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ABSTRACT
PdCoX (X = Si and Ge) alloys which are XYZ type half-Heusler 
alloys and also have face centred cubic MgAgAs-type 
structure which conforms to F4̄3m space group, have been 
investigated in different atomic arrangements which are called 
α, β and γ phases, using local spin density approximation in 
the density functional theory as implemented in VASP (Vienna 
Ab Initio Simulation Package) software. Both of the alloys are 
considered in ferromagnetic order. After the investigation of 
stable structural phase for these alloys, their full structural, 
electronic, magnetic, mechanical, and dynamical properties 
have been examined in this structural phase. The calculated 
electronic band structure and the total electronic density 
of states of our alloys indicated metallic behaviour. The 
estimated elastic constants show that these are stable and 
show anisotropic behaviour mechanically in β and γ phases. 
Also, the calculated phonon dispersion curves show that 
PdCoX (X  =  Si and Ge) alloys are stable dynamically in the 
same structural phases.

1.  Introduction

Half-Heusler (HH) alloys are unique in that they are natural prime candidates for 
use in topological insulator [1,2], spintronic [3,4], optoelectronic, photovoltaic 
applications [5], and thermoelectric materials [6,7] due to their wide variety of 
interesting physical properties [8]. The reason for their use in a wide range of 
applications is that these alloys have good electrical, mechanical and electronic 
properties and thermal stability [9].
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Spin-polarised charge carriers are considered as the key ingredient for spin-
tronics. The half-metallic materials such as half-metallic ferromagnets (HMFs) 
and half-metallic antiferromagnets are the most suitable choice for these carriers. 
The half-metallic materials have characteristic properties in their energy bands 
having semiconductor-like in one spin direction at the Fermi level, whereas in the 
other spin direction they are strongly metallic, i.e. 100% spin polarised conduction 
electrons at the Fermi level [4].

The HMFs were first discovered by theoretical band structure calculations for 
HH alloy NiMnSb [10]. Then, HH alloys have been examined in terms of three 
distinct atomic arrangements in the literature [7,11–18]. These alloys have C1b 
crystal structure conforms to F4̄3m space group and also are similar to the crystal 
structure of a full-Heusler alloy (X2YZ) having L21 crystal structure, but with one 
missing X atom. The atomic arrangements in these compositions are called α, β 
and γ phases [13] and are given in Table 1. As seen in this table, X, Y and Z atoms 
occupy atomic positions in the different type structural phases are presented with 
the notation determined by Wyckoff [19].

The structure of the γ phase of HH alloys has been determined using X-ray 
diffraction [15] as the non-magnetic element Z atom being nearest neighbour to 
the Y atom in this arrangement. There are other works which studied the α phase 
of HH alloys [14,16], in which the X atom is nearest neighbour to both Z and Y 
atoms. In the β phase, Z atom is nearest neighbour to both X and Y atoms, which 
is determined by Larsen et al. [13]. It is well known that the α, β and γ phases in 
the HH alloys significantly influence the electronic and magnetic properties of 
such structures [20,21].

We chose PdCoSi and PdCoGe HH material systems, which have not been 
investigated before, to the best of our knowledge. The motivation for this is as 
follows. In addition to its hydrogen absorbing property, Pd and its binary alloys 
including PdCo have attracted great attention as being strong catalysts in anion 
exchange polymer electrolyte membrane fuel cells [22]. When diluted with Co, 
Pd shows giant ferromagnetism [23]. When used as Co2MnSi/PdCo multilayer 
spacer in magnetic tunnel junctions, high values of spin polarisation is obtained 
with the aid of the perpendicular magnetic anisotropy of PdCo [24].

In this study, we have presented the results of our investigation on the struc-
tural, electronic, magnetic, mechanical and dynamic behaviours of PdCoX (X = Si 
and Ge) HH alloys which have face centered cubic structure (F4̄3m), in different 
atomic arrangements so-called α, β and γ phases. The computational details are 
given in the second section. In the third section, the discussion of the examined 

Table 1. The Wyckoff positions of the three atoms for α, β and γ phases. The corresponding posi-
tions are 4a: (0,0,0)a, 4b: (1/2,1/2,1/2)a, and 4c: (1/4,1/4,1/4)a, where a is the lattice constant.

