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Abstract Using the generalized—gradient approximation
(GGA) based on density functional theory, we have reported
the structural, mechanical, electronic, and lattice dynamical
properties of the intermetallic compounds Pd;X (X=Ti, Zr,
Hf) with D0,4 and the L1, structures. The elastic constants
were predicted using the stress-finite strain technique. We
performed numerical estimations of the bulk modulus, shear
modulus, Young’s modulus, Poisson’s ratio anisotropy fac-
tor, G/B ratio, and hardness. Our studies have showed that
all Pd;X (X=Ti, Zr, Hf) with DO,4 and the L1, structures
are mechanically stable and relatively hard materials with
low compressibility, and they could be considered as ductile
systems. Also, the phonon dispersion curves and total and
partial density of states were calculated and discussed for
Pd;X (X=Ti, Zr, Hf). We finally estimated some thermody-
namic properties such as entropy, free energy, and heat ca-
pacity at the temperature range 0—1000 K. The calculated
phonon frequencies of Pd;X (X=Ti, Zr, Hf) are positive,
indicating the dynamical stability of the studied compounds.
For the first time, we have performed the numerical estima-
tion of lattice dynamical properties for the compounds and
still awaits experimental confirmation. The obtained ground
state properties are in good agreement with those of exper-
imental and theoretical studies.
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1 Introduction

Palladium is the only one transition element with the (formal)
completely filled d shell (4d'®) and shows exceptional strong
metallic bonding [1]. Recent developments in material pro-
cessing suggest that intermetallic may be useful in structural
applications where ceramics are now contemplated for use [2].
Some important properties of these alloys can be improved by
alloy addition, directional solidification, and through the use
of single crystals [3, 4]. Pd-X (X=Ti, Zr, Hf) alloys have
gained increasing attention in recent years due to their inter-
esting mechanical properties and technological importance for
engineering and medicine [5, 6], particularly the shape-
memory effect [7-9], the property of reversible hydrogen stor-
age [10, 11], and the improvement of corrosion resistance [12,
13].

The Pd-X (X=Ti, Zr, Hf) system belongs to a class of
binary alloy system which combines so-called “early” and
“late” transition elements. Previous studies on this class of
alloys have revealed a variety of intriguing phenomena such
as charge density waves [14—17], lattice displacement struc-
ture [17—-24], martensitic transformations, and superconduc-
tivity. These phenomena are often associated with Fermi sur-
face instabilities and can produce some unique and useful
properties [25]. It was predicted by Brewer nearly 50 years
ago [26] that the binary intermetallic compounds formed be-
tween early transition metals and late transition metals should
be very stable. Almost all previous experimental determina-
tions and theoretical estimations have in fact indicated large
negative enthalpies of formation for such compounds [27],
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which this quantity has been indicating an exceptional affinity
between atoms of these transition metal components [28].

The unit cell parameters were measured experimentally for
binary palladium- and platinum-rich alloys containing the A4
early transition metals (titanium, zirconium, and hafnium) by
Ellner [28]. Pd;Ti is known to exist in two stable forms: the
hexagonal TiNis-type (hP16, D0,4) structure [29-31] and
(with excess Pd) the cubic AuCus-type (cP4, L1,) structure
[32]. Also, the stability of Pd;Zr-D0,, with hexagonal Ni5Ti-
type and PdZr,—C11,, with a tetragonal MoSi,-type was con-
firmed in [33]. The intermetallic compounds in the Pd—Hf
binary system have the following structures: Pd;Hf (2P16,
TiNis-type), Pd,Hf (1/6, MoSi, type), PAHT, (116, CuZr,-type),
and PdHf, (cF96, Ti,Ni type) [34].

Theoretically, the effect of an alloying metal and its mag-
netic state on the hydrogen absorption energy was investigat-
ed in the Pd-based alloys Pd;Me with 3d transition metals
(Me=Ti, V, Cr, Mn, Fe, Co, Ni, and Cu) based on the first
principles by Minibaev et al. [35]. Mikusik et al. calculated
heats of formation for transition metal alloys MTi and M;Ti
(M=Nj, Pd, Pt) by self-consistent tight-binding method [36].
Electronic properties of the Pd;Ti alloy and some related sur-
face structures were studied within a simple charge self-
consistent LCAO d-band model by Pick et al. [37]. The ther-
modynamic properties and phase diagram of the Pd-Zr system
were analyzed by the CALPHAD technique using a compu-
tational optimization procedure by Gua et al. [38].
Experimentally, Gua et al. [39] determined the standard en-
thalpies of formation of ten alloys formed between group IV
elements (Ti, Zr, Hf) and group VIII element (Rh, Pd, Pt) in
the periodic table by high-temperature direct synthesis calo-
rimetry at 1477+2 K.

