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ABSTRACT
We present a systematic study of the structural, elastic, and electronic properties of TM3In(TM = Pd and Pt) intermetallic compounds
using density functional theory via a full-potential linearized augmented plane wave approach in the context of the Perdew–Burke–
Ernzerhof generalized gradient approximation. We investigate the elastic constants, partial and total density of states (DOS), and charge
density. Our structural study shows that the compounds have a cubic crystal with space group Pm-3m in phase I. In addition, we
have calculated the formation energy and the DOS at the Fermi level [N(Ef)]. The results indicate that Pd3In is more stable than
Pt3In.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0011821., s

I. INTRODUCTION

During the last 30 years, researchers have paid great atten-
tion to intermetallic compounds and their alloys, because of their
unique and important properties and applications.1–3 Intermetallic
compounds (which contain only two types of atoms) have many
chemical formulas, like AB, AB2, AB3, and A2B7, where at least B
must be a transition metal, and A is possibly a metal or transition
metal.1

In our previous studies, we have used the ab initio methods
to present the physical properties of the intermetallic compounds
known as Laves, having the formula AB2, and the intermetallic com-
pounds, having the AB and AB3 formulas. We have also found that
the intermetallic SrX2 (X = Pd and Pt), ScM (M = Au, Hg, and
Tl), and Ni3In compounds are mechanically stable and are antisep-
tic substances with a significant ionic contribution to the atomic
bonding.4–6

Arıkan et al. investigated the ScX3 (X = Ir, Pd, Pt, and Rh)
compounds. They used a pseudopotential approach to calculate the
elastic constants. Their calculations satisfied the ductility and the
mechanical stability condition of these compounds in the cubic
structure.7

Huang and Chang used transmission electron microscopy, x-
ray diffraction, and differential scanning calorimetry methods to
study the Pd3In compound and its phase transition.8 They found
that the Pd3In compound has a face centered cubic structure at room
temperature and transforms into a tetragonal structure when the
temperature is more than 550 ○C.

Boulechfar et al. presented the structural, mechanical, elec-
tronic, and thermodynamic properties of the A3B (A = Pd and Pt,
B = Sc and Y) intermetallic compounds.9,10 They used the Full-
Potential Linearized Augmented Plane Wave (FP-LAPW) method
to calculate the total energy performed for L12 and D024 structures;
the calculated formation enthalpies and the cohesive energies reveal
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FIG. 1. Crystal structures of the TM3In intermetallic compound: (a) phase I and (b)
phase II (TM: red and In: blue).

that the L12 structure is more stable than the D024 one.9,10 With
the success of density functional theory (DFT),11 ab initio calcula-
tions provide state of the art methods to study many of the physical
properties of condensed materials.12

In this manuscript, we investigate the structure of Pd3In and
Pt3In intermetallic compounds in two phases with special emphasis
on the physical properties of the stable phase.

II. COMPUTATIONAL DETAILS
The present calculations of the intermetallic TM3In (TM

= Pd and Pt) compounds are performed using the full-potential
linearized augmented plane wave (FP-LAPW) approach as imple-
mented in the Wien2k code,13 which works within density func-
tional theory (DFT).14 The exchange-correlation potential is com-
puted using the Perdew–Burke–Ernzerhof generalized gradient
approximation (PBE-GGA).15 In the LAPW method, the unit cell
is separated into two regions: the first one is the non-overlapping
atomic spheres (each with a muffin-tin radius RMT), and the sec-
ond one is the interstitial part.16 The value 2.3 a.u. is used for
RMT for all atoms in both intermetallic compounds (in the two
phases). In the interstitial part, the wave functions were expanded
in plane waves with a cutoff Kmax = 8/RMT. Inside the atomic
spheres, the wave functions were expanded in spherical-harmonics
(up to lmax = 10). The charge density is Fourier expanded up
to Gmax = 12 a.u.−1, and 84 k-points in the irreducible Brillion

FIG. 2. Calculated total energy as a function of volume for the TM3In intermetallic compound: (a) Pd3In and (b) Pt3In.