Phase X Y Z
α 4c 4b 4a
β 4b 4a 4c
γ 4a 4c 4b
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and calculated structural and mechanical properties and also electronic band 
structure, lattice dynamical behaviours of our alloys in different α, β and γ phases 
are given. Finally, in the last section, we summarised our results with conclusion. 
To the extend we know, these detailed calculations have not been done before for 
the PdCoX alloys.

2.  Computational details

For all the calculations in this work, linear augmented-plane-wave basis set 
and pseudopotential approximation is utilised in the VASP (Vienna Ab initio 
Simulation Package) [25,26] software. For approximating exchange-correlation 
potential, Projected Augmented Wave (PAW) [27,28] type pseudopotentials for 
all atoms in the framework of local spin density approximation (LSDA) of den-
sity functional theory (DFT) [29,30] functionals are used. The valence electron 
configurations of Pd, Co, Si and Ge atoms are considered as 4d95s1, 3d84s1, 3s23p2 
and 4s24p2, respectively.

Our alloys have C1b crystal structure which conforms to F4̄3m space group. 
After the optimisation of our alloys in different α, β and γ phases, energy–volume 
graphics are plotted by fitting to Vinet equation of state. Then, their full structural, 
mechanical, electronic and lattice dynamical behaviours have been examined in 
each phase separately. The Brillouin zone integrations have been performed with 
automatically generated 8 × 8 × 8 k-point mesh used in the irreducible Brillouin 
zone, all centered at Γ-point, following the convention of Monkhorst and Pack 
[31]. The chosen kinetic energy cut-off value is 1100 eV for wave functions in 
plane wave basis sets expansion of the eigenfunctions. The ionic relaxation process 
has been carried out until the successive change in the total energy is less than 
10−9 eV. The forces and the pressure have been minimised in order to obtain the 
optimal lattice parameters and atomic positions in the primitive cell of the crystal 
in all three phases.

3.  Results and discussion

Firstly, we investigated the stable structural phase for PdCoX (X = Si and Ge) 
alloys and the plotted three dimensional (3D) crystallographic representation of 
these alloys in α, β and γ phases are presented in Figure 1. For each phase, the 
primitive cell of structures is modelled by three atoms in the ferromagnetic order.

After the investigation of optimal structural parameters of these alloys in each 
phase, energy–volume graphics of these systems are plotted by fitting to Vinet [32] 
equation of state. Then, the mechanical properties, electronic band structure, and 
lattice dynamical properties of our alloys have been studied in α, β and γ phases 
which conforms to F4̄3m space group.
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3.1.  Structural properties in α, β and γ phases

In this subsection, it has been presented the investigated energetically more 
favoured structural phase of PdCoX (X = Si and Ge) alloys. The calculated cohe-
sive (Ecoh) [33,34] and formation energies (Efor) [35] have provided which phase 
is energetically most stable for these alloys. If the calculated absolute values of 
cohesive and formation energies of a crystal in any structural phase are larger 
than that of other phases, that is the most stable and energetically more suitable 
phase. The cohesive and formation energies of a crystal with a chemical formula 
AxBy are given, respectively, by

 

and
 

where, Etot is the total energy of the unit cell of the crystal. EA and EB are the energy 
values of the isolated A and B atoms. Ebulk

A and Ebulk
B  are the ground state energy 

values of A and B atoms in their bulk crystal form. The calculated cohesive and 
formation energies of our alloys in each phase are given in Table 2. The absolute 
value of cohesive and formation energies of the β phase are larger than that of 

(1)Ecoh = Etot −
(

xEA + yEB

)

(2)Efor = Etot −
(

xEbulk
A + yEbulk

B

)

Figure 1. (colour online) The three dimensional (3D) crystallographic shape of half-Heusler PdCoX 
(X = Si and Ge) alloys in: (a) α phase, (b) β phase and (c) γ phase.

