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The structural, electronic, elastic and optical properties of tetragonal (P4mm) phase of Pb0.5Sn0.5TiO3 (PSTO)and Pb0.5Sn0.5Ti0.5(Zr0.5)O3 (PSTZO) are examined by first-principles calculations based on the density func-tional theory (DFT) using the pseudo-potential plane wave (PP-PW) scheme in the frame of generalized gra-
dient approximation (GGA). We have calculated the ground state properties such as equlibrium lattice con-
stants, volume, bulk modulus and its pressure derivative. From elastic constants, mechanical parameters such
as anisotropy factor, elastic modulus and Poisson’s ratio are obtained from the Voigt-Reuss-Hill average ap-
proximation. Rather than their averages, the directional dependence of elastic modulus, and Poisson’s ratio are
modelled and visualized in the light of the elastic properties of both systems. In addition, some novel results,
such as Debye temperatures, and sound velocities are obtained. Moreover, we have presented the results of
the electronic band structure, densities of states and charge densities. These results were in favourable agree-
ment with the existing theoretical data. The optical dielectric function and energy loss spectrum of both systems
are also computed. Born effective charge (BEC) of each atoms for both systems is computed from functional
perturbation theory (DFPT). Finally, the spontaneous polarization is also determined from modern theory of
polarization to be 0.8662 C/m2 (PSTO) and 1.0824 C/m2 (PSTZO).
Key words: DFT, PSTO and PSTZO, electronic, elastic and optical properties

1. Introduction

Perovskite (ABO3) has held the interest of crystallography for a significant period of time due to
the wide range of compositions and the existence of unique properties such as ferroelectricity. The
development of perovskite type materials exhibiting a very high dielectric constant and spontaneous
polarization is of considerable interest since they play an important role in electronics /microelectronics
and have various technological applications [1–6]. Most of the ferroelectric materials used for device
applications are Pb-based such as lead titanate (PbTiO3), lead zirconate titanate Pb(ZrxTi1−x)O3 (PZT)
(x = composition), lead lanthanum zirconate titanate (Pb1−xLax)(Zry Ti1−y)1−x/4O3 (PLZT) and lead
magnesium niobate Pb(Mg, Nb)O3 (PMN) [7–10]. Nowadays, there is observed environmental as well
as health concern regarding the toxicity of lead based oxides which are volatile during processing. The
volatilization of toxic lead oxide during high-temperature sintering not only causes environmental pol-
lution but also generates instability in composition and affects the electrical properties of the products.
Moreover, the products containing Pb-based gadgets are not recyclable [11]. An increased environmental
awareness over the past 20 years has resulted in several governmental regulations world-wide that are
putting increasingly stringent requirements on the use of materials in electronic devices [12, 13]. Conse-
quently, this has opened the searches on identifying new and more environmentally friendly ferroelectric
materials and other alternative compounds as well as on seeking novel Pb-free ferroelectric materials with
cation displacements of comparable (or greater) magnitude for their application in the future sustainable
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electroactive materials [14–16]. The total replacement of Pb-based materials in technological devices
remains almost improbable because of the unsatisfactory performance of other materials. However, mod-
ification efforts to reduce the consumption of toxic Pb2+, such as by substitution or doping techniques,
remain necessary. As reported by Taib et al. [14] in order to decrease the harm of Pb2+ element, the
potential elements such as Sn2+ and Ge2+ are eventually expected to be more environmental friendly
materials. Cohen and Ganesh [17] reported that a novel compound of Pb0.5Sn0.5ZrTiO3 (PSZT) has
much higher values of piezoelectric coefficients than PZT. Roy and Vanderbilt [18] also explained that
strong ferroelectric properties could exist in double rock-salts PbSnZrTiO6. By substitution reducing the
concentration of Pb2+ we mainly focus on the investigation of structural, elastic, electronic, spontaneous
polarization and optical properties of PSTO and PSTZO compounds. The paper is organized as follows.
In section 2, the techniques for the calculations are described, and the computational details are presented.
In section 3, the present results of the structural, electronic, elastic, and optical properties for both systems
are discussed and compared with the available previous results. Finally, the conclusion of the present
work is drawn in the last section.