AIP Advances 10, 065317 (2020); doi: 10.1063/5.0011821 10, 065317-2

© Author(s) 2020

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

zone (from a 14 × 14 × 14 mesh) are applied to achieve self-
consistency for the intermetallic TM3In compounds. The calcula-
tions were considered self-consistent when the convergence of the
charge and energy became less than 0.001 electrons and 0.1 mRy,
respectively.

III. RESULTS AND DISCUSSION
A. Structural properties

In this work, we have calculated the ground state parame-
ters (lattice constant, bulk modulus, and total energy) for Pd3In
and Pt3In intermetallic compounds in two phases: in phase I, the
transition metal atoms are located at (0.0, 0.5, 0.5) in the unit
cell. However, these atoms are located at (0.0, 0.0, 0.5) for phase
II, while the In atom is at position (0, 0, 0) in both phases (see
Fig. 1). We emphasized that both phases have the same space
group (Pm-3m, No. 221). In order to find the corresponding equi-
librium parameters, we have calculated the total energy vs vol-
umes for the intermetallic TM3In compounds in the two phases
using Murnaghan’s equation of state,17 and the results are displayed
in Fig. 2.

Table I summarizes the ground state parameters. This table
shows that our results agree well with the previous studies18–20 for
the Pt3In lattice parameter in phase I while in disagreement with
phase II. To the best of our knowledge, there are no available results
to compare with Pd3In. Furthermore, we calculated the formation
energy for the two phases of Pd3In and Pt3In to find out which is
more stable. The formation energy is defined by the formula21–23

Ef = ETM3In
tot − [3EBulk

TM + EBulk
In ],

where ETM3In
tot is the equilibrium total energy of the intermetallic

compound in phase I or phase II, EBulk
TM is the total energy of Pd or

Pt in the fcc structure, and EBulk
In is the total energy of In in the bct

(body centered tetragonal) structure.
The formation energy for TM3In in the two different phases is

listed in Table I. It can be seen that for both compounds, phase I has
negative formation energy; in contrast, phase II has a positive value.
These formation energy results suggest that for both compounds,
only phase I can be synthesized.

TABLE I. Lattice constant a (Å), bulk modulus Bo (GPa), and formation energy ΔE
(meV) of the TM3In intermetallic compound in the two phases.

Phase a (Å) B (GPa) Ef (Ry)

Pd3In I 4.0315 146.3963 −0.124 597
II 5.0735 39.7891 0.401 828

Pt3In I 4.0432 198.2105 −0.101 864
II 5.0470 53.7095 0.591 324

Previous 3.99a

study 3.993b

3.992c

aReference 18.
bReference 19.
cReference 20.

B. Elastic properties
Elastic constants and their associated features are fundamental

for describing mechanical and other properties like material stabil-
ity and stiffness. For additional verification, the mechanical stability
and elastic constants (Cij) of InPd3 and InPt3 are calculated and
presented in this subsection. Elastic constants are computed by the
calculation of the total energy as a function of strain. The computed
elastic constants are summarized in Table II.

The conditions of Born’s mechanical stability for cubic struc-
tures24,25 are C11 > 0, C44 > 0, C11 + 2C12 > 0, and C11 −C12 > 0. Since
C44 for Pd3In and Pt3In in the phase II are −10.2 GPa and −21.7
GPa, respectively, they do not achieve Born’s mechanical stability
conditions. In contrast, phase I fulfills Born’s mechanical stability
conditions for both Pd3In and Pt3In. These results are compatible
with the formation energy results, and hence in the subsequent parts
of this study, we have excluded phase II and proceeded only with
phase I.

In addition, the elastic constants (C11, C12, and C44) of Pt3In
(in phase I) are greater than those of Pd3In. This shows that Pt3In is
more stable than InPd3. Moreover, C44 values are used as an indica-
tion (hint) regarding the stiffness, a bigger value of C44 is a sign of
stiffer compound. From Table II, we remark that Pt3In, as predicted,
is stiffer than Pd3In. The bulk modulus (B) for cubic structures is a
linear combination of C11 and C12, B = (C11 + 2C12)/3 (summarized
in Table II).

