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The structural, electronic, mechanical, and thermal properties of Pt, Pd, Rh, Ir, Os metals and their alloys PtPdX (X
= Ir, Os and Rh) are studied systematically using ab initio density functional theory. The groundstate properties such as
lattice constant and bulk modulus are calculated to find the equilibrium atomic position for stable alloys. The electronic
band structure and density of states are calculated to study the electronic behavior of metals on making their alloys. The
electronic properties substantiate the metallic behavior for all studied materials. The firstprinciples density functional
perturbation theory as implemented in quasi-harmonic approximation is used for the calculations of thermal properties.
We have calculated the thermal properties such as the Debye temperature, vibrational energy, entropy and constant-volume
specific heat. The calculated properties are compared with the previously reported experimental and theoretical data for
metals and are found to be in good agreement. Calculated results for alloys could not be compared because there is no data

available in the literature with such alloy composition.
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1. Introduction

The platinum group metals (PGMs) are promising mate-
rials for numerous technological applications. The four PGMs
Pt, Pd, Ir, and Rh have face-centered cubic (fcc) and other
two OS and Ru has hexagonal close-packed (hcp) structure.
PGMs are considered as primary ingredients in the automo-
tive, chemical, and petroleum industries. Their thermal stabil-
ity at high temperatures and the highest shear modulus at room
temperature make them superior materials.['-3] They have
been investigated for carbon material protective coatings, !
heavy-metal-ion sensors,® and Re-rocket thrust!®! applica-
tions. They are also broadly used in organic chemistry
for hydrogenation, hydro-formylation, hydro-boration, hydro-
silylation, cyclo-additions,”#! and oxidation reactions for the
catalytic converters in automobiles. Their incredible catalysis
activity increases research interests in these rare elements, !
but odd with their higher cost. The importance and higher
cost of PGMs motivate the researchers for the development
of alloys to reduce the material cost and changing in proper-
ties to the requirement. The transition metals and their inter-
metallic alloys are promising structural materials because of
their high melting points, high strength, and good oxidation
resistances.!'%) During the recent years, the inter-metallic al-
loys of these PGMs have attracted considerable experimen-
tal and theoretical interests of many researchers.!!'!) Many of
the possible alloy compositions have not yet been studied and
there are still sizable gaps in the knowledge of the basic prop-
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erties, especially thermal properties of PGMs and their al-
loys. There is a considerable difficulty in calculating ther-
modynamic properties experimentally because they often re-
quire high temperatures or pressures and very long equilibra-
tion processes.

Ab initio technique based on density-functional theory
(DFT)['>-14] has been used to calculate the properties of mate-
rials at zero temperature in the last few decades. However, the
first-principles approaches in the study of thermal properties
are still challenging for researchers. A simplified approach for

thermal properties calculation is Debye—Gruneisen theory!!”!

[16,17]

that maybe used properties calculations as well as for

(18] The Car—Parrinello first-principles molecular

compounds.
dynamics simulations method is being used for more accu-
rate thermodynamic properties calculations.!'”] However, this
simulation method can be a heavy computational task and re-
sults may not be realistic enough. Now it is possible to cal-
culate vibrational frequencies at every point of the Brillouin
zone with the achievements of density-functional perturbation
theory (DFPT). 2211 This method also has reduced computa-
tional time for thermal properties and many applications have
been made within DFPT.!??! In this approximation, an har-
monic effect is included through the explicit volume depen-
dence of the vibrational frequency. Several thermal expansion
calculations for cubic metals based on DFPT have been carried
out!>3-261 and they give good results about isotropic thermal
expansion and related thermal properties. In this paper we ap-
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ply quasi harmonic approximation with DFPT to the study of
the thermal properties of platinum group metals and their al-
loys. A relatively dense mesh of k points is needed to achieve
convergence of phonon frequencies for both metals because of
complexities of the Fermi surface.?”]

