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The structural, elastic, electronic, optical, and vibrational properties of the orthorhombic Pd2Ga compound are

investigated using the norm-conserving pseudopotentials within the local density approximation in the frame of density

functional theory. The calculated lattice parameters have been compared with the experimental values and found to

be in good agreement with these results. The second-order elastic constants and the other relevant quantities, such

as the Young’s modulus, shear modulus, Poisson’s ratio, anisotropy factor, sound velocity, and Debye temperature,

have been calculated.
constants.

It is shown that this compound is mechanically stable after analysing the calculated elastic
Furthermore, the real and imaginary parts of the dielectric function and the optical constants, such as

the optical dielectric constant and the effective number of electrons per unit cell, are calculated and presented. The

phonon dispersion curves are derived using the direct method. The present results demonstrate that this compound is

dynamically stable.
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1. Introduction

Selective hydrogenation of acetylene is an im-
portant industrial process to remove the traces of
acetylene in the ethylene feed for the production of
polyethylene. Because acetylene poisons the catalyst
for the polymerization of ethylene to polyethylene, the
acetylene component in the ethylene feed has to be
More-

over, economic efficiency requires high selectivity of

reduced to a low percent per million range.

the acetylene hydrogenation in the presence of an ex-
cess of ethylene to prevent the hydrogenation of ethy-
lene to ethane.[!~4

Among the Pd-X materials investigated for use
as hydrogenation catalysts, bulk Pd—Ga intermetallic
compounds (IMCs) have shown extraordinarily high
selectivity and stability in the semi-hydrogenation of
acetylene. The IMCs are single-phase materials which
consist of two or more metallic elements. In con-
trast to alloys, they have an ordered crystal structure
that us different from those of the constituting metals
themselves. Thus, their chemical properties may also
differ substantially, and they should be considered as a
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class of materials in their own right, requiring an inde-
pendent physicochemical characterization. The well-
defined intermetallic compounds PdsGa, PdGa and
Pd3Ga; have been shown to be excellent catalysts for
the semi-hydrogenation of acetylene.>=7) In the inter-
metallic compounds PdyGa, PdGa and Pd;Gay, the
Pd atoms are only surrounded by the Ga atoms in
the first coordination shell and thus these compounds
may be promising catalysts with improved selectivity
and long-term stability in acetylene hydrogenation. !

Recently, Pd;Ga has been synthesized by Kovnir

[9]

et al.” and the crystal structure of PdyGa is found

to be orthorhombic. The orthorhombic unit cell of
PdyGa belongs to the space group Pnma-D3%. The
crystal has four PdoGa molecules in a unit cell. Two
Pd atoms are positioned at Wyckoff 4¢ (0.16511, 0.25,
0.06662) and Wyckoff 4¢ (0.04293, 0.25, 0.71063) sites,
respectively, while Ga atoms are positioned at Wyck-
off 4¢ (0.2016, 0.25, 0.39316) sites.

In this paper, we present the results of ab initio
calculations of the structural, electronic, optical, me-
chanic, and vibrational properties of PdoGa. To our
knowledge, these properties have not been considered
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for PdsGa so far. Consequently, the main purpose of
this work is to provide some additional information
to the existing data regarding the physical properties
of PdyGa by using ab initio total energy calculations.
The calculation method is introduced in Section 2.
The results are discussed in Section 3. Finally, the
conclusion is presented in Section 4.

2. Calculation methods

The calculations have been performed using the
density functional formalism and the local den-
sity approximation (LDA)M!? through the Ceperley

Alder functionallll]

as parameterized by Perdew and
Zunger['?] for the exchange-correlation energy in the
SIESTA code.l'®'4 This code can be applied to cal-
culate the total energy (AFE) and atomic force using
a linear combination of atomic orbitals as the basis
set. The basis set is based on the finite range pseudo-
atomic orbitals of the Sankey Niklewsky type,!?!
which is generalized to include multiple-zeta decays.

