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Elastic constants and thermophysical properties of CuPd: First-principles study
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Based on density functional theory, the structural parameters, elastic moduli, and thermophysical properties of Copper-palladium (CuPd)
inter-metallic compound at various temperatures and under high pressures have been studied using first-principles calculations. The pseudopotential-
plane wave method within the generalized gradient approximation approach was utilized. The material considered is a pure substance of
solid CuPd arranged in the body-centered cubic fashion. Our results show a lattice constant of around 3.001Å, in good agreement with
the experimental value of 2.96̊A from literature. The elastic stiffness constants increase monotonically with pressure. Mechanical stability,
isothermal bulk modulus, heat capacity, Debye temperature, and entropy are also analyzed for pressures from 0 to 12 GPa and temperatures
from 0 to 600 K. At room temperature and zero-pressure, the constant volume heat capacity and the entropy are found to be 45.65 and
53.94 J/mol.K, respectively.
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1. Introduction

Copper-palladium with the chemical formula CuPd, and
copper scandium with the chemical formula CuSc are two
renowned members of ’d’ block transition metal family.
These two compounds are complex with their boiling points
and high melting temperature [1]. The transition metal CuX
(X = Sc and Pd) intermetallic compounds own many promis-
ing mechanical and physical properties such as high tensile
strength, good ductility, high corrosion resistance, large me-
chanical stability under compression, and high thermal sta-
bility [1,2].

The elastic and thermodynamic properties of solid mate-
rials are important for the understanding of the physics of the
solid state matter [3–6]. This is due to their direct relationship
with other fundamental properties of matter. At extreme con-
ditions of pressure and temperature, the fundamental proper-
ties of solid materials may behave differently [7–12]. The
knowledge of the behavior of these properties under high
pressure and temperature is very useful for our understand-
ing of fundamental properties of materials subjected to severe
conditions and for technological applications. As a matter of
fact, pressure and temperature are attractive thermodynami-
cal variables that allows a variation in the fundamental prop-
erties of solid materials when the inter-atomic distances are
changed in a systematic way [13–16]. Almost, copper-based
binary compounds were the object of several studies on their
fundamental properties in the last two decades. In fact, a
lot of theoretical calculations [1, 2, 17–20] and experimental
studies [21] have been performed on structural parameters,
elastic constants, and thermophysical properties at ambient
conditions and under high pressure and temperature on CuX

(X = Sc and Pd) intermetallic compounds in the eightfold co-
ordinated CsCl-type structure (B2).

Like silver, pure copper has also a high electrical con-
ductivity. At 20◦C, it has an electrical conductivity of around
5.98×107 S.m−1 Palladium, a member of the platinum group
of metals, is the least dense element in this group. Its electri-
cal conductivity is slightly lower than that of copper, approxi-
mately9.28×106 S.m−1 at 20◦C [22]. In the CsCl-type (B2)
structure, the CuX (X = Sc and Pd) intermetallic compounds
crystallize with Cu atoms located at the vertices and Sc (Pd)
atom in the center of body-centered cubic cell [1,2].

In the present work, we report on first-principles calcu-
lations of the equation of state (EoS), structural parameters,
mechanical properties and the influence of pressure and tem-
perature on several thermodynamic quantities of CuPd in-
termetallic compound in its metallic solid CsCl-type (B2)
structure using the pseudopotential plane wave method in the
framework of the density functional theory (DFT) [23,24].

2. Methods

The calculations reported in the present work have been per-
formed within theDFT using pseudopotential-plane wave
(PP − PW ) method. The static energy-volume (E, V ) data
and the elastic constantsCij are obtained using the CASTEP
code [25]. For the exchange-correlation potential, the gener-
alized gradient approximation (GGA) for the total energy cal-
culations in the form proposed by Perdew-Burke-Ernzerhof
(PBE) [26] scheme is employed for electron-electron interac-
tion. In order to reduce the required number of plane waves,
chemically inactive core electrons are effectively replaced
with an ultra-soft pseudopotential [27].
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The plane-wave basis set cut-off energy used in the
present calculations is taken as 500 eV. The Monkhorst-Pack
method [28] with a16 × 16 × 16 special k-point mesh is
used to realize the special points sampling integration over
the Brillouin zone. To minimize the total energy, interatomic
forces and unit-cell stress, the lattice parameter has been in-
dependently modified. For the geometry optimization, the
difference within5 × 10−6 eV/atom in the total energy is
taken, the maximum stress is taken to be 0.02 GPa, maxi-
mum ionic displacement within5×10−4 Å, and a maximum
ionic Hellmann-Feynman force within 0.01 eV/Å.

