by
excluding the EEC increases with increasing temperature. The pres-
sure derivative of y decreases with increasing pressure, and the y

2500,

[35]
(=
(=3
(=]

1500

1000]

w
[=3
(=)

Elastic constant coefficient (Cij) (GPa)

o ‘ Pan et al. ‘(PBE)

I I
100 150 200

Pressure (P) (GPa)

(=)

250 300

Pugh ratio (G/B)

ARTICLE pubs.aip.org/aip/adv

remains almost constant with temperature when the EEC is incorpo-
rated in the total free energy. With increasing pressure to 100 GPa
and onward, the y for both cases (with and without EEC) collapse
and are indistinguishable. Moreover, from Fig. 8, we notice that
the experimental result by White and Pawlowicz™ is in accordance
with our results, whereas the values of Singh®* increase linearly
with the temperature. For calculating the y, White and Pawlowicz*’
considered Cp and linear thermal expansion coefficient a (=f/3)
temperature-dependent, whereas the fixed room temperature value
for 3VBs is used. Singh** included the temperature dependence only
on B and Cy, while the room temperature values of the V and the
compressibility (1/B) are used.

The pressure dependence on the three independent elastic con-
stant coefficients Ci1, Ci2, and Cyy at 0 K for LDA, PBEsol, and
PBE is shown in Fig. 9(a). In the entire pressure range and for all
three functionals, the systems agree with the Born stability criteria
(C11 >0, C;1-Ci2 > 0, C11+2Cq2 > 0, and Cyy > 0), and therefore,
all the studied structures used in QHA are stable. The compari-
son between the pressure-dependent Cj; obtained for PBE agrees
well with the PBE study of Pan et al,” as shown in the inset
of Fig. 9(a).

The equilibrium (~0 GPa and 0 K) Cjj for each functional is
shown in Table II. Table II shows that our PBE results are very close
to the experimental values at 4.2 K’' and theoretically predicted Cj;
obtained using PAW with PBE.*” Instead, our LDA values differ
slightly from the LDA values of Ref. 48. Using this single crystal C;;
values and the Voigt-Reuss-Hill (VRH) averaging®’ relations, the
polycrystalline bulk modulus (B), shear modulus (G), and, thus, the
Pugh ratio (G/B) are calculated. The materials with a Pugh ratio of
more than 0.57 are considered brittle, and vice versa.’’ The variation
of the Pugh ratio (G/B) with pressure shown in Fig. 9(b) illustrates
that rhodium at equilibrium condition (0 GPa) is brittle. A transi-
tion from brittle to ductile nature prevails at an average pressure
of ~7.45 GPa (or ~4.57 GPa, ~7.98 GPa, and ~9.81 GPa for LDA,
PBEsol, and PBE, respectively). Moreover, we found that, at 0 GPa,
the predicted Pugh ratio using PBE*’ agrees with our result, whereas

0.421

-.---PBE
0 50

100 150 200
Pressure (P) (GPa)

250 300

FIG. 9. (a) Pressure-dependent elastic constant coefficients (Cj) C1, C12, and Cy4 at 0 K for three functionals. The inset shows the comparison between Cjj obtained using
the PBE and Pan et al. (PBE)?’ predicted data. (b) Variation of the ratio of shear modulus and bulk modulus, Pugh ratio (G/B), with pressure, and Debye temperature (8p) (in
inset) at 0 K for LDA, PBEsol, and PBE. The horizontal dotted line is at G/B = 0.57, below (above), and the system is considered ductile (brittle).
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TABLE II. Equilibrium elastic constant coefficient (C;j) (C41, C1o, and Cy4) for LDA, PBEsol, and PBE at 0 K. The bulk modulus (B), shear modulus (G), and Debye temperature
are calculated using the C;. The experimental and theoretical values are compared from Refs. 31, 38, and 48-51. The C;; is used to determine the polycrystalline bulk modulus
(B) and shear modulus (G) using the VRH averaging relation. Finally, these B and G evaluate the Pugh ratio (G/B) and Debye temperature (6p). For (a) and (c), the B, G, G/B,
and 6p are calculated here using the reported Cj values in Ref. 31 and Refs. 48, and the corresponding values for (d) are adopted from Ref. 47.