2. Computational method

The first-principles investigation was performed using a
pseudo-potential plane wave (PP-PW) method as implemented
in QUANTUMES ESPRESSO.[?8] We have used super cell
with 2 x 2 x 2 dimension to study PGMs and their alloys.
Super cell with Pty 5Pdg25Xp.50 concentration was used for
PtPdX (X = Ir, Os and Rh) alloys. Vanderbilt ultra-soft
pseudo-potential parameterized by Perdew and Zunger!?%-3]
was used for calculations. We used ultra soft Vanderbilt for-
malism with local density approximation (LDA)B! for the
exchange correlation energy of the electrons. The special k-
points mesh was integrated to sampled Brillouin zone using
the Monkhorst—Pack method.??! A special k-points mesh of
14 x 14 x 14 was used to produce irreducible Brillouin zone.
The pseudo-wave functions were expanded in a plane wave
basis set using cut-off energy of 30 Ryd for all concentra-
tions. The chosen cut-off energy and k-point mesh ensure
convergence with an accuracy of 107 Ryd. DFPT and quasi-
harmonic approximation (QHA) code developed by Baroni et
al.'?8] was used to investigate phonon density of states and
thermal properties from optimized structure. The dynami-
cal matrices at arbitrary wave vectors were obtained using
Fourier transformation based interpolations for thermal prop-
erties calculations. A 10 x 10 x 10 g point mesh was imple-
mented to obtain force constants dynamical matrices in the ir-
reducible Brillouin zone at I" point. The linear response ap-
proach method was used to obtain phonon density of states
curves within the frame-work of DFPT[?8] as implemented in
quantum ESPRESSO.

The parameters such as cell dimension, energy cut-offs,
and the k-points used in the study were obtained from their
respective convergence tests. These convergence parameters

provide a fast way toward the optimized structure.

3. Results and discussion
3.1. Structural properties

We have calculated the ground state properties of Pt, Pd,
Rh, Ir, Os, and PtPdX (X = Ir, Os, and Rh) to find out the
crystal structure. Total energy per unit cell was computed at
various lattice parameters to find the equilibrium lattice con-
stant. The total energy minimization method was used to
obtain equilibrium lattice constant. For this purpose, Mur-
naghan’s equation of state was used to evaluate the optimized
lattice constants and bulk modulii.[*3! The structural parame-
ters, 1.e. lattice constants and bulk modulus, were calculated
for pure Pt, Pd, Rh, Ir, Os, and their alloys, and are reported in
Table 1 along with experimental and other theoretical results.
The optimized lattice curves for Pt, Pd, Rh, Ir, Os are shown
in Fig. 1 and for their alloys PtPdX (X = Ir, Os, and Rh) are
presented in Fig. 2.

3.2. Electronic properties

The electronic properties provide information about the
material’s electronic configuration, particularly the existence
of prohibited regions of energy and the magnitude in their
electronic excitation spectral. Hence, the band structures for
Pt, Pd, Rh, Ir, Os, and their alloys PtPdX (X = Ir, Os, and
Rh) along various high-symmetry directions were calculated
at equilibrium lattice constants. The electronic band structures
for pure metals (Pt, Pd, Rh, Ir, Os) are shown in Figs. 3(a)-3(e)
and for their alloys PtPdX (X = Ir, Os, and Rh) are shown in
Figs. 4(a)—4(d). The Fermi energy level for electronic band
structure was set to be at 0 eV. It can be seen from Figs. 3 and
4 that electronic bands for all metals and their alloys overlap
at the Fermi level. The conductivity in Pt, Pd, and Rh metals
is dominated by overlapping s and d bands. In Ir and Os, the
hybridization is between s, p, and d bands. Their alloys PtPdX
(X =Ir, Os and Rh) show metallic nature due to broad d bands
of metals which contribute in these alloys.

Table 1. Comparison of calculated lattice parameters and bulk modulus of Pt, Pd, Rh, Ir, Os, and their alloys PtPdX (X = Ir, Os, and

Rh) with experimental and other theoretical results.