In order to obtain the pressure and temperature depen-
dence of the thermodynamic properties of CuPd intermetal-
lic compound, the quasi-harmonic Debye model is success-
fully applied; our calculations are implemented through the
Gibbs code [29]. The method of the calculation adopted in
the present work and the different relationships used here are
detailed elsewhere [2,29].

3. Results and discussion

3.1. Structural parameters at equilibrium

The total energy of the material of interest (CuPd with CsCl-
type structure) has been calculated as a function of the unit-
cell volume around the equilibrium cell volumeV0, using the
GGA scheme, to determine the equilibrium structural param-
eters (the equilibrium lattice constanta0, bulk modulusB0,
and its first pressure derivativeB′

0). Then the calculated total
energies were minimized by means of Murnaghan’s equation
of state [30], as shown in Fig. 1. Our obtained values of the
lattice parameter at equilibriuma0, bulk modulusB0, and its
pressure derivativeB′

0 are also summarized in Table I, and
compared with other theoretical results [1,17,18] and exper-
imental data [21]. From the results summarized in Table I, it
can be observed that our result ofa0 of the material of interest
is in good agreement with the theoretical one of 2.995Å [18],
and the experimental one of 2.96Å [21]. Our obtained value
(3.001Å) is overestimated with respect to that of experiment
(2.96Å) [21] by less than 1.4%. Our calculated value of the
bulk modulusB0 and its pressure derivativeB′

0 are also in
good agreement compared to the theoretical ones [1,3]. Our

TABLE I.

Parameter Our work Other works

a0 (Å) 3.002 3.0145a,e, 2.9663a,f , 2.956a,g

2.961b, 2.995c, 2.96d

B0 (GPa) 160.04 158.85a,e, 184.92a,f ,

188.84a,g, 160.37d

B′
0 5.26 4.85a,e, 4.71a,f , 5.33a,g

FIGURE 1. Total energy versus the volume for CuPd intermetallic
compound.

obtained value of 160.04 GPa ofB0 is almost equal to the the-
oretical one of 160.37 GPa obtained by Baranov [17] and our
obtained value (5.26) ofB′

0 is underestimated with respect to
the theoretical one of 5.33 [1] by less than 1.32%.

3.2. Mechanical properties

3.2.1. Elastic constants and some other derivative quanti-
ties

Due to the symmetry elements in the crystal, there are only
three independent elastic stiffness constants (C11, C12 and
C44) in the case of cubic crystals [2]. At zero-pressure, the
evaluated elastic constantsCij of CuPd intermetallic com-
pound in cubic CsCl-type structure are presented in Table II,
and compared with other theoretical data [1]. From Table II,
we observe that our calculated elastic constantsCij are in
reasonably good agreement with the previous theoretical data
reported in Ref. [1]. At zero-pressure, the calculated elas-
tic constantsCij of CuPd intermetallic compound satisfy the
requirement mechanical stability criterions, which are given
as [1,31]

C11 + 2C12 > 0, C11 − C12 > 0, C44 > 0,

and C11 > B > C12, (1)

in Eq. (1) means that the bulk modulusB, the shear modulus
C=C44 and the tetragonal shear modulusC ′=(C11−C12)/2
must be positive. The tetragonal shear modulus measures the
response of a crystal to volume-conserving tetragonal shear

TABLE II.

Parameter Our work Other works

C11 181.07 184.03a,b, 217.54a,c, 208.66a,d

C122 150.40 144.12a,b, 173.72a,c, 185.01a,d

C44 97.10 60.87a,b, 94.11a,c, 69.47a,d
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strain and can be linked with the stretching and the bending
of atomic bonds [32].

It can be noticed that theC11 is slightly higher thanC12,
while C44 is largely lower. This indicates that the velocity
of a longitudinal wave in the[100] direction is much larger
than the shear wave asC11 is larger thanC44. This behavior
of the elastic constantsCij is also observed for zinc-blende
zirconium carbide (ZrC) material [32].