The recent studies about Pd-Ti and Pd-Zr systems includ-
ing Pd;Ti and Pd;Zr can be given as follows: Chen et al.
investigated the ground state phase stabilities, enthalpies of
formation, electronic and elastic properties of Ti-Pd alloy sys-
tem, and associated hydrides using an ab initio density func-
tional approach [40]. Experimentally, the standard enthalpies
of formation of some late 4d and 5d transition metals includ-
ing Pd;Hf were measured by high temperature, direct synthe-
sis calorimetry at 1373+£2 K by Meschel et al. [41].
Theoretically, the thermodynamic properties of Pd-Ti system
were optimized using CALPHAD (Calculation of Phase
Diagram) technique from the experimental information avail-
able in the literature [41]. Their studies show that the interme-
tallic compounds Pd;Ti, Pd;Ti,, and PdTis are treated as stoi-
chiometric compounds. Hu et al. [25] reported the electronic,
elastic, and structural properties of Pd-Zr system by using
first-principle calculations for only stable phases obtained ex-
perimentally. Finally, Bai et al. [42] investigated formation
enthalpies, elastic constants, and bulk modulus of 133 phases
for the Pd-Zr system including stable phase and hypothetical
ones. Also in our previous work, we successfully predicted the

lattice dynamical and thermo-elastic properties of Rh3X (X=
Ti, V, Hf) compounds within DFT-PBE and PAW method [43,
44].

Predicting some fundamental material properties, i.e. the
crystalline structures, formation enthalpies, bulk modulus,
elastic constants, phonon frequencies, etc. have been well
known to be a vital important issue for the physicists, chem-
ists, and materials scientists. The purpose of this work is to
provide some additional information to the existing data on
the some physical properties of Pd;X (X=Ti, Zr, Hf) using
first-principle calculations. Especially, we focus on the me-
chanical, lattice dynamical, and temperature-dependent ther-
modynamical properties of Pd;X (X=Ti, Zr, Hf) alloys.

2 Method of Calculation

In the present paper, first-principle calculations were carried
out using the Vienna ab initio simulation package (VASP)
[45-48] based on the density functional theory (DFT). The
electron-ion interaction was considered in the form of the
projector-augmented-wave (PAW) method with plane wave
up to energy of 400 eV [47, 49]. For the exchange and corre-
lation terms in the electron-electron interaction, Perdew-
Burke-Ernzerhof (PBE) functional [50] was used within the
generalized gradient approximation (GGA). The parameter
that affects the accuracy of calculations is the kinetic energy
cut-off, which determines the number of plane waves in the
expansion and the number of special k-points used for the
Brillouin zone (BZ) integration. We performed convergence
tests with respect to BZ sampling and the size of the basis set.
The converged results were achieved with 11x11x6 and 10x
10x10 for DO,4 and L, phases, respectively. The special k-
point mesh were produced using the Monkhorst—Pack grid
[51]. The energy tolerance was less than 10~® eV per unit cell
in the iterative solution of the Kohn—Sham equations. The
structures were relaxed until the forces on each atom were less
than 0.01 eV/A.