Table 2. The calculated cohesive and formation energies of half-Heusler PdCoX (X = Si and Ge) 
alloys in α, β and γ phase.

Compound Phase Ecoh (eV/f.u.) Efor (eV/f.u.)
PdCoSi α −16.887 −2.576

β −18.541 −4.230
γ −17.562 −3.251

PdCoGe α −15.917 −2.356
β −17.013 −3.452
γ −16.578 −3.017
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the others and so it is the most suitable phase for these alloys. Also, it is shown 
in Table 2 that all alloys are energetically stable due to the negative formation 
enthalpy values, indicating that they should be possible to synthesise the consid-
ered phases. Among these phases, PdCoSi (β phase) (−18.541 eV/f.u.) is found 
to be relatively the most stable one.

After obtaining ground state volume and energy values of PdCoX (X = Si and 
Ge) alloys in each phase within LSDA, energy–volume curves are plotted as seen 
in Figure 2 and the lattice parameters, bulk modulus and their pressure deriv-
atives are calculated by fitting the Vinet equation of state [32] which is given in 
Equation (3). A well-converged ground state is obtained for each of our alloys, 
with the asymptotic standard errors in fitting process being less than about 1%. 
The calculated lattice parameters and some structural constants for each phase 
are given in Table 3.

 

where E0 and V0 are the ground state energy and volume, respectively, 
� = (3∕2)

(

B� − 1
)

, with B being the bulk modulus and B′ is its pressure deriva-
tive, and x =

(

V∕V0

)1∕3.

(3)E(V ) = E0 +
9BV0

�2

[

1 + {�(1 − x) − 1}exp{�(1 − x)}
]

Figure 2. (colour online) Total energies of unit cell as a function of volume in three different type 
structural phase: (a) PdCoSi, (b) PdCoGe.

Table 3. The optimised structural parameters of half-Heusler PdCoX (X = Si and Ge) alloys within 
LSDA in α, β and γ phase.

Material Phase a (
◦

A) B (GPa) B
′

PdCoSi α 5.572 173.99 4.91
β 5.401 208.72 4.68
γ 5.472 198.92 4.80

PdCoGe α 5.672 158.31 5.05
β 5.535 190.08 4.94
γ 5.562 184.08 4.89
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The fitted energy–volume curves of PdCoX (X = Si and Ge) alloys show that, 
they are the most stable in β phase and energetically the secondary suitable phase 
is the γ phase, as can be seen in Figure 2. The lattice parameters are the smallest in 
β phase and the largest in α phase as given in Table 3. Bulk moduli are larger in β 
phase than the other structural phases. Also, they have large pressure derivatives 
of bulk moduli, especially in α phase. This indicates that these alloys show strong 
sensitivity against pressure change in all structural phases.

3.2.  Electronic and magnetic properties

The electronic behaviour of a material can be determined with electronic band 
structure and density of states (DOS) of materials. The calculated electronic band 
structures and total density of states of PdCoX (X = Si and Ge) alloys in both 
majority (up) and minority (down) spin channels using LSDA are separately 
shown along the high symmetry lines in the first Brillouin zone for α, β and γ 
phases, respectively, in Figures 3–5. It is obvious that, both of our materials show 
metallic property since there is no band gap neither for up nor for down spin 
channels in electronic band structures for all phases. Moreover, our materials are 
close to ferromagnetic nature only in α phase and non-magnetic in β and γ phases 
due to the fact that up and down spin channels in electronic band structures are 
almost the same for our alloys in these phases. This situation is well in agreement 
with total magnetic moment of our alloys as seen in Table 4.

Figure 3. (colour online) For α phase, the calculated energy band structures and the total density 
of electronic states (DOS) within LSDA for (a) PdCoSi, (b) PdCoGe alloys. The zero of band energy 
is shifted to Fermi level (EF).
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Figure 4. (colour online) For β phase, the calculated energy band structures and the total density 
of electronic states (DOS) within LSDA for (a) PdCoSi, (b) PdCoGe alloys. The zero of band energy 
is shifted to Fermi level (EF).