The bulk modulus is defined as the reciprocal of the com-
pressibility. A material that is difficult to compress has a large
bulk modulus, but a small compressibility. When the bulk
modulus is independent of pressure, this is a specific form of
Hooke’s law of elasticity. For crystals with cubic structure,
the bulk modulusB and the elastic constantsCij are related
by [31]

B = (C11 + 2C12)/3. (2)

At zero-pressure, the bulk modulus of CuPd intermetallic
compound is found to be 160.62 GPa. It is also in rea-
sonably good agreement with the previous theoretical data
[1,17]. Our obtained value deviates from the theoretical ones
of 158.85 GPa reported by Jainet al. [1] and 160.37 GPa
obtained by Baranov [17] by less than 1.12% and 0.16%, re-
spectively.

Figure 2 shows the variations of the elastic constantsCij

and their aggregate bulk modulusB versus applied hydro-
static pressure for CuPd intermetallic compound. We observe
a quasi-linear dependence in all curves. All parameters of in-
terest increase monotonically with raising pressure.

The elastic constantC11 represents elasticity in length
and a longitudinal strain produces a change inC11 [33]. On
the other hand, the elastic constantsC12 andC44 are related
to the elasticity in shape, which representing a shear con-
stant [33]. The best fit of our data regarding the elastic con-
stantsCij , and the bulk modulusB (in GPa) for CuPd obey
the following expressions:

FIGURE 2. Variation of the elastic constantsCij and the bulk mod-
ulusB as a function of the pressure.

C11 = 181.49 + 5.58p, (3)

C12 = 150.95 + 4.81p, (4)

C44 = 97.53 + 2.21p, (5)

B = 161.13 + 5.07p. (6)

The variation of the elastic constantsCij as a function
of pressure allowed us to predict the pressure derivatives
∂Cij/∂P . Our results regarding the pressure derivatives at
zero-pressure:∂C11/∂P, ∂C12/∂P, ∂C44/∂P and∂B/∂P
of CuPd intermetallic compound are: 5.58, 4.81, 2.21 and
5.07, respectively. The results show that∂C44/∂P is the low-
est value compared to other∂Cij/∂P , thus indicates that the
shear deformation designed byC44 parameter is less sensitive
to the pressure than other parameters (C11, C12 andB). It can
be noted that the same behavior of the elastic constantsCij

under compression was also observed for CuSc intermetal-
lic compound [2]. To the best of our knowledge, there is no
data available in the literature on the pressure derivatives of
elastic constantsCij for the material of interest. For cubic
crystals, a linear empirical expression linking theTm to the
elastic constantC11, is given by [34,35],

Tm = 553 + (591/Mbar)C11 ± 300K. (7)

Using the value ofC11 = 181.07 GPa obtained at zero-
pressure, the value ofTm of CuPd has been found to be
1623 ± 300 K. This value is much higher than the value of
872.6±300 K of cubic zinc-blende copper iodide (CuI) semi-
conducting material [34]. To the best of our knowledge, there
are no experimental or other theoretical data available so far
to check the accuracy of our estimated Tm value of CuPd
intermetallic compound with B2 structure.

On the macroscopic scale, the elastic moduli (Young
modulusE, Poisson’s ratioσ, etc.) were usually used to de-
scribe the elastic properties of solids. The Young’s modulus
E is a measure of the ability of solid material to defend longi-
tudinal stress [36,37], while the Poisson’s ratioσ is a measure
of the Poisson effect; the phenomenon in which a material
tendsσ to expand (compress) in directions perpendicular to
the direction of compression (expansion) [38]. For the ag-
gregate polycrystalline materials (elements, compounds and
alloys), the Young modulusE and Poisson’s ratioσ are cal-
culated as follows [36–38],

E = 9BG/(3B + G), and

σ = (3B − 2G)/2(3B + G), (8)

whereB is the bulk modulus andG is the isotropic shear
modulus. At equilibrium, our calculated values ofG,E and
σ are: 47.7 GPa, 130.21 GPa, and 0.365, respectively. They
are presented in Table III, and compared with other available
theoretical data of the literature [19]. It is seen also that, our
calculated values ofG, E andσ are in general in good agree-
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TABLE III.