Elastic constant coefficient C; (in GPa) Polycrystalline  Polycrystalline Debye
bulk shear temperature
modulus (B) modulus (G)  Pugh ratio (6p) at 0 K
C11 Clz C44 (in GPa) (in GPa) (G/B (in K)
LDA 505 225 224 318.2 185.3 0.58 527.56
This study PBEsol 476 209 215 297.8 177.3 0.59 513.21
PBE 414 179 187 257.5 154.9 0.60 486.79
422.1° 191.9° 194.0" 268.6" 157.3" 0.59" 493.04%,512 + 17°
Other studies 397.0° 171.0° 196.0° 246.3° 157.2¢ 0.64° 491.89°
416.6" 179.7° 187.1¢ 258.7" 155.7" 0.60" 490.00"
*Experiment. (Cy at 4.2 K).”!
®Experiment (temperature range: 1.8-4.2 K).*
“FP-LMTO with LDA.*
4PAW with GGA (PBE).*
10 with EEC ' no EEC ‘ ith ] ‘
(a) . 0 LDA oL (b) with EEC  no EEC oA i
— - PBEsl PBEsol
ol _ — PBE PEE
< 9
5 5
B E
& 4l )
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FIG. 10. Variation of pBr with (a) temperature at 0 and 300 GPa and (b) pressure at 301 K and 1999 K. For both (a) and (b), the dependence on EEC on BB is shown.

the value obtained using FP-LMTO with LDA" is slightly higher
than our expected value, as shown in Table II. The Debye tempera-
ture (6p) calculated using the polycrystalline B and G values agrees
reasonably well with experimental’"”* and theoretical studies""*""
(see Table II). Pressure-dependent Debye temperature at 0 K, shown
in the inset of Fig. 9(b), indicates that with increasing pressure, the
average Op for LDA, PBEsol, and PBE increases from ~500 K at
0 GPa to ~875 K at 300 GPa.

The variation of Bt with temperature at 0 GPa and 300 GPa is
shown in Fig. 10(a), where we observe that, at high temperatures for
both 0 GPa and 300 GPa cases, the BBt increases with temperature
when EEC is considered. However, the pBr remains almost constant
when EEC is excluded from the total free energy. The pressure-
dependent BBt at 301 K and 1999 K in Fig. 10(b) illustrates that at
301 K, the BBr decreases with increasing pressure. In contrast, at

1999 K, the BBt for both with and without EEC decreases and later
remains constant with pressure.

IV. CONCLUSION

The thermodynamic properties of rhodium up to 300 GPa
and 2000 K are studied using DFT within QHA considering three
popular functionals: LDA, PBEsol, and PBE. The role of phonon
and thermal electronic excitations is considered to calculate the
total free energies. The contribution of electronic excitations in
the studied thermodynamic properties is discussed. The analysis
indicates that the anharmonic contribution is small and QHA is suf-
ficient to describe the thermodynamic properties of rhodium. Our
results show a reasonable agreement with other experimental and
theoretical studies.
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The lattice constant obtained using PBEsol was underestimated
only by 0.3 %, while PBE shows a maximum error of 1.1 % com-
pared to the experimental value. For volume thermal expansion,
PBEsol agrees at low temperatures, and at higher temperatures, PBE
conforms better. In addition, PBE appears to provide better results
for heat capacity in the studied temperature range. The experimen-
tal bulk modulus measured using the DAC technique is close to
the LDA and PBEsol results; however, the bulk modulus obtained
from the elastic constant lies between the PBEsol and PBE. The
phonon dispersion shows a better agreement with the PBEsol, and
PBE shows significant phonon softening.

The temperature- and pressure-dependent BBt discussed here
indicate that PBr remains almost constant at high temperature
and high pressure, respectively, when no electronic excitation con-
tribution is considered. In contrast, the thermodynamic average
Griineisen parameter increases with the temperature when no EEC
was incorporated in the free energy. The contribution of elec-
tronic excitation became substantial at high temperatures and low
pressures for all the studied thermodynamic properties except the
bulk modulus, for which the EEC contribution is negligible. More-
over, we have presented the mode-Griineisen parameter and the
temperature-dependent thermodynamic average Griineisen para-
meter at different pressures. They will be helpful to understand the
thermodynamic properties of rhodium and other platinum group
elements.

The elastic constant coefficient obtained from various experi-
mental and simulated studies agrees reasonably with our PBE result.
The Pugh ratio study shows that, at 0 K, the rhodium is brittle, and
a transition from brittle to ductile occurs at ~ 7.45 GPa. A similar
behavior in iridium was shown by Liang ef al.,”> where the authors
reported that with increasing pressure, the ductile nature of irid-
ium grows. In contrast, with temperature, iridium becomes more
brittle. The temperature dependence of the Pugh ratio and the role
of pressure at high temperatures in rhodium are essential for vari-
ous mechanical applications, and they must be reserved for future
research.

SUPPLEMENTARY MATERIAL

The decrease in the electronic excitation contribution in spe-
cific heat with pressure for LDA, PBEsol, and PBE is discussed in the
supplementary material.
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