Figure 5. (colour online) For γ phase, the calculated energy band structures and the total density 
of electronic states (DOS) within LSDA for (a) PdCoSi, (b) PdCoGe alloys. The zero of band energy 
is shifted to Fermi level (EF).
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The calculated orbital projected partial density of electronic states of atoms 
in PdCoX (X = Si and Ge) alloys in α, β and γ phases are given in Figures 6–8, 
respectively. For all three phases, 3d states of Co atoms and 4d states of Pd atoms 
cross the Fermi level (EF), yielding a metallic behaviour. In addition, we see that 
the d orbitals of Pd atoms are located between −4 and −6 eV below EF, that’s why 
it has no remarkable effect on bonding features of the systems. In this respect, 

Table 4. The total magnetic moments of half-Heusler PdCoX (X = Si and Ge) alloys and partial 
magnetic moment of the atoms in composition within LSDA in α, β and γ phase.

Material Phase �
tot

(

�
B

)

�
atom

(

�
B

)

PdCoSi α 1.174 �
Pd

 = 0.080
�
Co

 = 1.111
�
Si

 = −0.018
β 0.037 �

Pd
 = 0.003

�
Co

 = 0.034
�
Si

 = 0.000
γ −0.068 �

Pd
 = −0.015

�
Co

 = −0.055
�
Si

 = 0.002
PdCoGe α 1.373 �

Pd
 = 0.101

�
Co

 = 1.299
�
Ge

 = −0.027
β 0.055 �

Pd
 = 0.001

�
Co

 = 0.055
�
Ge

 = −0.001
γ 0.015 �

Pd
 = 0.003

�
Co

 = 0.012
�
Ge

 = −0.000

Figure 6.  (colour online) The total and orbital projected partial density of electronic states of 
atoms within LSDA in α phase for (a) PdCoSi and (b) PdCoGe compound.
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Figure 7.  (colour online) The total and orbital projected partial density of electronic states of 
atoms within LSDA in β phase for (a) PdCoSi and (b) PdCoGe compound.

Figure 8.  (colour online) The total and orbital projected partial density of electronic states of 
atoms within LSDA in γ phase for (a) PdCoSi and (b) PdCoGe compound.
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the metallicity of these systems can be attributed to 3d states of Co atom in our 
compositions for all structural phases. Therefore, the bonding properties of PdCoX 
(X = Si and Ge) alloys are due to the hybridisation between d-orbitals of Pd and 
Co atoms.

On the other hand, the total and partial magnetic moments for all phases are 
calculated, and they are listed in Table 4. It is clearly seen that the main contribu-
tion to the total magnetic moment for both alloys comes from Co atom. Since the 
total magnetic moment in PdCoX (X = Si and Ge)-α phases are greater than 1, it 
can be said that these materials show ferromagnetic properties. On the contrary, 
for non-magnetic materials it is zero or very close to zero. Our materials are close 
to ferromagnetic nature only in α phase, and non-magnetic in β and γ phases. 
The total magnetic moment values obtained for PdCoX agree well with the above 
shown electronic band structures.

3.3.  Elastic constants and some mechanical properties in α, β and γ phases

Elastic constants (Cij) of a crystal are very important and valuable due to their 
use in estimating the mechanical properties and dynamical stability of the crys-
tal, such as stability, hardness or stiffness and also sound velocities and Debye 
temperatures. These values can be calculated with high accuracy and precision 

Table 5. The calculated elastic constants of PdCoX (X = Si and Ge) alloys in α, β and γ phase.

Material Phase C11 (GPa) C12 (GPa) C44 (GPa)
PdCoSi α 156.03 192.33 −54.14

β 349.53 136.57 58.35
γ 242.85 174.32 4.74

PdCoGe α 122.79 167.18 −17.33
β 279.12 144.70 44.71
γ 233.11 158.71 16.71

Table 6. The calculated upper and lower limits, average values of bulk and shear moduli, Young’s 
moduli and Poisson’s ratios of PdCoX (X = Si and Ge) alloys in stable β and γ phase.