Pressure G E v B/G Emax/Emin Hv

(GPa) (GPa) (GPa) (GPa)

0 47.70 130.21 0.365 3.37 5.44 3.57

1 38.97a 108.00a 0.386a 4.039a - -

2 50.77 138.66 0.366 3.39 5.29 3.70

4 51.75 141.75 0.369 3.50 5.62 3.62

6 54.00 148.06 0.371 3.54 5.58 3.68

8 57.05 156.47 0.371 3.55 5.42 3.82

10 58.74 161.29 0.373 3.60 5.47 3.83

12 61.13 167.95 0.374 3.63 5.45 3.91

ment with the previously calculated data [19], where for ex-
ample, the value (0.365) ofσ obtained in the present work
deviates from the theoretical one of 0.386 reported by Jainet
al. [19] by around 5.44%. It can be seen that CuPd has higher
value ofE compared to that (101.34 GPa) of CuSc [2], im-
plying that the CuPd is more covalent in nature comparing
to CuSc material [19]. Under compression our predicted val-
ues of the isotropic shear modulusG, the Young’s modulus
E, and the Poisson’s ratioν up to 12 GPa are also reported
in Table III. All these different quantities increase monoton-
ically with increasing pressure. The physical properties of
solid materials are importantly related to the electronic con-
figuration of molecules [39]. In this respect, the densities of
states (DOSs) have been computed for CuPd in order to study
the distribution of the electrons in different orbitals. Our re-
sults are displayed in Fig. 3. Note that the major contribution
for the energy bands near the Fermi level of the CuPd crystal

FIGURE 3. Total and local densities of states of CuPd intermetallic
compound at equilibrium and 12 GPa.

comes from Cu-d and Pd-d electrons which play an impor-
tant role in the conductibility of the crystal of interest. Upon
compression of 12 GPa, we observe a shift of Cu-d and Pd-d
electrons towards lower energies with respect to those at zero
pressure. A useful visualization of the elastic anisotropy can
be obtained by plotting a three-dimensional representation
(3D) of the dependence of Young’s modulusE on crystal-
lographic direction in a crystal. For cubic crystals, the direc-
tional dependence of Young’s modulus in3D representations
can be given by the following relationship [40]

E(−→n ) = 1/[S11 − (2S11 − 2S12 − S44)(n1
2n2

2 + n1
2n3

2 + n2
2n3

2)], (9)

whereSij design the elastic compliance constants, andn1,
n2 andn3 are the directional cosines to thex-, y- andz-axes,
respectively. Equation (9) determines a 3D closed surface,
and the distance from the origin of the system coordinates
to this surface is equal to young’s modulus in a given direc-
tion. For a perfectly isotropic material this surface would be
a sphere, but often this is not the case even for cubic crys-
tals [40]. Figures 4 and 5 show, respectively the three dimen-
sional and the projections in 110 and 100 crystallographic
planes of the Young’s modulus of CuPd single material. At
equilibrium, the estimated valuesEmax andEmin are along
the [111] direction for 110 planes, and along [001] direc-
tion for 100 planes, respectively. The pressure dependence
of Emax/Emin is listed also in Table III. The variation of
Emax/Emin ratio as a function of pressure is not monotonic,
reflecting the variation of the magnitude of the mechanical
anisotropy under compression up to 12 GPa in CuPd inter-
metallic compound. In cubic crystals, the mechanical stabil-

ity conditions on the elastic constants at any value of pres-
sure are expressed as follows [2,31]

K = 1/3(C11 + 2C12 + P ) > 0,

G = 1/2(C11 − C12 − 2P ) > 0, and

G
′
= (C44 − P ) > 0. (10)

As pressure is applied to CuPd intermetallic compound with
B2-type structure, it gets transformed from the ordered B2-
type structure into another phase (perhaps to the disordered
phase or to the amorphous state). The variation of the gener-
alized elastic stability criteriaG, G′ andK are plotted against
pressure in Fig. 6. From Fig. 6 in can be seen we found that
G decreases gradually with increasing pressure and vanishes
at about 26.5 GPa, which yields the phase transition pres-
sure. Hardness is one of the basic mechanical properties of
the solid. It represents the resistance to elastic and plastic
deformation or brittle failure when compressive force is ap-
plied.

Rev. Mex. Fis.71020501



ELASTIC CONSTANTS AND THERMOPHYSICAL PROPERTIES OF CUPD: FIRST-PRINCIPLES STUDY 5

FIGURE 4. Graphical representation of the Young’s modulus for
CuPd material with B2 structure at equilibrium.

FIGURE 5. Variation of the generalized elastic stability criterions
as a function of the pressure.