3 Results and Discussion
3.1 Structural Properties

In this paper, we have considered hexagonal Ni; Ti-type (D0,4,
P65/mmc, Space Group No: 194) and cubic CusAu (L1,, Pm-
3 m, Space Group No: 221) structures. To get fully relaxed
structures of Pd;X (X=Ti, Zr, Hf) compounds, both lattice
geometry and ionic positions were fully optimized. Our re-
sults, in good agreement with corresponding the experimental
[29-32, 53] and theoretical values [25, 40, 42], are tabulated
in Table 1 together. But in the case of the calculated lattice
parameters, there are an average deviation of about 0.9 and
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Table 1  The calculated lattice constants (¢ and c in A) and formation
energies (AHg in kJ/mole of atoms) for Pd;X (X=Ti, Zr, Hf)
Material a c AHg
Pd;Ti (D0,y4) Present GGA 5540 9.041 —64.80
Theory [40] GGA  5.555  9.063  —62.90
Exp. [29] 5489  8.964
Exp.[30] 5489  8.614
Exp. [31] 5489 8964
Exp. [39] —65.00
Exp. [51] —50.70
Pd;Ti (L15) Present GGA  3.940 —62.43
Theory [40] GGA  3.926
Exp. [32] 3.820
Pd;Zr (D0,4)  Present GGA  5.68 9.33 —80.83
Exp. [39] —84.40
Exp. [52] —82.80
Theory [25] GGA  5.636 9275 8441
Theory [42] GGA  5.667 9321  —80.80
Exp. [53] 5612  9.235
Pd;Zr (L1,) Present GGA  4.03 =78.15
Theory [42] GGA  4.01 —78.20
Pd;Hf (D0,4)  Present GGA  5.64 9.27 —88.32
Exp. [39] —88.50
Exp. [52] —-100.10
Pd;Hf (L1,) Present GGA 401 —85.87

1.2 % from the earlier experimental data [29-32, 39, 52, 54]
for a and ¢ in DOy, structure of Pd;X (X=Ti, Zr, Hf), respec-
tively. These deviations may be attributed to the fact that the
experimental sample was synthesized as thin film by vapor
phase deposition [54] at 450 °C D0, structure for Pd-Ti sys-
tem. This structure exists in the composition range of about

18-27 at.% of Zr at 1873 K, but this range narrows signifi-
cantly at lower temperatures for Pd-Zr systems [53], whereas
our calculations correspond to the perfect bulk materials at
zero temperature. Also, some divergences are related to the
well-known overestimation of lattice parameters within GGA-
based calculation methods.

From total energy of the compound and constituent ele-
mental solids, one can compute the formation energy using
the following common relation:

Epn = Epyat ~[3Edia + Eia] (1)

The calculated formation energies are also listed in Table 1.
It is seen that all of the formation energies of Pd; X (X =Ti, Zr,
and Hf) are negative implying that all considered compounds
can be synthesized more easily as a thermodynamically stable
phase. The formation energy of the cubic L1,-type structure is
slightly higher than that of the D0,4-type structure, indicating
the cubic L1,-type structure of Pd;X (X=Ti, Zr, Hf) could
exist as a meta-stable phase as given in [40]. It can be seen
from Table 1, among the considered compounds, Pd;Hf is,
relatively, the most stable one.

3.2 Mechanical Properties
The elastic constants Cj;, which contain more important infor-
mation, can be obtained from ground state total energy calcu-
lations [55]. The elastic constants are related to some funda-
mental properties such as interatomic potential, equation of
state, phonon spectra, specific heat, Debye temperature, and
melting point. The elastic constants are calculated by using the
stress-strain relations [56], and the results are given in Table 2.
The traditional mechanical stability conditions in a cubic and
hexagonal crystal systems on the elastic constants are {Cy;—

Table2 The calculated elastic constants (Cjj in GPa), bulk modulus (B in GPa), isotropic shear modulus (G in GPa), G/B rations, Young’s modulus (£

in GPa), and Poisson’s ratio (v) for Pd;X (X=Ti, Zr, Hf)

Material Cyy Ci, Ci3 Cs3 Cay B G G/B E v
Pd;Ti (D0,g4) Present (GGA) 317.7 1233 114.6 321.2 73.6 184.9 88.2 0.48 228.2 0.29
Theory [40] (GGA) 306.4 124.6 112.7 317.8 71.0 181.2 80.3 209.9 0.31
Theory [58] 331.1 110.3 65.5 334.8 66.4
Pd;Ti (L1,) Present (GGA) 261.6 136.7 105.3 178.4 85.3 0.48 220.6 0.29
Pd3Zr (D0,4) Present (GGA) 302.6 119.2 111.3 307.7 72.0 177.4 84.4 0.47 218.7 0.29
Theory [42] (GGA) 268 90 99 305 70
Theory [25] (GGA) 3342 139.1 157.9 390.6 75.5 218.8 89.1 041 2352
Theory [58] 3524 118.9 89.9 405.3 87.1
PdsZr (L1,) Present (GGA) 219.9 1454 89.1 170.3 62.8 0.37 167.1 0.33
Pd;Hf (D0,4) Present (GGA) 317.3 126.6 117.2 321.6 74.0 186.4 87.5 0.47 227.0 0.30
Theory [58] 341.5 113.4 74.8 365.1 75.8
Pd;Hf (L1,) Present (GGA) 231.5 154.0 94.0 179.0 65.9 0.37 176.1 0.34
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C12>0, C44>0, C1;+2C >0} and {C1—-C2>0, Cy +Cio+
C33>0, (C;1+Cyp) C33>2C15%>0, C44>0}, respectively [43,
44, 57, 58]. Our results for elastic constants in Table 2 obey
these stability conditions, hence we can say that Pd; X (X=Ti,
Zr, Hf) are mechanically stable in both D0, and L1, struc-
tures. As shown in Table 2, the calculated results are close to
the each other and the values reported in [25, 40, 42, 58] for
Pd;X (X=Ti, Zr, Hf). It can be seen from Table 2 that
unidirectional elastic constants Cy; and Cs3 are about ~75 %
higher than C,44 This indicates that these compounds
present a weaker resistance to shear deformation compared
to the resistance to the unidirectional compression.