The good agreement for the bulk modulus values estimated by
Murnaghan’s equation of state (Table I) with bulk modulus as cal-
culated from the elastic constants is a credibility measure of how
consistent is the computed elastic constants for both (Pd3In and
Pt3In) compounds.

The elastic anisotropy factor (A) is an important factor, usually
used to discuss the structural stability of a material; A is given by the
formula26

A = 2C44

C11 − C12
.

For an isotropic material, A equals one but any deviation from one
refers (points) to the degree of anisotropy. From Table II, a profound
elastic anisotropy is found for both Pd3In and Pt3In.

Young’s modulus (Y) is defined as the ratio between the lin-
ear stress and strain. Young’s modulus is a proper factor generally
used as a material stiffness indicator, where greater Y means a stiffer
material. Young’s modulus is computed in terms of shear (S) and
bulk (B) modulus as follows:27

Y = 9BS
3B + S

.

TABLE II. The computed elastic constants (Cij), bulk modulus (B), Young’s modulus
(Y), shear modulus (S), and Cauchy’s pressure (in GPa), Pugh’s ratio (B/S), Poisson’s
ratio (υ), and anisotropic ratio (A) for the Pd3In and Pt3In intermetallic compounds in
phase I.

C11 C12 C44 B Y S Cs B/S υ A

Pd3In 168.0 134.1 65.2 145.4 124.6 45.9 102.8 3.16 0.357 3.8
Pt3In 259.3 175.1 86.6 203.2 185.4 68.7 172.7 2.95 0.347 2
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TABLE III. The calculated average wave velocity vm, transverse velocity vt , longitu-
dinal velocity v l (in m/s), and Debye temperature (θD in K) for Pd3In and Pt3In (in
phase I).

vm vt vl ΘD

Pd3In 2103 1863 4225 246.6
Pt3In 2160 1919 4058 252.4

Young’s modulus values for Pd3In and Pt3In are 124.6 GPa and
185.4 GPa, respectively (Table II). Elastic constants Cij, bulk mod-
ulus, and Young’s modulus show that Pt3In is stiffer than Pd3In
and has more resistance to plastic deformation. Poisson’s ratio (ν)
provides information regarding the bonding nature. The standard
value of Poisson’s ratio is 0.25 (0.1) for ionic (covalent) properties or
higher (lower).28 When ν is larger than 0.25, it is an indication that
the studied compounds possess ionic bonding.

FIG. 3. Calculated band structure for (a)
Pd3In and (b) Pt3In intermetallic com-
pounds in phase I.

FIG. 4. Total density of states (TDOS) for (a) Pd3In and (b)
Pt3In intermetallic compounds in phase I.
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FIG. 5. Partial density of states (PDOS) for Pd3In intermetal-
lic compounds in phase I.

The brittleness and ductility of compounds can be predicted
using Poisson’s ratio, Cauchy’s pressure,29 or Pugh’s ratio.30 If Pois-
son’s ratio is less (larger) than 0.26, the material is brittle (ductile).
Since Poisson’s ratio is greater than 0.26 for InPt3 and InPd3, both
compounds possess a ductile nature. If Pugh’s ratio (B/S) is larger
than 1.75, then the material has a ductile nature, otherwise it is a

brittle material.8 Pugh’s ratio coefficient of InPt3 and InPd3 com-
pounds is equal to 2.95 and 3.16, respectively. Pugh’s and Poisson’s
ratios show that InPt3 and InPd3 compounds have a ductile nature.
Cauchy’s pressure can be given in terms of C11 and C44 by Cs = C11
− C44; Cauchy’s pressure (Cs) is positive (negative) when the mate-
rial has a ductile (brittle) nature. Cauchy’s pressure, Pugh’s ratio,

FIG. 6. Partial density of states (PDOS) for Pt3In intermetal-
lic compounds in phase I.
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and Poisson’s ratio (Table II) show that the studied compounds are
characterized by a ductile nature.