FIGURE 6. Longitudinal (vl), transverse (vt) and average (vm)
sound velocities of CuPd versus pressure.

The hardness of elements, compounds as well as alloys has
a significant effect on their applications in functional materi-
als [41]. The isotropic polycrystalline shear modulus is the
most important parameter besides the bulk modulus for hard-
ness of any material [32]. An empirical formula was usually
used to predict the hardness of several compounds and alloys.
This formula relates the Vickers hardnessHv and the elastic
moduli; it is given as [42],

Hv = 0.92k1.137G0.708, (11)

where the parameterk refers to theG/B ratio,B is the bulk
modulus, andG is the shear modulus. Using our values of the
modulus and the shear modulus obtained at zero-pressure, the
predicted value of the Vickers hardnessHv of CuPd is 3.57
GPa. This value is lower than the hardness of the covalent
materials, which are relatively high, in that the strong cova-
lent bonds greatly hinder the plastic flow due to the pinned
dislocation [41]. Under compression our predicted values of
theHv up to 12 GPa are reported in Table III. We can see that
Hv of CuPd increases with raising pressure. To the best of
our knowledge, there is no data available in the literature on
the generalized elastic stability criteria and the Vickers hard-
nessHv for CuPd material with B2- structure. Hence, our
result represents a prediction and may serve for a reference,
and still await experimental and other theoretical confirma-
tions.

3.2.2. Sound velocity, Debye temperature and melting tem-
perature

From the theoretical elastic constants, we computed the elas-
tic wave velocities. In this respect we have calculated the
sound velocities and the Debye temperature using expres-
sions from Refs. [2,37] and presented them along with other
results of Jainet al. [19] in Table IV. As can be seen from
Table IV, our calculated values concerning the longitudinal
(vl), transverse (vt) and average (vm) sound velocities and
the Debye temperatureθD are in reasonable agreement with
the previous theoretical data reported in Ref. [19], where
for example our obtained value 2138m/s of vt overesti-
mates the theoretical one (2078.34m/s) [19] by only around
2.87%, while our value (301K) of θD overestimates the re-
sult (291.49K) [19] by only around 3.26%. The variation of
the longitudinal (vl), transverse (vt) and average (vm) sound
velocities are drawn as functions of pressure in Fig. 7 for each
compound of interest. It is inferred from Fig. 7 that all sound
velocities increase monotonously with increasing pressure.

TABLE IV.

Parameter Our work Other works

vl (m/s) 4635 4586.79a

vt (m/s) 2138 2078.34a

vm (m/s) 2408 2343.30a

θD (K) 301 291.49a

Rev. Mex. Fis.71020501
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FIGURE 7. Variation of the unit cell volume as a function of the
pressure at different temperatures.

This tendency of the sound velocities under compression was
also obtained by Jainet al. [19] for CuPd compound. It can
be noted that the same behavior of all sound velocities un-
der pressure was also observed for CuSc intermetallic com-
pound [2,19].

3.3. Thermodynamic properties

As we mentioned below in Sec. 2, the pressure and tem-
perature dependence of the thermodynamic properties of
CuPd intermetallic compound were obtained from the quasi-
harmonic Debye model and the method adopted in the
present work is detailed elsewhere in our previous work [2].
The variation of the volume of the unit cell (V ) of CuPd ver-
sus pressure at temperatures 0, 300 and 600 K is shown in
Fig. 8. The volume of the unit cell decreases with increas-
ing pressure at a given temperature. On the other side, as the
temperature increases, the volume of the unit cell increases at
a given pressure. The rate of increase ofV with temperature
decreases with increasing pressure.

FIGURE 8. Isothermal bulk modulusBT of CuPd versus pressure
at different values of temperature.

FIGURE 9. Isothermal bulk modulusBT of CuPd versus pressure
at different values of temperature.