Material Phase B (GPa) GV (GPa) GR (GPa) G (GPa) B/G v E (GPa)
PdCoSi β 207.56 77.60 71.23 74.42 2.79 0.340 199.42

γ 197.17 16.55 7.23 11.89 16.59 0.470 34.96
PdCoGe β 189.50 53.71 51.62 52.66 3.60 0.373 144.60

γ 183.51 24.90 21.43 23.16 7.92 0.439 66.69

Table 7. The calculated shear anisotropy factors (A and A−) and longitudinal (vl), transverse (vt), 
and average (vm) wave velocities in crystal and also Debye temperatures (θD) of PdCoX (X = Si and 
Ge) in β and γ phases.

Material Phase A A− v
l
 (m/s) v

t
 (m/s) v

m
 (m/s) θD (K)

PdCoSi β 0.548 0.622 6135.1 3021.6 3392.7 428.1
γ 0.138 0.178 5213.1 1231.5 1406.7 175.2

PdCoGe β 0.665 0.728 5279.9 2377.6 2681.4 330.2
γ 0.449 0.523 4832.1 1588.3 1807.5 221.5
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in ab initio calculations using the ‘stress–strain’ method [36]. Three independent 
elastic constants of a cubic crystal are C11, C12 and C44 and these constants for 
PdCoX (X = Si and Ge) alloys in each structural phase are presented in Table 5.

The mechanical stability of a crystal, in other words the durability of the crys-
tal against external forces, is a desirable property in order to ensure its sustain-
ability in any application. Mechanical stability is determined according to the 
Born–Huang criteria [37]. This criteria check for the strain energy against any 
homogeneous elastic deformation and the value of this energy must be positive 
[38]. There are three independent elastic constants for a cubic crystal and Born’s 
mechanical stability criteria of a cubic crystal are shown in Equation (4).

 

PdCoX (X = Si and Ge) alloys are stable mechanically in both β and γ phase 
according to the above-mentioned stability criteria. Both of our alloys are mechan-
ically unstable in α phase, because of the negative elastic constants. Hence, further 
mechanical properties depending on elastic constants of PdCoX (X = Si and Ge) 
alloys have been examined only for β and γ structural phases. Among the elastic 
constants of a cubic crystal, C44 gives information about the shear resistance in 
[1 0 0] direction. The atomic bonding in this direction for β phase is between Pd 
and Co atoms and it is between Pd and X (X = Si and Ge) atoms for γ phase. 
Since C44 values are largest, the β phase is the most stable phase and Pd-Co bond 
is the strongest bond in this phase, especially for PdCoSi alloy. In the γ phase, the 
value of C44 indicates that Pd–Ge bonding is larger than Pd–Si bonding, as seen 
in Table 5. C11–C12 value is related to the stiffness with a shear in [1 1 0] direction 
too. For β phase, the bonding in this direction is weaker for PdCoGe than that 
for PdCoSi. For secondary stable γ phase, the bonding strength in this direction 
is similar for both of our alloys.

The Cauchy pressure (PC) as given in Equation (5), can determine the angular 
character of atomic bonding in alloys [38,39]

 

If the Cauchy pressure of a cubic crystal is negative (C12 < C44), that ensures the 
atomic bonding nature of this crystal is covalent type. On the other hand, if this 
pressure is positive (C44 < C12) the atomic bonding nature is metallic-like. Also 
the Cauchy relation (C12 = C44) is approximately provided for ionic crystals and 
some metals [40] when there is no external pressure. The calculated PC values 
of PdCoX (X = Si and Ge) alloys in β and γ structural phases are positive and 
this situation indicates that, the bonding nature of PdCoX alloys in both of two 
structural phases is metallic.

Additionally, some mechanical properties of a crystal can be estimated from 
the calculated elastic constants. The bulk (B) and shear moduli (G) of a crystal 
can be estimated from Voigt–Reuss–Hill relations [41–43]. For a cubic crystal, 
the upper and lower limits of B are equal to the each other as seen in Equation (6) 

(4)C11 − C12 > 0; C11 + 2C12 > 0; C11 > 0 and C44 > 0

(5)PC = C12 − C44
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and also GV (upper limit of G) and GR (lower limit of G) values can be estimated 
using the Voigt and Reuss approximations as in Equations (7) and (8), respectively.