1. Thermal properties
Elastic constants, i.e., bulk modulus, shear modulus, and

Young’s modulus, are used to calculate another fundamental param-
eter, namely, the Debye temperature (θD). Therefore, it can be
evaluated in terms of the average sound velocity (vm) as follows:31,32

θD = h
kB
[ 3n

4π
(NAρ

M
)]

1/3
vm,

where vm represents the average sound velocity, h is Planck’s con-
stant, kB is Boltzmann’s constant, NA represents Avogadro’s num-
ber, n is the number of atoms, ρ represents the unit volume mass
density, and M is the molecular weight. Average, transverse, and lon-
gitudinal sound wave velocities (vm, vt , vl) are, respectively, given by
the following relations:32,33

vm = [1
3
( 2
vt3 +

1
vl3
)]
−1/3

,

vl = (
B + 4S

3

ρ
)

1/2
,

vt = (Sρ)
1/2

.

Results of the average, transverse, longitudinal wave velocity, and
Debye temperature are listed in Table III, showing large values.
Pt3In has a larger value of the average wave velocity and Debye
temperature.

C. Electronic properties
In this subsection, we investigate the electronic properties, such

as the metallicity behavior, and the bonding type between the atoms
in Pd3In and Pt3In by plotting the band structure, density of states
(DOS), and charge density.

1. Band structure
Figure 3 shows the band structure of Pd3In and Pt3In.

The conduction and valance bands overlap at the Fermi level
in both compounds, and thus, these compounds have a metallic
behavior.

2. Density of states (DOS)
The total density of states (TDOS) for Pd3In and Pt3In inter-

metallic compounds are revealed in Fig. 4. This total density does
not have any bandgap at the Fermi level, so this confirms what
has been achieved in the band structure calculations (Fig. 3). It
also shows that most contributions in TDOS for both compounds
come from Pd and Pt atoms with only small contributions from
indium.

As results from the symmetrical electronic distribution of both
palladium and platinum atoms, clearly, the basic DOS merits do not
change a lot by TM in the system.

It is customary that the stability in any compound is associated
with total DOS at the Fermi level N(EF), where the lesser total DOS

at EF is associated with a greater stability of compound.34,35 There-
fore, we have calculated N(EF) and found it to be 3.3 states/eV and
3.6 states/eV for Pd3In and Pt3In, respectively. We conclude that
Pd3In is more stable than Pt3In. This is fully consistent with the cal-
culated formation energy and elastic constants, where Pd3In has less
formation energy than Pt3In (see Table I), and the elastic constants
for Pt3In are greater than those for Pd3In, and therefore, Pt3In is
more stable than Pd3In.

FIG. 7. Charge density of the (1 1 0) plane for (a) Pd3In and (b) Pt3In intermetallic
compounds in phase I.
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The partial density of states (PDOS) for Pd3In and Pt3In inter-
metallic compounds are presented in Figs. 5 and 6, respectively.
From these figures, one can deduce that the main contribution to the
TDOS comes from d-TM orbitals. We observe that the highest peak
is close to −1.35 eV and −1.41 eV for Pd3In and Pt3In, respectively.
This peak location comes from 4d-Pd and 5d-Pt orbitals.

3. Charge density
In Fig. 7, we present the charge density of the (1 1 0) plane for

Pd3In and Pt3In intermetallic compounds. From this figure, it can
be observed that the stability of the calculated compounds is based
on the ionic bond between indium and the transition elements (Pd
and Pt), and this is fully consistent with our calculations of Poisson’s
ratio in Sec. III B.

IV. CONCLUSIONS
We can summarize the most important results in the following

points:

● Our computed ground state characteristics agree well with
the available previous theoretical and observed results.

● Our calculations of the formation energy and elastic con-
stants show that TM3In intermetallic compounds are found
stable in phase I.

● Poisson’s ratio and charge density calculations infer that the
ionic bond is responsible for the stability.

● We also conclude that the Pt3In compound is predicted to be
stiffer than Pd3In. Moreover, it is shown that the B/G > 1.75,
thus categorizing these compounds as ductile materials.
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