The bulk modulus is one of the most important mechani-
cal parameters of the material. It is usually increases as pres-
sure rises [2, 43]. Figure 9 shows the isothermal bulk mod-
ulusBT variation of CuPd compound versus pressure up to
12 GPa at a given temperatures of 0, 300 and 600K. At
zero pressure and room-temperature, the obtained value of
the isothermal bulk modulus is around 147.11 GPa. For a
given temperature, the bulk modulusBT increases with in-
creasing pressure, and for a given pressure, the bulk modu-
lus BT decreases with increasing temperature from 0 to 600
K. This indicates that the material of interest becomes less
compressible with increasing pressure. The effect of decreas-
ing temperature and increasing pressure onBT are nearly the
same. We can note that the same trend on the isothermal
bulk modulusBT was also observed in CuSc binary com-
pound [2]. The best fits of our data regardingBT for CuPd at
0, 300 and 600K obey the following quadratic expressions,
respectively:

BT = 156.0 + 4.69p− 6.40 ∗ 10−2p2, (12)

BT = 147.0 + 4.10p− 4.40 ∗ 10−2p2, (13)

BT = 142.4 + 2.19p− 4.04 ∗ 10−3p2, (14)

where, bothBT andp are expressed in GPa.
The knowledge of the heat capacity of a substance can

provide essential insight into its vibrational properties, and it
is also mandatory for many applications. From the standard
elastic continuum theory, two famous limiting cases are re-
ported. At high temperature, the constant volume heat capac-
ity CV tends to the Dulong-Petit limit, while at sufficiently
low temperature,CV is proportional toT 3 [44–46]. At inter-
mediate temperatures, however, the temperature dependence
of CV is governed by the details of vibrations of the atoms
and for a long time could only be determined from experi-
ments [44]. Figure 10 shows the dependence of the heat ca-
pacityCV on temperature at different pressures (0, 6 and 12
GPa) for the CuPd intermetallic compound with cubic cesium
chloride-type structure. From Fig. 10, we can observe that

Rev. Mex. Fis.71020501
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FIGURE 10. Variation of the heat capacity at constant volume as a
function of the temperature at various pressures.

FIGURE 11. Debye temperature of CuPd versus pressure at various
temperatures.

theCV depends on both temperature and pressure, and it in-
creases rapidly with the temperature forT < 300 K. At zero-
pressure and 300K, the constant volume heat capacityCV of
CuPd was found to be 45.65 J.mol−1.K−1. It is almost equal
to the 45.9 J.mol−1.K−1 of CuSc binary compound [2]. For
T > 350 K, CV tends to the Dulong-Petit limit. At high tem-
peraturesCV approaches approximately 48.87 J.mol−1.K−1

for the material under investigation. As can be seen, the ef-
fect of pressure on the heat capacity is not significant. We
can note that the same trend onCV is also observed in CuSc
binary compound [2], cubic zinc-blende zirconium carbide
material [32], and Al0.25B0.75As semiconducting ternary al-
loy [44].

Figure 11 shows the [2] dependence of the Debye tem-
peratureθD on pressure (ranging from 0 up to 12 GPa) at
different temperatures (0, 300 and 600 K) for the CuPd in-
termetallic compound with cubic cesium chloride-type struc-
ture. From Fig. 11, we can observe clearly that theθD in-
creases monotonically with raising pressure. At a fixed value
of pressure, the Debye temperature decreases with increasing

FIGURE 12. Sound velocity versus pressure of CuPd intermetallic
compound at different temperatures.

temperature. For CuPd material, the best fits of our data re-
gardingθD at 0, 300 and 600K obey the following quadratic
expressions, respectively:

θD = 413.24 + 7.14p− 1.25 ∗ 10−1p2, (15)

θD = 403.22 + 7.59p− 1.20 ∗ 10−1p2, (16)

θD = 386.18 + 7.74p− 0.74 ∗ 10−1p2, (17)

where,θD is expressed inK, andp is expressed in GPa. In
the Debye model, the sound velocityvs and the Debye tem-
peratureθD are related by the following expression [45–47],

vs = kBθD/ 3
√

6π2~3N/V , (18)

where N/V represents the concentration of atoms in the
solid.

Figure 12 shows the dependence of the sound velocityvs

at different temperatures (0, 300 and 600K) for the CuPd
intermetallic compound. Such as the Debye temperature,
Fig. 12, clearly shows thatvs increases monotonically with
raising pressure. At a fixed value of pressure,vs decreases
with increasing temperature. It can be noted that, a similar
trend for the sound velocities versus pressure and temper-
ature was also observed in the case of MgCu intermetallic
compound with cubic CsCl-type structure [45], and for alu-
minum phosphide (AlP) semiconducting compound with cu-
bic zinc-blende phase [46]. For CuPd material, the best fits of
our data regardingvs at 0, 300 and 600K obey the following
quadratic expressions, respectively:

vs = 3317.4 + 50.16p− 9.97 ∗ 10−1p2, (19)

vs = 3246.8 + 53.63p− 9.68 ∗ 10−1p2, (20)

vs = 3126.3 + 55.17p− 8.81 ∗ 10−2p2, (21)

where,vs is expressed inm.s−1 andp is expressed in GPa.
In Fig. 13, the variation of the entropyS as a function of
temperature at various pressures is presented. At low temper-
atures, the entropy increases monotonically and very quickly