The interactions between electrons and core ions
are simulated with separable Troullier-Martins!*®!
norm-conserving pseudopotentials. The atomic pseu-
dopotentials for Pd and Ga atoms are generated by us-
ing the 5s'4d® and 4s24p' configurations, respectively.
The cut-off radii for the present pseudopotentials of
Pd atoms are chosen to be 2.58 a.u. for s channels,
2.71 a.u. for p channels, and 2.45 a.u. for d and f
channels. In the case of Ga atoms, the cut-off radii
are chosen to be 2.18 a.u. for s channels, 2.47 a.u. for
p channels, and 2.59 a.u. for d and f channels.

The SIESTA code is applied to calculate the self-
consistent potential on a grid in real space. The fine-
ness of this grid is determined by a cut-off energy (E.)
in analogy to the cut-off energy when the basis set in-
volves plane waves. By using a double-zeta plus po-
larization (DZP) basis set and various other basis sets
where the cut-off energy is from 100 to 450 Ry, we
find an optimal value of around 325 Ry for Pd;Ga.
For the final computations, 30 k points are enough
for Pd2Ga to obtain the converged total energy AE
of about 1 meV per atom.

3. Results and discussion

3.1. Structural properties

All physical properties are related to the total en-
ergy. For instance, the equilibrium lattice constant

of a crystal is the lattice constant that minimizes the
total energy. If the total energy is calculated, any
physical properties relevant to the total energy can be
determined.

Firstly, the equilibrium lattice parameters (a, b,
and ¢), the bulk modulus (B), and the pressure deriva-
tive of B (B’) have been computed via minimizing the
crystal’s total energy calculated for different values
of lattice constant by means of Murnaghan’s equa-
tion of states.'” The calculated results along with
the experimental values are shown in Table 1. The
lattice parameters a, b, and ¢ for PdyGa are respec-
tively calculated to be 5.4816, 4.0545, and 7.808 A
and they are in good agreement with the experimen-
tal values.!! In all our calculations, we have used these
values of lattice parameters. In the present case, the
calculated bulk modulus for Pd>Ga is 194.01 GPa. Un-
fortunately, there are no theoretical and experimental
results to compare with the calculated bulk modulus.

Table 1. The calculated equilibrium lattice parameters,
bulk modulus, and pressure derivative of bulk modulus to-
gether with the experimental values for PdsGa.

a/A b/A ¢/A B/GPa B’
5.4816 4.0545 7.808 194.01 5.06
5.4829 4.0560 7.7863 - -

Present (LDA)

Experimental

3.2. Elastic properties

The elastic constants of solids provide not only a
link between the mechanical and dynamical behaviour
of crystals, but also important information concern-
ing the nature of the force operating in materials. In
particular, they provide information on the stability
and stiffness of materials, and their ab initio calcu-
lation requires precise methods. Since the force and
the elastic constants are functions of the first-order
and second-order derivatives of the potentials, their
calculation will provide a further check on the accu-
racy of the calculation of force in materials. They also
provide valuable data for developing interatomic po-
tentials. Here, to calculate the elastic constants, we
have used the volume-conserving technique.'® Unfor-
tunately, there are no theoretical results available to
compare with the present work. Thus, our results can
serve as a reference for future investigations.

Nine independent strains are necessary to cal-
culate the elastic constants of the orthorhombic
PdyGacompound. The mechanical stability requires
the following restrictions on the elastic constants of
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an orthorhombic crystal:[18—20]

(C11 4 Cop —2C12) >0, (C11+C33 —2C13) >0,
(Cog 4+ C53 —2C%3) > 0, Cp; >0, Cay >0,

C33 >0, Oy >0, Cs5>0, Cg6 >0,

(C11 + Cap + 3 +2C15 + 2015 + 2C53) > 0. (1)

The calculated elastic constants (in GPa) that
obey the above stability conditions for Pd;Ga are as
follows: Ch1 = 276.2, Cyo = 249.92, (53 = 268.76,
Cio = 137.65, C13 = 139.06, Co3 = 148.49, Cyy =
65.51, C55 = 40.35, and Cgg = 74.47. The elastic
constants C1, Cae, and Cs3 determine the resistance-
to-linear compression in the a-, b-, and c-directions,
respectively. The calculated Cos for PdoGa is lower
than Cy1 and Cs3. Thus, the b-axis of PdsGa is more
compressible than the a and c-axis.