 

 

 

The average values of bulk and shear moduli of a crystal can be calculated from Hill 
approximations which are given by B = (1∕2)

(

BV + BR

)

 and G = (1∕2)
(

GV + GR

)

,  
respectively.

Moreover, Poisson’s ratio (ν) and Young’s modulus (E) of a crystal [38] have 
been calculated using bulk and shear moduli as seen in Equations (9) and (10), 
respectively.

 

 

For PdCoX (X = Si and Ge) alloys in β and γ phase, the calculated bulk moduli, 
the upper and lower limits of shear moduli using Voigt and Reuss approximations, 
respectively, the calculated average shear moduli using Hill approximation and 
the calculated Young’s modulus using Equation (10), B/G ratio and the calculated 
Poisson’s ratios using Equation (9) have been presented in Table 5. The values 
of B/G ratio of PdCoX (X = Si and Ge) alloys show that, these alloys are largely 
ductile materials in both of β and especially γ phases, as seen in Table 6. Because, 
the values of B/G is higher than 1.75 refer ductility, while lower values indicate 
brittleness [44].

Poisson’s ratios of PdCoX (X = Si and Ge) alloys in β phase are found to be 
0.340 and 0.373, respectively, and 0.470 and 0.439, respectively, in γ phase as seen 
in Table 6. These values show that the bonding character of our materials is close 
to metallic when they are in β and γ phase [45]. For platinum-based bulk metallic 
glasses, for example, which represent some of the densest metals because of the 
variety of atom sizes, ν → 0.5 [46]. Also, these ratios indicate that our materials 
can be compressed more easily in γ phase than in β phase.

Young’s modulus which is used to determine the stiffness of a solid is given 
as the ratio of stress and strain [47]. The calculated values of shear, and Young’s 
moduli of our alloys in β and γ phases show that both of our materials are harder 
in β phase than the secondary stable γ phase.

The anisotropic or isotropic behaviour of a material can be determined from 
shear anisotropy factors [48] associated with it. They can be calculated using 
Equations (11) and (12) for a cubic crystal and are given in Table 6. For the {1 1 0} 

(6)BV = BR = B = (C11 + 2C12)∕3

(7)GV =
(

C11 − C12 + 3C44

)

∕5

(8)GR = 5
(

C11 − C12

)

C44∕
(

4C44 + 3C11 − 3C12

)

(9)� = (3B − 2G)∕[2(3B + G)]

(10)E = (9BG)∕(3B + G)
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planes of a cubic crystal, the value of A− is not independent from A. However, it 
does reduce to A when it satisfies the elastic isotropy condition 

(

2C44 = C11 − C12

)

 
[48]. The respective shear anisotropy factors (A and A−) in {1 0 0} and {1 1 0} 
planes for a cubic crystal are given by

 

 

where CL = C44 +
(

C11 + C12

)

∕2.
We can deduce from Table 7 that the shear anisotropy values A_ and A of both 

alloys in both phases are greater for (1 1 0) plane than that for (1 0 0) plane. These 
calculated values indicate that, our alloys have rather strong anisotropic charac-
ter when they are in γ phase, but in the most stable structural phase (β phase), 
PdCoGe compound has weaker anisotropic character than PdCoSi compound 
mechanically.

Navier’s equation [49] can be used for calculating longitudinal and transverse 
wave velocities and also average wave velocity [50] of a crystal, given by Equations 
(13)–(15), respectively.

 

 

 

where ρ is the density of the material. Moreover, sound conductivity for both alloys 
is greater in the stable β phase than in γ phase. Sound velocity values of PdCoSi 
are greater than that of PdCoGe in both phases, as seen in Table 7.

Equation (16) gives the Debye temperature of a compound (θD) which is an 
important fundamental parameter in relation with many physical properties such 
as specific heat and melting temperature [51].