Poisson’s ratio (v), Young’s modulus (£), Bulk modulus,
and shear modulus (G) are calculated in terms of the computed
data using the following relations [59]:

(s-30)
1 3
VSRl 7T @)
(B + §G)
and
9GB
- G+3B (3)

where B=(B,+Bz)/2 and G=(G,+ G)/2 are the isotropic shear
modulus, Gis Voigt’s shear modulus corresponding to the upper
bound of G values, and Gy is Reuss’s shear modulus correspond-
ing to the lower bound of G values, and can be written as B,=
Br=(C11+2C1,)/3, G,=(C11—C12+3Cyy)/5, and 5/Gr=4/(Cy1—
C12)+3/Cy, for cubic phases, B, = (1/9)[2 (Cy1 + Cpp) +4
Ci3 4+ C33]G, = (1/30) (M + 12Cyy + 12C¢) ,M = Cy1 +
2C3=4C13,Br = C*/M, C? = (Ci + Ci2)C2C15° Gy
= (5/2) (C?CuCe) / [3BvCasCes + C*(Cas + Ces)] for
hexagonal phases.

Exploring the mechanical properties, the results obtained
from our ab initio calculations for bulk modulus (B), Poisson
ratio (v), Young’s modulus (£), and G/B rations of Pd;X (X=
Ti, Zr, Hf) are listed in Table 2.

As a fundamental physical property, the bulk moduli of
solids also provide valuable information on the bond strength
of atoms for a given crystal [60]. The bulk modulus is a mea-
sure of resistance to volume change by applied pressure,
whereas the shear modulus is a measure of resistance to re-
versible deformations upon shear stress [61]. The bulk moduli
(B) decrease in the sequence: B(Pd;Hf)>B(Pd;Ti)>B(Pd;Zr).
The highest value of bulk modulus (186.4 GPa) is obtained for
DO0,4 structure of Pd;Hf. We have concluded that Pd;Zr is the
highest compressible one among the Pd;X compounds be-
cause the low bulk modulus shows high compressible materi-
al. As the bulk modulus can be used as a measure of the
average inter-atomic bond strength [61], this trend coincides
with the weakening of bonding strength in Pd;Zr. In general,

the obtained bulk modulus for D04 structure of Pd;Ti and
Pd;Zr is in accordance with the theoretical results [25, 40].
Unfortunately, there is no experimental or theoretical data for
comparing with the present results for cubic (L1,) Pd;X
compounds.

It is known that shear modulus describes the resistance
of a material to shape change. The calculated isotropic
shear moduli are 88.2, 84.4, and 87.5 GPa for D0,4 struc-
ture and 85.3, 62.8, and 65.9 GPa for L1, structure of Pd; X
(X=Ti, Zr, Hf), respectively. Young’s modulus is defined
as the ratio of stress and strain and is used to provide a
measure of stiffness of the solid. The material is stiffer if
the value of Young’s modulus is high. Therefore, these
compounds are stiffer due to the higher value of Young’s
modulus. The values of Young’s modulus for Pd;Ti and
Pd;Hf are nearly same within standard numerical errors
for D0,4 structure. But, for L1, structure, Young’s modulus
of Pd;Ti is relatively higher than Pd;Zr and Pd;Hf.