It is known that the elastic constant Cyy4 is the
most important parameter indirectly governing the in-
dentation hardness of a material. A large Cyy means
a strong resistance to the monoclinic shear distortion
in the (100) plane, and the Cgg is related to the resis-
tance to the shear in the (110) direction. The calcu-
lated Cyy4 and Cgg for PdoGa are 65.51 and 74.47 GPa,
respectively.

A problem arises when single crystal samples are
not available, since it is then not possible to measure
the individual elastic constants. Instead, the polycrys-
talline bulk modulus and the shear modulus (G) may
be determined. There are two approximation methods
to calculate the polycrystalline modulus, namely, the
Voigt method?!l and the Reuss method.[??l For spe-
cific cases of orthorhombic lattices, the Reuss shear
modulus (Gr) and the Voigt shear modulus (Gv) sat-

isfy
L (11 + 52+ 533) — o (512 + 513 + 523)
— = —( S8 S S — —\S S S
G = 151 922 Fss) = g (s10 51+ 52
3
+ 5 (844 + 855 + s66), (2)
and

1
Gy = E(Cll + Ca + C33 — Cr12 — C13 — Ca3)

1
+ 5(044 + Cs5 + Ces), (3)

and the Reuss bulk modulus (Br) and the Voight bulk

modulus (By) are defined as
1

By = o
" (s11 + S22 + s33) + 2(s12 + S13 + S23) )

and

1 2
By = §(C11 + O + C33) + 5(012 + Ci3 + Ca3).(5)

In Egs. (2) and (4), s;; is the elastic compliance con-
stant. Using energy considerations Hilll?3] proved that
the Voigt and Reuss equations represent the upper and
lower limits of the true polycrystalline constants, and
recommended that a practical estimate of the bulk and
shear moduli were the arithmetic means of the limits.
Hence, the elastic moduli of a polycrystalline material
can be approximated by Hill’s average and the shear

modulus is
1
G= §(GR + Gv), (6)

and the bulk modulus is given by
1
B = 5(Br + Bv). (7)

The Young’s modulus (E) and Poisson’s ratio
(v) for an isotropic material are given by E =
9BG/(3B+G) and v = (3B-2G)/2(3B+G),
respectively.2425] Using the above relations we calcu-
late the bulk modulus, shear modulus, Young’s mod-
ulus, and Poisson’s ratio for PdsGa. Their respective
values are as follows: B = 178.69 GPa, G = 59.31 GPa
E =160.56 GPa, and v = 0.354.

It is known that the isotropic shear modulus and
bulk modulus are measures of the hardness of a solid.
The bulk modulus is a measure of resistance to the
volume change by an applied pressure, whereas the
shear modulus is a measure of resistance to the re-
versible deformation upon shear stress.[26] Therefore,
the isotropic shear modulus is a better predictor of
hardness than the bulk modulus. The isotropic shear
modulus, a measurement of resistance to the shape
change, is more pertinent to hardness and the larger
shear modulus is mainly due to the larger Cyy. The
calculated isotropic shear modulus and bulk modu-
lus are 59.31 and 178.69 GPa for Pd;Ga. In general,
the value of the shear modulus is an indication of
the directional bonding between atoms. The degree
of Cauchy violation (Cyq/C12 # 1) indicates the devi-
ation from a two-body central force model.[2”) That is,
the closer to 1 the Cy4/C12 ratio is, the stronger the
ionic character between two atoms is. In this work,
the Cy4/C12 ratio for PdyGa is 0.48. This indicates
that there is a strong ionic character of the bonding
in PdyGa.

According to the criterions in Refs. [26] and [28],
a material is brittle (ductile) if the B/G ratio is less
(greater) than 1.75. In fact, the value of B/G is
greater than 1.75 for Pd;Ga.
behaves in a ductile manner.