 

where h is the Planck’s constant, k the Boltzmann’s constant, NA is the Avogadro’s 
number, M is the molecular weight and n is the number of atoms in the mole-
cule. The calculated Debye temperatures of PdCoX (X = Si and Ge) alloys are 
presented in Table 7. One sees that the β phase values are higher than γ phase 
values. We note that the β phase value of PdCoSi is (428.1 K) higher than that 
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(330.2 K) of PdCoGe, whereas it is the other way around in the γ phase; (175.2 K) 
and (221.5 K), respectively.

3.4.  The lattice dynamical properties

Finally, in this subsection, we have presented the calculated lattice dynamical prop-
erties of PdCoX (X = Si and Ge) alloys. We have examined the phonon dispersion 
spectra of our alloys in each structural phase to decide on the structural stability 
of these materials. We used the program PHONOPY [52] to calculate the phonon 
frequencies of our alloys based on the interatomic force constants. We obtained 
the force constants and vibrational frequencies using the linear response method 
within the density functional perturbation theory [52–55]. For calculating full 
phonon spectra along the high symmetry directions in the irreducible Brillouin 
zone, which are presented along with the atom projected vibrational density of 
states, 2 × 2 × 2 super-cells were formed for PdCoX (X = Si and Ge) alloys in all 
phases, as seen in Figure 9(a)–(f). To the best of our knowledge, there is no study 
in the literature examining the vibrational properties of these alloys, so there is 
no data to compare.

It has been clearly seen that the calculated phonon dispersion spectra of both 
of our alloys do not show any softening behaviour in most stable β and secondary 
stable γ structural phases as expected, except at Γ point, as seen in Figure 9(a)–(e). 
Hence, PdCoX (X = Si and Ge) alloys are dynamically stable in β and γ phases but 

Figure 9. (colour online) Phonon dispersion curves along high symmetry directions in the first 
Brillion zone and vibrational density of states (DOS) of (a) PdCoSi in α phase, (b)PdCoGe in α phase, 
(c) PdCoSi in β phase and (d) PdCoGe in β phase, (e) PdCoSi in γ phase and (f ) PdCoGe in γ phase.
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unstable in α phase. This situation is in agreement with Section 3.2. Each com-
pound, being composed of three atoms, has a total of nine phonon branches, three 
acoustic and six optical. There is a clear gap in the calculated phonon dispersion 
curves between the optic and acoustic branches for PdCoSi, both in β and γ phases 
due to the low atomic mass of Si, as seen in Figure 9(c)–(e). The observed gaps of 
PdCoSi compound in β and γ phases are around 0.59 and 0.95 THz, respectively. 
There are sharper peaks of the optical vibrations of Pd atom at low energy regions, 
somewhere between 1.3 THz and 7.7 THz, because of its higher atomic mass and 
the optical mode energies are comparable to its acoustic branch energies. Also, 
the optical modes of Si atom are located at a wide energy range between 5.4 and 
9.9 THz due to the lower atomic mass of Si atom and also especially for β phase, 
there is a sharp peak around 12 THz in optical modes of Si atom.

4.  Conclusion

The structural, mechanical, electronic and lattice dynamic properties of half-Heu-
sler PdCoX (X = Si and Ge) alloys which conform to F4̄3m space group in each 
of α, β and γ phases have been investigated in detail. These alloys have been 
examined in three different atomic arrangements which are given by Wyckoff 
notation. We determined that both of our alloys are stable in β structural phase, 
however, γ phase can be considered as a secondary stable structural phase for these 
alloys. Both of our materials have metallic character due to the absence of band 
gaps in their spin-polarised electronic band structures. The calculated electronic 
band structures and total magnetic moments show that these alloys are close to 
ferromagnetic character in α phase and are close to non-magnetic behaviour in 
the other two phases. Also, some mechanical properties of these materials have 
been examined and it is clearly seen that these alloys are stable mechanically 
in β and γ phases, but unstable in α phase. Both of our alloys show anisotropic 
character mechanically in each stable phase. Finally, we examined the vibrational 
properties of these alloys in each structural phase. The phonon dispersion spectra 
of PdCoX (X = Si and Ge) alloys show that, both are stable dynamically in β and γ 
phases but unstable in α phase in agreement with the calculated elastic constants 
for each phase.
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