The relations between the elastic moduli and the plastic
properties of polycrystalline pure metals are proposed by
Pugh [62]. It was stated that the Pugh’s modulus ratio (k=G/
B) represents a good criteria to identify the brittleness and
ductility of materials [62]. In fact, it can be seen from [63] that
Pugh’s modulus ratio can be more correlated with hardness
than the moduli of G and B, which only measures the elastic
response. This is because Pugh’s modulus ratio responds to
both elasticity and plasticity, which are the most intrinsic fea-
tures of hardness. In principles, the covalent materials have the
highest hardness but they are obviously brittle with a larger
Pugh’s modulus ratio. On the contrary ductile materials with
low Pugh’s modulus ratio are characterized by metallic and/or
ionic bonding and low hardness. According to the widely used
semi-empirical Pugh’s criterion (G/B ratio) [62], if G/B<0.5, a
material will behave in a ductile manner and if G/B>0.5, a
material demonstrates brittleness. In our case, the present
values of the G/B are lower than 0.5 for these compounds,
and hence, these materials will behave in a ductility manner.

Poisson’s ratio can formally take values between —1 and
0.5, which corresponds, respectively, to the lower bound
where the material does not change its shape and to the upper

Table 3  The calculated shear anisotropy factors (4;, 4, and A3) for
different planes and hardness (H-in GPa) values for Pd; X (X=Ti, Zr, Hf)

Material Ay Ay Az Hy
Pd;Ti (D0,4) Present (GGA) 0.72  0.72 1.00 10.92
Pd;Ti (L1,) Present (GGA) 132 132 132 10.75
Pd;Zr (D0,4) Present (GGA) 0.74 0.74 1.00 10.61
Pd;Zr (L1,) Present  (GGA) 1.47 1.47 147  6.62
Pd;Hf (DOy4)  Present (GGA) 073 073 1.00 10.65
Pd;Hf (L1,) Present  (GGA) 1.48 1.48 148 6.5
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Fig. 1 The partial density of
states for a Pd;Ti, b Pd;Zr, and ¢
Pd;Hf alloys
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bound when the volume remains unchanged [64]. The value
of Poisson’s ratio is small (¢=0.1) for covalent materials,
whereas for ionic materials, it has a typical value of v=0.25
[62]. Our v values are 0.29, 0.29, and 0.30 for D0,4 structure
and 0.29, 0.33, and 0.34 for L1, structure of Pd;X (X=Ti, Zr,
Hf), respectively. Therefore, we can say that the ionic contri-
butions to the atomic bonding are rather high for these com-
pounds. Among the investigated compounds, Poisson’s ratio
of cubic Pd;Hf is higher than Pd;Ti and Pd;Zr, indicating that
Pd-Hf bonding is less directional.

The Zener anisotropy factor (4) is an indicator of the de-
gree of anisotropy in the solid structure. The elastic anisotropy
of crystal reflects bonding character in different directions and
has an important implication since it correlates with the pos-
sibility to induce micro-cracks in materials [65]. For a
completely isotropic material, the 4;, A,, and A4; factors take
the value of 1; generally, it is known that when the value of 4
is smaller or greater than unity, it is a measure of the degree of
elastic anisotropy. We have estimated the elastic shear anisot-
ropy for investigated materials using the anisotropy factor [66]
defined as:d = A] = A, = A3 = 2C=

T Cu—Cn
A1:A2=Ci€ﬁa3 for the {1 0 0}({0 1 0}) shear planes between

<0 1 I>(<1 0 1>) and <010>(<001>) directions, A3 =

m for the {0 0 1}shear planes between <1 1 0> and

<0 1 0> directions for hexagonal phases, and they are tabulat-
ed in Table 3 for D0, structure. The value of 45 for each
compound is equal to 1, indicating that {001} shear plane
exhibits isotropy. On the contrary, for {100} and {010} shear
planes, 4, and A, are far from 1. Also, the anisotropy factors
for L1, structure are far from 1 and the Pd;Hf possesses larger
anisotropy than others.