Hence, this material
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The Young’s modulus is defined as the ratio of
stress to strain, and used to provide a measure of the
The material is stiffer if the
Since the
present value of the Young’s modulus (160.56 GPa)

stiffness of a material.
value of the Young’s modulus is higher.

for PdsGa is relatively high, this material is stiff.

The value of the Poisson’s ratio is indicative of
the degree of directionality of the covalent bonds.
This value is small (v = 0.1) for covalent materials,
whereas for the ionic materials a typical value of v is
0.25.1291 The calculated Poisson’s ratio is about 0.354
for Pd2Ga. Therefore, the ionic contribution to the
interatomic bonding for this compound is dominant.
The lower and upper limits of v for central-force solids
are 0.25 and 0.5, respectively.[?] For Pd,Ga, the value
of v is close to 0.35, indicating that the interatomic
force is a central force.

Many low-symmetry crystals exhibit a high de-
gree of elastic anisotropy.®!l The shear anisotropic
factors in different crystallographic planes provide a
measure of the degree of anisotropy of atomic bond-
ing in different planes. The shear anisotropic factors
are given by

_ 4Cyy

Ci1 + Cs3 —2C13°
. 4C'55

Cag + Cs3 — 2C53"
. 4C%g
7 O+ Cay — 201,

(8)
(9)

(10)

1

2

for the (100), (010), and (001) planes, respectively.
The calculated Ay, Ay, and As for Pd>Ga are as
follows: A; = 0.982, A; = 0.728, and A3 = 1.1876.
A value of unity means that the crystal exhibits
isotropic properties while values other than unity rep-
resent varying degrees of anisotropy. Therefore, it can
be seen that PdsGa exhibits low anisotropy in the
(010) plane.
anisotropy is to give the percentages of anisotropy in

Another way of measuring the elastic

the compression (Acomp) and shear (Agpear).242%32
The compression and shear are defined as

By — Bgr

Acom = 5 b 1 ) 11

" By + Bgr X100 (1)
Gy — Gr

Aghear = ——— x 100. 12

h Gv + Gr ( )

For crystals, these values can range from zero
(signifying the isotropy) to 100% (representing the
maximum anisotropy). The percentages of anisotropy
Acomp and Agpear for PdaGa are calculated to be
0.065% and 2.36%, which demonstrates that the

anisotropy in compression is low and the anisotropy
in shear is high.

The Debye temperature is an important funda-
mental parameter closely relevant to many physical
properties, such as the specific heat and the melting
temperature. At low temperatures the vibrational ex-
citation arises solely from acoustic vibration. Hence,
at low temperatures the Debye temperature calcu-
lated based on the elastic constants is the same as
that determined by the specific heat measurements.
We have calculated the Debye temperature (6p) based
on the elastic constants using the following common
relation:[33]

B [3n (Nap\1'/?
w=i|m (5] w

where h is Planck’s constant, k£ is Boltzmann’s con-
stant, N is Avogadro’s constant, n is the number of
atoms per formula unit, M is the molecular mass per
formula unit, p = M/V is the density, and v, is the
average sound velocity.[** v, can be given by

1/2 1\]7Y3
S e 14
o {3(vf’+vf’)] ’ 14

where v; and v; are the longitudinal and transverse
elastic wave velocities, respectively. They can be ob-

tained from Navier’s equations®®!

[3B 4+ 4G |G
v = T, Ve = ; (15)

The values of vy,, v;, and v; in the present formulas are
calculated to be 2633.74, 4883.19, and 2342.35 m/s,
respectively. The calculated Debye temperature for
PdsGa is 321.81 K. Unfortunately, there are no theo-
retical and experimental results to be compared with
them.