.. Lattice constant ap/Angstrom Bulk modulus B/Gpa
Composition This work Experimental Other calculation This work Experimental Other calculation
Pt 3919 3.92% 3.909¢, 3.917¢ 299.0 278¢ 250.85T, 310.24¢
Pd 3.889 3.89° 3.867°, 3.882¢ 220.8 18019554 183"
Ir 3.831 3.841 3.881 360.0 355™m 386°
Rh 3.792 3.803k 3.847! 269.5 268.7" 259.6P
Os a=2.736 a=2.73384 a=2.7489" 470.0 4624 404.11°
c=4.323 c=4.31944 ¢ =4.3350"
Pty.s50Pdg 50 3.902 253.2
Pty.25Pdg 25Rhg 50 3.843 264.0
3.868 309.0
Pto.25Pdo 25110 50 3.883 363.0
Pty.25Pdg.250s0.50 3.883

aRef. [34], PRef. [35], “Ref. [36], YRef. [37], °Ref. [38], 'Ref. [39], &Ref. [40], PRef. [41], iRef. [42], IRef. [43], KRef. [44], 'Ref. [45],

MRef. [46], "Ref. [47], °Ref. [48], PRef. [49], 9Ref. [50], "Ref. [51].
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Fig. 1. Structural optimization plots for pure metals: (a) Pt, (b) Pd, (¢) Ir, (d) Rh, and (e) for Os.
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Fig. 2. Structural optimization plots of (a) Pty s5oPdg 50, (b) Pty 25Pdg 25110 50, (€) Pto.25Pdg.25Rhg 50, and (d) Pty 25Pdg 25050 50 alloys.
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Fig. 3. Calculated band structures for pure metals: (a) Pt, (b) Pd, (c) Ir, (d) Rh, and (e) Os.
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Fig. 4. Calculated band structures for (a) Pty s5oPdg.s0, (b) Pty 25Pdg 25110 50, (€) Pto25Pdg.25Rhg 50, and (d) Pty 25Pdg.250s0 50 alloys.

The main hybridization was remained between d bands of
metals to form their alloys. It was observed from the analysis
of band structure of all given metals and their alloys that they
all have similar behavior. However, it is also observed that
they mainly differ from each other by the energy level relative
to the Fermi level. The calculated electronic band structure is
in good agreement with previous results for pure metals, i.e.
Ir, Rh, Pt, Pd, and Os.!5256] Calculations of their studied al-
loys may be reported for the first time. Therefore, there is no
previous data available for the comparison to these alloys.

Many physical properties can be studied with the help of
density of states (DOS). Specially, it plays a significant role to

study the electronic properties of materials and is more impor-
tant to explore the electronic band structure. From Figs. 5(a),
5(b), and 5(d), it can be observed that the lowest lying bands
for Pt, Pd, and Rh metals are due to s states. On the other
hand, the higher energy states are mainly due to d states and
the conductivity seems to be dominated by s—d hybridization
states. Furthermore, it can also be seen from Figs. 5(c) and
5(e) that, for Ir and Os the lowest lying bands are due to s and
p states and the higher energy states due to d states as well
as the conductivity considered to be dominated by s, p, and d

hybridization states.
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Fig. 5. (color online) DOS calculated for pure metals: (a) Pt, (b) Pd, (¢) Ir, (d) Rh, and (e) Os.
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In Fig. 6(a), with Pty 50Pdg.so concentration, the lowest
part of valance band was found to be generally contributed by
s state of both metals, but the higher energy level was domi-
nated by broad contribution of d states of these metals. In the
case of Pty 5Pdg 2511 50 alloy, from Fig. 6(b), the bottom state
of the valence band was dominated with s and p states of Ir and
s state of Pt and Pd. The upper valance band region was dom-
inated with d states of Ir, Pt, and Pd with some contribution of
other lower energy states. In Fig. 6(c) with PtPdOs, the lowest
part of valance band was contributed by s and p states of Os
and s state of Pt and Pd state, but the higher energy level was
dominated by broad contribution of d states of these metals
with little part of other states. In Fig. 6(d) for PtPdRh, s states
of Pt, Pd, and Rh for the said alloy dominated the bottom of
the valence band, but their higher energy levels are dominated
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by broad contribution of d states of these metals with little part
of other states.