We have also calculated the hardness (Hy) of Pd;X
(X=Ti, Zr, Hf) by using a semi-empirical method based
on Pugh’s modulus (G/B) ratio developed by Chen et al.
[63]. Tt is given as:

for cubic phases and

Hy = CK"G"; (k= G/B) (4)

where the parameter £ is the Pugh’s modulus ratio. C is a
proportional coefficient, and m and n are constants. In our
case, the constants are: C=1.887, m=1.171, and n=0.591.
The calculated hardness (Hj) values are also listed in
Table 3. As shown in Table 3, in both D0,4 and L1,
structures, Pd;Ti has the highest hardness (10.92 and
10.75 GPa), while Pd;Zr has the lowest (10.61 and
6.62 GPa). Actually, the calculated hardness values for
all of Pd;X (X=Ti, Zr, Hf) are under the superhardness
limit (Hy >40 GPa), indicating that these compounds ex-
cept for Pd;Zr and Pd;Hf in L1, structure are relatively
hard materials. Among the investigated Pd;X compounds,
Pd;Ti has the largest G/B ratio which suggests the stron-
gest directional bonding between Pd and Ti indicating

important effect on its hardness. Indeed, the estimated
Hy, for Pd;Ti is largest one among the studied compounds.

3.3 Electronic Properties

We have calculated partial density of sates (PDOS) at zero
pressure to understand the electronic nature of Pd;X (X=Ti,
Zr, Hf) compounds as shown in Fig. 1, where the vertical lines
refer to the Fermi level. The PDOS of Pd;X (X=Ti, Zr, Hf)
exhibits non-zero values at Fermi level, which indicates the
metallic feature of Pd;X (X=Ti, Zr, Hf) compounds. The
delocalized bands in the energy range between —8 and 0 eV
is essentially dominated by Pd-d states, with a minor presence
X-d. The partial DOS (PDOS) curves of Pd;X reveal that Pd
and X s-p orbital overlap over the energy range from —8 to
7 eV, which are evidently indicative of the covalent interac-
tions between the Pd and X resulting from the strong hybrid-
ization. We can also see from Fig 1b, ¢ that Fermi level of the
Pd;Zr and Pd;Hf is located right in the deep valley and this so-
called pseudo-gap. The present results are in accordance with
the earlier reports on the study of [43]. For Pd;Ti, peak in the
conduction band mainly originates from the contribution of
the Ti-d states but also contains a small Pd-d component,
while for Pd;Hf and Pd;Zr, peak in the conduction band orig-
inates from Pd-d and Zr and Hf-d states nearly equally.

To further comprehend the bonding mechanism of Pd;X
(X=Ti, Zr, Hf) compounds, we have calculated the charge
density distribution in (110) plane as shown in Fig. 2. Since
these plots are very similar for Pd; X (X=Ti, Zr, Hf), we have
given only for Pd;Ti. From Fig. 2, we have noticed that the
charge density is essentially spherical around the atoms, with
small covalent features. The charge density distribution maps
between Pd and X atoms exhibit mainly ionic bonding with
somewhat covalent bonding. A plot of charge densities clearly
shows a net charge transfer from Pd to X, because X is more
electronegative than Pd. Obtained results for charge densities
for Pd;X are in good agreement with the above-investigated
PDOS curves and Poisson’s ratio values.

l 0.922

I0.024

Fig. 2 The 2D charge density map in (110) plane for Pd;Ti alloy (for
similarity and simplicity, the others are not given)
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3.4 Lattice Dynamical Properties

The calculations show that the structural stability also depends
on lattice dynamic properties. So, we also calculate lattice
dynamical properties of Pd;X. The present phonon frequen-
cies in D0, phase are calculated by the PHONOPY code [67]
using the interatomic force constants obtained from the
VASP5.2. The PHONOPY code, based on real space of su-
per-cell, calculates the force constant matrices and phonon
frequencies using the “linear response method” within the
density functional perturbation theory (DFPT) [67-70].
Specifically, the phonon dispersion curves in high symmetry
directions and one-phonon density of state have been calcu-
lated using a 2 x2 x2 super-cell approach. The obtained pho-
non dispersion curves and related one-phonon density of state
along the high symmetry directions are illustrated in Fig. 3 for
Pd; X (X=Ti, Zr, Hf). Unfortunately, there are no experimental
or other theoretical results on the lattice dynamics of these
compounds from literature to compare with the present data.