3.3. Electronic properties

For a better understanding of the electronic and
optical properties of PdaGa, an investigation into the
electronic band structure would be useful. The elec-
tronic band structure of Pd,Ga is calculated along the
highsymmetry directions in the first Brillouin zone.
Specifically, the band structures is calculated along
the lines connecting the high-symmetry points S (1/2,
1/2,0),Y (0,1/2,0), " (0,0,0), S (1/2,1/2,0), and
R (1/2,1/2,1/2) in the k-space. As shown in Fig. 1,
no band gap exists in the band structures, and this
band structure exhibits a metallic character.
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Energy/eV

Fig. 1. The calculated electronic band structure of
PdaGa. The position of the Fermi level (Ef) is at 0 eV.

To understand the mechanical properties of
Pd2Ga on a fundamental level, the partial density of
states (PDOS) is calculated at zero pressure via the
density functional theory (DFT) method. The calcu-
lated results are shown in Fig. 2 along with the Fermi

12 T
b (a)
i
T 8r
> L
(]
I
m -
@)
A 4F
O Il

DOS/eV-1!

1.5F

DOS/eV—!

0.5F

Energy/eV

Fig. 2. (colour online) The total (DOS) and projected
density of states for (a) Pd2Ga, (b) Pd, and (c¢) Ga. The
position of the Fermi level is at 0 eV.

level. The position of the Fermi level is at 0 eV.
In Fig. 1, the main components of the PDOS at the
bottom of the conduction band are a mixture of the
valance orbitals of Pd and Ga atoms. The states in the
valance band from —10 to —7 eV are mainly composed
of 4s (Ga) and 5s (Pd) states. The valance band else-
where is dominated by the 4d (Pd) state. The 4s and
4p states of Ga atoms also contribute to the valance
band, but their density is quite small compared with
that of the 4d state of Pd atoms. From the quanti-
tative analysis of the overlap extent between the 4d
(Pd) and 4p (Ga) states, as shown in Fig. 1, we find
that the overlap extent between two states are small.
For this reason, we can conclude that PdyGa has a
high ionic character and small shear modulus.

3.4. Optical properties

It is well known that the role of the electric field
vector (E) of the incoming light is to polarize the ma-
terial. At the level of linear response, the polarizabil-

ity can be calculated using the following relation:[3%

Pi(w) = X\ (~w,w) - B (w), (16)

where w is the frequency of the electric field and X,(;)

is the linear optical susceptibility tensor. ngl-) can be
given byl?7]
2 i i
(1) _ oy " (K )T, (K)
XU ( w, W) hQ%fnm( ) wmn(k)—w
E; (w) — 57, i
= 47t - (17)

where n and m denote the energy band, f.,(k) =
fm(k) — fn(k) is the Fermi occupation factor, {2 is
the normalization volume, 7, is the matrix element
of the position operator,?” and wy,, (k) = wy, (k) —
wn (k) is the frequency difference hw,, (k) is the energy
of band n at wave vector k. The dielectric function
gij(w) can be derived from Eq. (19) as
gijlw) =1+ 47'[)(5?(—0.1, w)

and its imaginary part séj can be given by

g 2 i (k)i (k
Hw) = 3 [ k(i 2 ®)

% 5(w — wnn (k). (18)

Its real part €7(w) can be obtained by using
the Kramers-Kroning transformation.l3”] Because the
Kohn—Sham equations determine the property of the
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ground state, the calculated unoccupied conduction
bands have no physical significance.

The known sum rule®®! can be used to determine
some quantitative parameters, particularly the effec-
tive number (Neg) of the valence electrons per unit
cell, as well as the effective optical dielectric constant
(€oft), which contributes to the optical constants of a
crystal at an energy of Ejy. One can obtain an es-
timate of the distribution of oscillator strengths for
both intraband and interband transitions by comput-
ing Neg(Ep) according to

oo

2me
Ng(E) = 0

= — EYEdFE 1
nh2e2N, J, e2(E) ) (19)

where N, is the atomic density in a crystal, gg is the
static dielectric constant, and e and m are the charge
and mass of an electron, respectively

Further information on the role of the core and
semi-core bands can be obtained by computing the
contribution that various bands make to eq. Accord-
ing to the Kramers—Kroning relations, we obtain

eo(E)—1= 72[/000 e2(E)ETNAE. (20)

Therefore, we can define an effective dielectric con-
stant, which represents a different meaning of the in-
terband transitions from that determined by the sum

150} (a)

0 4 8 12

E/eV
oul (©
16+
st
o L
0 4 8 12
E/eV

rule (Eq. (22)), according to the following relation:

2 [P

cei(E) —1= %/0 e2(E)E"'dE. (21)
The physical meaning of €. is quite clear: €qg is the
effective optical dielectric constant governed by the in-
terband transitions in the energy range from 0 to Ej,
i.e., by the polarization of the electron shells.