Rev. Mex. Fis.71020501
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FIGURE 13. Variation of the entropy as a function of temperature
at different values of pressure.

with increasing the temperatureT . The variation ofS as
a function of temperature remains qualitatively almost the
same as that of pressure ranging from 0 up to 12 GPa. The
trend is similar to that of the entropy versus temperature
in CuSc material [2], cubic zinc-blende zirconium carbide
(ZrC) [32], MgCu [45] intermetallic compound and for cu-
bic zinc-blende AlP semiconducting material [46]. At room-

temperature and zero-pressure, the entropy of CuPd is found
to be 53.94 J.mol−1.K−1; whereas at pressure of 12 GPa, it
is found to be 46.4 J.mol−1.K−1.

4. Conclusions

In conclusion, ab-initio PP-PW method based on the DFT
in the GGA approach has been used to investigate the struc-
tural, mechanical and thermodynamic properties of CuPd in-
termetallic compound with the CsCl-type structure at differ-
ent pressures and temperatures. The calculated equilibrium
lattice parameter is in good agreement with the experimen-
tal one. Generally, our results of the elastic constants and
other derivative quantities were found to be in good agree-
ment with the available theoretical data published in the liter-
ature. According to the generalized elastic stability criteria,
B2-type structure is mechanically stable up to 26.5 GPa under
high-pressure. It is found that pressure influences all ther-
modynamic parameters of interest in a manner opposite to
that of temperature. At zero-pressure and room-temperature,
the isothermal bulk modulus was found to be 147.11 GPa;
whereas the entropy S was found to be 53.94 J.mol−1.K−1.
All features of interest were found to vary monotonically with
either temperature or pressure.

1. E. Jain, G. Pagare, S.S. Chouhan and S.P. Sanyal, Structural,
electronic, elastic and thermal properties of some transition
metal CuX (X=Sc and Pd) intermetallics: A FP-LAPW study,
Comput. Mater. Sci.83 (2014) 64,https://doi.org/10.
1016/j.commatsci.2013.10.045

2. A. Benmakhlouf, A. Benmakhlouf, O. Allaoui, and S. Daoud,
Theoretical study of elastic and thermodynamic properties of
CuSc intermetallic compound under high pressure,Chinese
J. Phys. 57 (2019) 179,https://doi.org/10.1016/j.
cjph.2018.11.017 .

3. N. Bouarissa, K. Kassali, Mechanical properties and elas-
tic constants of zinc-blende Ga1-xInxN alloys,Phys. Stat.
Sol. (b) 228 (2001) 663,https://doi.org/10.1002/
1521-3951(200112) , Erratum Phys. Stat. Sol.(b) 231
(2002) 294,

4. N. Bouarissa, Elastic constants and acoustical phonon prop-
erties of GaAsxSb1-x,Mater. Chem. Phys.100 (2006) 41,
https://doi.org/10.1016/j.matchemphys.
2005.12.004 .

5. N. Bioud, K. Kassali, N. Bouarissa, Thermodynamic properties
of compressed CuX (X=Cl, Br) compounds: Ab initio study,J.
Electron. Mater. 46 (2017) 2521,https://doi.org/10.
1007/s11664-017-5335-x .

6. S. Daoud, N. Bouarissa, N. Bioud, P. K. Saini, High-
temperature and high-pressure thermophysical properties of
AlP semiconducting material: A systematic ab initio study,
Chem. Phys.525 (2019) 110399,https://doi.org/10.
1016/j.chemphys.2019.110399 .

7. C. C. Rinzler, A. Allanore, A thermodynamic basis for the elec-
tronic properties of molten semiconductors: the role of elec-
tronic entropy,Philos. Mag. 97 (2017) 561,https://doi.
org/10.1080/14786435.2016.1269968 .

8. S. Saib, N. Bouarissa, P. Rodrı́guez-Herńandez, A. Mũnoz,
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