It is seen from Fig. 3 that Pd;X (X=Ti, Zr, Hf) have
very similar dispersion curves and the corresponding den-
sity of states. The calculated phonon dispersion curves do
not contain soft mode at any wave vectors, which con-
firms dynamically the stability of Pd;X (X=Ti, Zr, Hf) in
DO0,, structure. Therefore, we can expect that the opti-
mized geometry of the Pd;X lies at least in its local min-
imum energy. The unit cell of Pd;X has 16 atoms, which
give rise to a total of 48 phonon branches with three
acoustic modes and 45 optical modes. For Pd;X, a clear
gap between optic and acoustic branches is not observed.
It is well known that the mass difference between anions

and cations strongly affects the maximum and minimum
values of the acoustic and optic branches. Here, the max-
imum values of the phonon frequencies for optical
branches decrease when going from Ti to Zr atom. It
can be seen from Fig. 3 that all phonon branches are
dispersive throughout the Brillouin zone. The phonon
density of states is an important dynamical property as
its computation needs phonon frequencies in the entire
Brillouin zone [71]. On the right side of phonon disper-
sion curves, the corresponding partial phonon density of
phonon state is also plotted in Fig. 3. The sharp peaks in
the phonon DOS correspond to the flat modes of the pho-
non dispersion curves belonging to both optical and
acoustical branches. We have not presented the calculated
phonon dispersion curves for L1, structure of Pd;X which
have positive phonon frequencies in the main symmetry
directions so as to save space in the journal due to the
obtained phonon graphs for L1, are more or less similar
to that of D0,, structure.

We also calculated some thermodynamic properties such as
free energy, entropy, and heat capacity at constant volume for
DO0,4 structure of Pd;X by using the expressions within the
quasi-harmonic approximation as given in [72] (See Figs. 4, 5,
and 6). To study the thermodynamic properties at constant
volume, one has to look at the free energy, incorporating the
effects of phonon. Helmoltz free energy contains static contri-
bution to internal energy at volume V and vibrational free
energy which comes from the phonon contribution. Elastic
constants of solids are determined based on the second-order
derivative of the free energy according to strain. The free
energy and entropy curves exhibit the expected behavior at

Fig. 4 The temperature 100
dependence of free energy for
Pd; X (X=Ti, Zr, Hf) alloys
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Fig. 5 The temperature 1200

Pd,Ti ——
dependence of entropy for Pd;X Pder
(X=Ti, Zr, Hf) alloys PdgHf
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the considered temperature range. While free energy decreases
with increasing temperature, the entropy increases. This be-
havior is due to the fact that both internal energy and entropy
increase with temperature, and hence it leads to the decrease in
free energy [73]. Also, the inspection of the free energy plots
suggests that examined compounds are thermodynamically
stable in the studied temperature range. The entropy variations
with the temperature are given at the same temperature range
in Fig. 5 for Pd;X. Because of the vibrational contribution, the
entropy curves increase rapidly as temperature increases. The
increasing rate is relatively slower for Pd;Ti compared to

Temperature [ K]

Pd;Hf and Pd;Zr. These differences may be due to the higher
contribution of low phonon frequencies [63]. The contribution
to the total heat capacity from the lattice vibrations suggest
that while temperature is about 7<400, heat capacity increases
very rapidly with temperature, however when the temperature
is about 7>400, it increases slowly with the temperature. For
the present compounds, the heat capacity almost remains con-
stant at about 400 K and approaches the Dulong-Petit limit.
Unfortunately, there is no experimental or other theoretical
data on the lattice dynamical and thermodynamical properties
for these compounds for the sake of comparison.

Fig. 6 The temperature 400
dependence of heat capacity for Eg;};
Pd;X (X=Ti, Zr, Hf) alloys PdHf ——
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4 Summary and Conclusion

In this paper, the structural, mechanical, electronic, and lattice
dynamical properties in the considered structures of Pd;X
(X=Ti, Zr, Hf) are presented using first-principle calculations.
The obtained structural and elastic properties are in good
agreement with available theoretical and experimental results.
From the obtained elastic constants, we have analyzed its me-
chanical stability and some important physical quantities, such
as bulk, Young’s and shear moduli, G/B rations, and Poisson’s
ratios. Our results show that these compounds are mechani-
cally stable and relatively hard materials with low compress-
ibility. Phonon dispersion curves and density of states also
confirm their dynamical stability in D0, structure. We have
also computed and discussed the temperature-dependent ther-
modynamic properties such as free energy, entropy, and heat
capacity in D0,y structure. Finally, we can conclude that our
results might serve as reliable predictions where the experi-
mental data are lacking.
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