In order to calculate the optical response by using
the calculated band structure, we choose a photon-
energy range from 0 to 14 eV, and find that a photon-
energy range from 0 to 5 eV is sufficient for most op-
tical functions.

The PdyGa compound with an orthorhombic
structure is a biaxial optical system. For this reason,
its linear dielectric tensors have three independent di-
agonal elements.

We first calculate the real and imaginary parts of
the z- and z-components of the frequency-dependent
linear dielectric function (&), and the results are shown
in Figs. 3(a) and 3(b). It can be seen that &7 is equal
to 0 at about 1.19 and 13.22 eV, whereas €7 is equal
to 0 at about 1.70, 4.07, 5.24, and 13.07 eV. The re-
spective peaks of €5 and €5 appear at around 0.60 and
0.24 eV, which correspond to the optical transitions
from the valence band to the conduction band.

150L (®)
L
N100-_-
o F
) 50K
0fF—=
o4 8 1z
E/eV
24} (d)
16+
I
SF
O M _—
0 4 8 12
E/eV

Fig. 3. The real (solid line) and imaginary (dashed line) parts of the z- (a) and z-components (b) of the dielectric

function € = €1 — ie2 as functions of the photon energy. The energy-loss function L along the z- (c) and z-axes (d) as

functions of the photon energy.
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In general, there are various contributions to the
dielectric function, and Fig. 3 only shows the contri-
bution of the electronic polarizability. In the energy
range from 0 to 1.8 eV, £f decreases with increasing
photon energy, which signifies an anomalous disper-
sion. In this energy range, the transitions mainly oc-
cur between the occupied and unoccupied 4d states of
Pb atoms, which can be seen in the DOS and PDOS
displayed in Fig. 2.

The calculated energy-loss functions (L) are
presented in Figs. 3(c) and 3(d), where L, and
L_correspond to the z- and z-component. The func-
tion L describes the energy loss of the fast electrons
traversing the material and the sharp maxima of L are
associated with the existence of plasma oscillation.3!
The curves of L, and L, in Fig. 3 have a maximum
near 13.22 and 13.07 eV for PdsGa, respectively.

The calculated effective number of valence elec-
tron Neg and the effective dielectric constant eeg
are shown in Fig. 4. N.g contributing to the inter-
band transitions reaches the saturation value at about
12 eV. This means that the deep-lying valence orbitals
participate in the interband transitions as well (see
Fig. 1).
2 eV. This means that the greatest contribution to

ceff reaches the saturation value at about

cer arises from the interband transitions between 0
and 2 eV.

240} 1160
3
eff1120

160} —— it

g 80 43
80 140
i,
o4 8 1z
E/eV
saofk () 1160

—— — Z”-
¥ *ff 4120
160 —ci]
§ 180 =%
80 140
o4 s 1z
E/eV

Fig. 4. (colour online) Energy spectra of Nog and eog
along the z- (a) and z-axes (b) for Pd2Ga.

3.5. Lattice dynamical properties

The phonon dispersion curves and phonon den-
sity of states have been calculated with the di-

rect method™? as is implemented in the phonon
software.[*!] The force constants and dynamical matri-
ces have been obtained from the Hellmann—Feynman
forces calculated with small individual displacements
of nonequivalent atoms. The displacement amplitudes
are taken to be 0.03 A. To increase the precision and
minimize the anharmonic effect, the positive and neg-
ative atomic displacements along the x, y, and z axe
are taken into account.