2. Computational details

The first principles calculations were conducted using the density functional theory (DFT) as imple-
mented in Quantum Espresso software Package (QE) [19] open source code within General Gradient
Approximation (GGA) functional [20]. The atomic crystal structures of supercell 1×1×2 of PSTO and
PSTZO were designed in tetragonal (P4mm, 99 space group) phase for the composition of Ti/Zr 50/50
and Pb/Sn 50/50 as illustrated in figure 1. The direct substitutive point defect techiques were used to
replace Pb by Sn and Ti by Zr atom. The ultra-soft pseudopotentials [21] were used to treat the interaction
of the electrons with the ion cores, where Pb (6s, 6p), Sn (5s, 5p), Ti (4p, 3d), Zr (4d, 5s) and O (2s, 2p)
electrons were treated as valence states. A plane-wave cut-off energy of 80 Ry and the Brillouin zone with
4 × 4 × 4 Monkhorst Pack [22] k-point were applied. Geometric optimization was performed under the
convergence criteria: energy 1.0 · 10−4, force 1.0 · 10−3 Ry/Bohr, cell 5.0 · 10−1 kbar. Density functional
perturbation theory (DFPT) [23] was used to calculate the Born effective charge (BEC) of the systems.
In addition, the spontaneous polarization was computed using the Berry-phase approach [24]. Using this
approach, the total polarization P for a given crystalline geometry can be calculated as the sum of ionic
and electronic contributions.

3. Result and discussions

3.0.1. Structure properties

The equilibrium lattice constant is a fundamental part of the structural information related to crystal
structures. To calculate the theoretical lattice constant, the cutoff energy and k-point sampling obtained
from total energy convergence test are employed. In our computations, the lattice constant was varied

a) b)

Figure 1. (Colour online) The crystal structure of a) PSTO and b) PSTZO.
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Figure 2. (Colour online) The energy with respect to lattice constant of a) PSTO and b) PSTZO.

Table 1. Computed equlibrium lattice constants, volume, bulk modulus and bulk modulus derivatives of
compounds in tetragonal phase.

Source Lattice constants (Å) V(Å) B B′

Pb0.5Sn0.5TiO3 Our work a = 3.978 and c = 8.353 129.59 129.59 10.39
Pb0.5Sn0.5Ti0.5(Zr0.5)O3 Our work a = 4.025 and c = 8.616 143.27 200.2 9.70

with 0.1 Bohr radius increments. From figure 2, the optimized equilibrium lattice constant of PSTO is
a = 3.978 Å and c = 8.353 Å and also the optimized equilibrium lattice constant of PSTZO is a =
4.025 Å and c = 8.610 Å, which are in better agreement with the previous theoretical facts [24–26]. The
computed lattice constants and its atomic positions are significant factors of the material stability.

Moreover, equation of state (EOS) is a pressure-volume (PV) or energy-volume (EV) relation de-
scribing the behavior of a solid under compression or expansion. The relationship between PV and EV
curve is shown in figure 3. A series of total energy calculations as a function of volume can be fitted to
an equation of state according to Murnaghan E(V) curve [27].

E(V) = Eo + V

{
B
B′

[(
Vo

V

) B′

B′−1
+ 1

]
−

BVo

B′ − 1

}
, (3.1)

where Eo,Vo, B, B′ are parameters of the fit: Eo is the minimum energy,Vo is the equilibrium cell volume,
B and B′ are the bulk modulus and its derivative of the material, respectively. The calculated values of
lattice constant, bulk modulus, volume, and pressure derivatives of bulk modulus are summarized in
table 1.

3.1. Elastic properties

Elastic constants are fundamental and indispensable to describe the mechanical properties of mate-
rials. They can be used to determine the elastic moduli, Poisson’s ratio n, and elastic anisotropy factor
of materials. Elastic properties are also closely associated with many fundamental solid-state properties,
such as acoustic velocity, thermal conductivity, Debye temperature, inter-atomic potentials, and so on.
When a crystal is subjected to an external loading (with the stress state described by a stress tensor σi j),
its shape and dimensions are changed. The change of a crystal geometry can be described using the strain
tensor (εkl). The relation between these two tensors (within the linear elastic limit) can be expressed by
means of the generalized form of Hooke’s law [28].

Cikl =

(
∂σi j

∂εjkl

)
x

=

(
1
V

∂2E
∂εi jεkl

)
x

. (3.2)
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Figure 3. (Colour online) The total energy and pressure with respect to volume.