In pure metals, i.e., Pt, Pd, and Rh, the conductivity was
mostly dominated by s and d hybridization. However, for Ir
and Os, hybridization was due to s, p, and d states. The DOS
is compared with the results available in literature for Ir, Rh,
Pt, Pd, and Os metals.[>7-01

When these metals were mixed to make alloys, the strong
hybridization between the d states with small contribution of
s states dominated the conductivity. The calculated DOS for
various metals and their alloys showed that Rh has high DOS
energy at Fermi level among the studied systems. Therefore, it
is affirmed that the Rh metal has good conductivity due to its
high DOS at Fermi level and its concentration in alloy PtPdRh
increases the electronic conductivity.
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Fig. 6. (color online) DOS calculated for (a) Pty s0Pdg 50, (b) Pto.25Pdg 2510 50, (¢) Ptg.25Pdp.25Rhg 50, and (d) Ptg 25Pdg 25050 50 alloys.

3.3. Thermal properties

Materials’ thermal properties have interesting character-
istics below the melting temperature. The knowledge of ma-
terials’ thermal properties is very important for developments
and manufacturing electronic devices.®>%3! Phonon DOS and
quasiharmonic approximation were used to obtain thermal
properties. Debye temperature, Helmholtz free energy AF,
internal energy AE, entropy S, and constant-volume specific
heat C, at zero pressure are calculated using the following

relations: (04

Dmax . ha)
AF = 3nNkﬁT/ In< 2sinh glw)do, (1)
0 2kBT
B[ Omax A
AE — 30N / wcoth | 22 ) g(@)do, @)
2 Jo ZkﬁT
Omax | fr ho
= 3nNk ——coth
S n ﬁT/O [2]( " co T
B B
h
~nd 2sinh 2 g(w) dw, 3)
ZkﬁT
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) g(w)do,

Omax
Cv = 3I1NkﬁT/ (
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x csch? ( ho

ZkﬁT

“)

where kﬁ is the Boltzmann constant, n is the number of atoms
per unit cell, N is the number of unit cells, Wpayx is the largest
phonon frequency, ® is the phonon frequency, and g(w) is the
normalized DOS with [{™* g(w)dw = 1.

Phonon DOS has strong impact on thermodynamic prop-
erties and electron excitation can be investigated with the help
of phonon DOS. %3] We have studied total and partial phonon
density of states of metals Pt, Pd, Rh, Ir, Os, and their alloys.

Figures 7 and 8 depict phonon density of states for met-
als Pt, Pd, Rh, Ir, Os, and their alloys PtPdX (X = Ir, Os,
Rh). From Figs. 7(a)-7(e), it was analyzed that Pt, Pd, Rh,
Ir, and Os have most prominent phonon DOS at frequencies
123, 143, 155, 112, and 193 cm™!. In Fig. 8(a), phonon DOS
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Fig. 8. (color online) Phonon DOS for (a) Pty 50Pdg 50, (b) Pto.25Pdo 2510 50, (¢) Pto25Pdg.25Rhg 50, and (d) Pty 25Pdg 250s0.50 alloys.
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was due to movement of Pt and Pd at lower frequencies (50—
110 cm~!). However, at higher frequencies (140-215 cm™!)
phonon DOS was contributed by Pd. Two higher peaks in
phonon DOS occur for PtPdIr, PtPdRh, and PtPdOs alloys as
shown in Figs. 8(b)-8(d). First phonon DOS peak is domi-
nated by Ir, Rh, Os, and second was due to Pd atoms in al-
loys PtPdIr, PtPdRh, and PtPdOs. Phonon DOS for Rh was
observed large among the studied metals and their alloys for
higher frequencies. Phonon density of states is in comparable
with other calculation. 6]