The calculated phonon dispersion curves and the
corresponding one-phonon DOS for PdyGa along the
high-symmetry directions are illustrated in Fig. 5. Un-
fortunately, there are no other theoretical or experi-
mental results available to compare with the present
work. The unit cell of PdsGa contains 12 atoms, which
give rise to 36 phonon branches containing 3 acoustic
modes and 33 optical modes. The calculated phonon
dispersion curves have no soft mode at any vectors,
which confirms the stability of PdoGa. In addition,
strong coupling exists between low-frequency optical
and acoustic phonons. As shown in Fig. 5, there are a
few optical modes at the bottom of the optical phonon
branch moving down toward the acoustic region along
the I'S, I'Z, and I'Y directions.

7
6
T
B 5
~
gf 4 1
S 3
e -
g 2
1 [P
N8
r S R Z Iy r zZ
+—total ?
0.35 (b) . —s—Pd
*+—Gr
- 0.30
|
N
T 0.25 < i f
3 . r
2 0.20 d . L] ..
'g s 1e |
E 0.15 . . . e - » 1 L ]
% L4 . .. 1 f
g 0.10 ' ™ e 94 12
LI J
- \
0.05[Af Yoo /W8 A A poed]
W o R W
2 3 4 5 6 7

Frequency/THz

Fig. 5. (colour online) (a) Calculated phonon dispersion
curves, (b) total and partial DOS.

The phonon dispersion curves on the right-hand
side exhibit the corresponding total and partial DOS
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for each compound. From the partial DOS of each
displaced atom and the polarization vector analysis,
it can be found that the phonon modes between 0
and 7 THz are essentially dominated by the motion
of heavy Pd atoms. The Ga atoms make minor con-
tribution to these phonon modes. The phonon modes
between 7 and 8 THz are essentially dominated by the
motion of light Ga atoms. In addition, the Pd atoms
contribute to these optical phonon modes.

4. Conclusion

In the present work, we have investigated the
structural, elastic, electronic, optical, and vibrational
properties of the PdsGa compound in detail by using
the density functional methods. The elastic constants
obtained using the volume-conserving technique show
that this compound is mechanically stable. The rele-
vant mechanical and dynamical properties like shear
modulus, Young’s modulus, Poisson’s ratio, Debye
temperature, shear anisotropic factors, and phonon
properties are calculated and discussed. We have re-
vealed that the orthorhombic PdoGa compound is in
the ground-state configuration and the band structure
of this compound is metallic in nature. We have exam-
ined the photon-energy dependent dielectric functions,
some optical properties including the energy-loss func-
tion, the effective number of valance electrons, the ef-
fective optical dielectric constant, and the mechanical
properties. The calculated phonon dispersion curves
have no soft mode at any vectors, which confirms the
stability of Pd,Ga.
data available for the elastic, electronic, and optical

Since there is no experimental

properties of PdsGa, we believe that the ab initio the-
oretical estimation is the only reasonable tool for ob-
taining such important information.

References

[1] Bos A N R and Westerterp K R 1993 Chem. Eng. Process.
321

[2] Borodzinski A and Bond G C 2006 Catal. Rev. 48 91

[3] Arnold H, Débert F, Gaube J, Ertl G, Knoerzinger H and
Weitkamp J 1997 Handbook of Heterogeneous Catalysis
(Weinheim: VCH) p. 2165

[4] Osswald J, Kovnir K, Armbriister M, Giedigkeit R, Jentoft
R E, Wild U, Grin Y and Schlégl R 2008 J. Catal. 258
219

[5] Kovnir K, Armbriister M, Teschner D, Venkov T V,
Jentoft F C, Knop-Gericke A, Grin Y and Schlégl R 2007
Sci. Technol. Adv. Mater. 8 420

[6] Kohlmann H 2002 Metal Hydrides in Encyclopedia of
Physical Science and Technology (3rd ed) (New York:
Academic Press)

(7]

8

[9

[10]
(11]

(12]
(13]

(14]
(15]
[16]
[17]
(18]

(19]

20]
(21]

(22]
23]
(24]
[25]
[26]