The nonzero components of the elastic constant tensor for each crystal point group can be derived using
the group theory [29]. The form of the elastic constants tensor depends on the Laue class obtained by
adding an inversion center to the group operations. The Laue classes are eleven geometric crystal classes
containing centrosymmetric crystallographic types of point groups and their subgroups [29]. Specifically,
for tetragonal system the Laue class D4h (4/mmm) is used and there are also six independent elastic
constants C11, C12, C13, C33, C44 and C66 which should satisfy the Born stability criteria [30].

C11 − C12 > 0, C11 + C33 − 2C13 > 0, C11 > 0,

C33 > 0, C44 > 0, C66 > 0,

2C11 + C33 + 2C12 + 4C13 > 0

and
1
3
(C12 + 2C13) < B <

1
3
(C11 + 2C33). (3.3)

We have calculated the six independent elastic constants of PSTO and PSTZO using stress-strain relation.
At zero pressures, the calculated elastic constants of PSTO (C11 = 260.12 GPa, C12 = 108.7 GPa,
C13 = 111.30 GPa, C33 = 158.1 GPa, C44 = 87.61 GPa, and C66 = 94.1 GPa). Similarly, the elastic
constants of PSTZO (C11 = 252.49 GPa, C12 = 96.37 GPa, C13 = 102.23 GPa, C33 = 147.24 GPa,
C44 = 73.82 GPa, and C66 = 79.11 GPa). The computed elastic constants satisfy the mechanical stability
conditions, and which are in reasonable agreement with those obtained by Marton and Elsasser [31].
Moreover, the elastic modulus was calculated using the Voigt-Reuss-Hill approximation [32]. For a
tetragonal system, Voigt bulk modulus (BV) and shear modulus (GV) are:

Bv =
1
9
[(C11 + C22 + C33) + 2(C12 + C23 + C31)],
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Figure 4. (Colour online) Directional dependence of a) E , b) G and c) n of PSTZO.

Gv =
1
15
[(C11 + C22 + C33) − (C12 + C23 + C31) + 3(C44 + C55 + C66)] (3.4)

and the Reuss bulk modulus (BR) and shear modulus (GR) are expressed as

BR = [(S11 + S22 + S33) + 2(S12 + S23 + S31)]
−1,

GR = 15[4(S11 + S22 + S33) − (S12 + S13 + S23) + 3(S44 + S55+66)]
−1 (3.5)

the Hill′s average for the shear modulus (G) and bulk modulus (B) is given by

G =
1
2
(Gv + GR), B =

1
2
(Bv + BR) (3.6)

while Young’s modulus (E) and Poisson’s ratio (n) are given by

E =
9BG

3B + G
, n =

3B − 2G
2(3B + G)

. (3.7)

The calculated bulk, shear, and Young’s modulus of PSTO at zero pressure are 144.12, 72.45, and
186.15 GPa, respectively, which are in better agreement with the corresponding theoretical data [31]. The
obtained B, G, and E of PSTZO are 134.34, 65.311, and 168.60 GPa, respectively, which are comparable
with the theoretical values [31]. From the results obtained, PSTO is stiffer than PSTZO. The B/G ratio
allows us to assess the ductility/brittleness of materials. According to Pugh [33], 1.75 is the critical
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Figure 5. (Colour online) Directional dependence of a) E , b) G and c) n of PSTO.

value that separates the brittleness and ductility behaviors of materials. When the ratio of B/G is of
a value higher than the critical one, then the material is associated with ductility. However, when the
ratio of B/G value is lower than the critical value, the material is considered to be brittle. Both PSTO
(B/G = 1.989) and PSTZO (B/G = 2.056) compounds are categorized as ductile because the value of
B/G are higher than the critical value. The Poisson’s ratio (n) is a mechanical parameter which provides
useful information on the characteristic of the bonding forces. In the evaluation of Poisson’s ratio, 0.25
and 0.5 are the lower and upper limits of the central force, respectively [34]. The Poisson’s ratio of 0.284
and 0.290 values are obtained for PSTO and PSTZO at zero pressure, respectively. This indicates that the
inter-atomic forces are central.

The universal anisotropic index (AU ) is a measure to quantify the elastic anisotropic characteristics
based on the contributions of both bulk and sheared modulus [35]:

AU =
5Gv

GR
+

Bv
BR
− 6, (3.8)

where, GV and BV are sheared and bulk modulus obtained from Voigt approximation, respectively.
Similarly, GR and BR are sheared and bulk modulus acquired from Reuss approximation. As it is
described in the equation (3.8), when the universal anisotropic index (AU ) is equal to zero, the crystal is
isotropic. The variation from zero defines the level of elastic anisotropy. Therefore, the obtained universal
anisotropic index at zero pressure (AU ) is 0.56 for PSTO and 0.70 for PSTZO.