To investigate the more thermal properties, we have cal-
culated the thermal properties such as Debye temperatures,
vibration energy, entropy and constant-volume specific heat
and are plotted in Figs. 9-12. Debye temperature determines
the thermal characteristics of materials and it is closely re-
lated to many physical properties such as specific heat, vi-
bration energy, entropy, thermal conductivity, and melting
temperature. ®”] Tt was perceived from the analysis of Debye
temperature of metals and their alloys that Rh has large value.
Therefore, it is considered that, Rh requires more energy to
activate all the phonon modes in crystal due to its high Debye
temperature at 300 k. Entropy and constant-volume specific
heat were found to be increased with temperature and these
properties describe materials interesting characteristics. Dif-
ferent materials have different specific heat capacity because
molecules vibrate back and forth differently due to strong or
weak bounded atoms. It was observed that platinum has high
entropy and specific heat capacity at constant volume among
the studied materials. Therefore, platinum possesses many at-
tractive properties that suggest its great potential in a wide va-
riety of applications.[®-73] It has also been observed that vi-
brational energy decreases with temperature.

Our calculated results for thermal properties for pure met-
als, i.e., I, Rh, Pt, Pd, and Os, are in good agreement with the
previous findings.[74-78] There were no experimental or theo-
retical results available in the literature for their alloys. There-
fore, the results reported in this work will be predictive for

future.
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Fig. 9. (color online) Debye temperature variation with temperature for
Pt, Pd, Rh, Ir, Os, and PtPdX (X = Ir, Os and Rh) alloys.
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4. Conclusions

We employed the first-principles plane wave pseudo-
potential DFT method to analyze the structural, electronic,
mechanical, and thermal properties of the Pt, Pd, Rh, Ir, Os,
and PtPdX (X = Ir, Os, and Rh) alloys. A super cell with
2 x 2 x 2 dimension was used for all calculations. A super cell
with Pty »5Pd(.25X(.50 concentration was used for PtPdX (X =
I, Os, and Rh) alloys. The following conclusions are drawn.

(1) Osmium has large bulk modulus among the studied

metals and their alloys. Such high osmium bulk modulus
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may be due to strong bonding forces present at atomic lev-
els, which may contribute to increase the bulk modulus for
Pty .25Pdg 25050 50 alloy. The bulk modulus and lattice constant
are in good agreement with experimental and other theoretical
findings.

(i1) It was observed from the analysis of band structures
for all metals and their alloys that they have similar electronic
behavior. Electronic band structure for studied metals has dif-
ferent states relative to the Fermi level. The conductivity in
Pt, Pd, and Rh metals is dominated by overlapping of s and
d bands. In Ir and Os, the hybridization was between s, p,
and d bands. The main hybridization was remained between d
bands of metals when mixed to form their alloys. The calcu-
lated density of states for different metals and their alloys show
that Rh has high energy at Fermi level among the studied sys-
tems. Hence, Rh has good conductivity due to its high energy
at Fermi level and its contribution in alloy Ptg>5Pdg 25Rhg 50
increases the electronic conductivity of this alloy.

(iii) Phonon density of states and quasiharmonic approx-
imation were used to obtain thermal properties. Debye tem-
perature, entropy S, and constant-volume specific heat Cy, and
vibrational energy at zero pressure are calculated. At 300 K,
Rh has high Debye temperature among the studied materi-
als, so Rh required more energy to activate all the phonon
modes in crystal and Debye temperature increases from Pt,
Pd, Ptg.25Pdg.25110.50, Pto.25Pdo.25080.50, Pto.25Pdg.25Rho 50, I,
Os, and Rh, respectively. Pt has high entropy and specific heat
at constant-volume among the investigated materials and con-
centration of Pt in alloys increases their entropy and constant-
volume specific heat. Pt high entropy authenticates its out-
standing wear resistance, good fatigue resistance character-
istics, excellent high-temperature strength, and good thermal
stability.
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