27]

28]
[29]

(30]
(31]

(32]

(33]

34]
(35]

(36]
37]
(38]

(39]
[40]

[41]

037101-8

Ota A, Armbriister M, Behrens M, Rosenthal D, Friedrich
M, Kasatkin I, Girgsdies F, Zhang W, Wagner R and
Schloégl R 2011 J. Phys. Chem. 115 1368

Osswald J, Giedigkeit R, Jentoft R E, Armbriister M,
Kovnir K, Ressler T, Grin Y and Schlégl R (European
Patent) PCT Publication No: WO 2007/104569

Kovnir K, Schmidt M, Waurisch C, Armbriister M, Prots
Y and Grin Y 2008 Z. Kristallogr. 223 7

Kohn J W and Sham L J 1965 Phys. Rev. 140 A1133
Ceperley D M and Adler M J 1980 Phys. Rev. Lett. 45
566

Perdew P and Zunger A 1981 Phys. Rev. B 23 5048
Ordejn P, Artacho E and Soler J M 1996 Phys. Rev. B 53
R10441

Soler J M, Artacho E, Gale J D, Garcia A, Junquera J,
Ordején P and Sanchez-Portal D 2002 J. Phys.: Condens.
Matt. 14 2745

Sankey O F and Niklewski D J 1989 Phys. Rev. B 40 3979
Troullier N and Martins J L 1991 Phys. Rev. B 43 1993
Murnaghan F D 1944 Proc. Nat. Acad. Sci. 30 5390
Wallace D C 1972 Thermodynamics of Crystals (New
York: Wiley)

Beckstein O, Klepeis J E, Hart G L W and Pankratov O
2001 Phys. Rev. B 63 134112

Birch F 1947 Phys. Rev. 71 809

Voight W 1928 Lehrbook der kristallphysik (Leipzig:
Teubner)

Reuss A Z 1929 Angew. Math. Mech. 9 49

Hill R 1952 Proc. Phys. Soc. Lond. A 65 349

Panda K B and Chandran K S R 2006 Acta Mater. 54
1641

Ravindran P, Fast L, Korzhavyi P A, Johansson B, Wills
J and Eriksson O 1998 J. Appl. Phys. 84 4891

Shein I R and Ivanovskii A L 2008 J. Phys.: Condens.
Matter. 20 415218

Soignard E, Somayazulu M, Dong J, Sankey O F and
McMillan P F 2007 J. Phys.: Condens. Matter. 19 496215
Pogh S F 1954 Phil. Mag. 45 833

Bannikov V V, Shein I R and Ivanovskii A L 2007 Phys.
Status Solidi Rapid Res. Lett. 3 89

Fu H, Li D, Peng F, Gao T and Cheng X 2008 Comput.
Mater. Sci. 44 774

Tvergaard V and Hutchinson J W 1988 J. Am. Chem.
Soc. 71 157

Chung D H and Buessem W R 1968 Anisotropy in Single
Crystal Refractory Compounds (New York: Eds. Plenum
Press)

Johnston I, Keeler G, Rollins R and Spicklemire S 1996
Solids State Physics Stmulations: The Consortium for
Upper-Level Physics Software (New York: Wiley)
Anderson O L 1963 J. Phys. Chem. Solids 24 909
Schreiber E, Anderson O L and Soga N 1973 Elastic Con-
stants and Their Measurements (New York: McGraw-
Hill)

Levine Z H and Allan D C 1989 Phys. Rev. Lett. 63 1719
Philipp H R and Ehrenreich H 1963 Phys. Rev. 129 550
Kovalev O V 1965 Representations of the Crystallographic
Space Groups. Irreducible Representations Induced Repre-
sentations and Corepresentations (Amsterdam: Gordon
and Breach)

Marton L 1972 Rev. Mod. Phys. 28 172

Parlinski K, Li Z Q and Kawazoe Y 1997 Phys. Rev. Lett.
78 4063

Parlinski K 2010 Phonon Software, Cracow,
http://wolf.ifj.edu.pl/phonon/