For anisotropic materials, there is a real need to analyze and visualize the directional elastic properties
such as Young’s modulus, shear modulus and Poisson’s ratio rather than their averages. Detailed tensorial
analyses are also necessary to find materials with targeted or anomalous mechanical properties. We have
calculated the orientation dependence of Young’s modulus E , shear modulus G, and Poisson’s ratio n of
both materials as depicted in figure 4 and 5. As a result, the maximum and minimum values of E , G, and
n ratio along the normal direction of 111 and 100 planes are summarized in table 2.
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Table 2. Variations of the Young’s modulus (E), shear modulus (G) and Poisson ratio (n).

Young’s modulus (E) shear modulus (G) Poisson ratio (n)
Emax Emin Gmax Gmin nmax nmin

Pb0.5Sn0.5TiO3 227.26 90.92 94.11 42.92 0.66 0.06
Pb0.5Sn0.5Ti0.5(Zr0.5)O3 195.34 87.32 79.11 42.04 0.60 0.13

Table 3. The calculated longitudinal, transverse, average sound velocity (vl , vt and vm in m/s) and Debye
temperatures (θD in K).

vl vt vm θD

Pb0.5Sn0.5TiO3 6159.226 4765.584 3734.693 466.451
Pb0.5Sn0.5Ti0.5(Zr0.5)O3 5624.279 4380.902 3381.050 432.861

As a fundamental parameter, the Debye temperature θD correlates with many physical properties of
solids, such as specific heat, elastic constant and melting temperature. One of the standard methods to
calculate the Debye temperature can be estimated from the averaged sound velocity vm is given by

θD =
h
k

[
3n
π

(
NAρ

M

)] 1
3

vm , (3.9)

where h is the Planck’s constant, k is the Boltzmann’s constant, NA is the Avogadro’s number and vm is
the average sound velocity.

vm =

[
1
3

(
2
v3
t

+
1
v3
l

)]− 1
3

, (3.10)

where, vl and vt are the longitudinal and transverse elastic sound velocities of the material that are
determined by bulk modulus and shear modulus [36, 37].

vl =

(
B + 4

3 G

ρ

) 1
2

(3.11)

vt =

(
G
ρ

) 1
2

. (3.12)

Based on the calculated elastic properties, the result of sound velocities and Debye temperatures are listed
in table 3 accordingly. It can be pointed out that the calculated Debye temperature of PSTO is 466.451 K
and PSTZO is 432.861 K.

3.2. Electronic properties

Electronic band structures are a representation of the allowed electronic energy levels of solid
materials and are used to better inform their electrical properties. From the calculations, the electronic
band gap shows that the PSTO and PSTZO give the indirect band gap value of 1.51 eV, and 1.63 eV,
respectively. The results obtained are in better agreement with the previous theoretical results [25]. The
computed electronic band structure of the compounds is shown in figure 6 (a and b). Further explanation
of the nature of the electronic band gap of ferroelectric compounds is carried out through the density of
state. In solid-state physics, density of states (DOS) shows the number of states per interval of energy
as a function of energy, while the PDOS shows the projection of total DOS onto different angular
momentum components. More specifically, from the PDOS, the contribution of specific atomic orbitals
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to the electronic bands and the interaction between different atomic orbitals is revealed. Total density
of states (DOS) and projected density of states (PDOS) of tetragonal, PSTO and PSTZO are shown in
figure 7 and 8. The distribution of total density of states and partial density of states is plotted in the
range of −20.0 to 12.0 eV. The highest valence band of the compounds is mainly dominated by electron
O 2p, Sn 5s and Pb 6s orbitals. While the lowest conduction band mainly originates from the Ti 3d, Zr
4d, and Sn 5p states. Thus, it can be inferred that both are a good ferroelectric material due to special
hybridization between special lone pair Pb 6s and O 2p at valence band.

3.3. Born effective charges and spontaneous polarization

Born effective charges

The polarization induced by atomic displacements, given by the Born effective charges Z∗ [38], plays
a key role in understanding both the polar ground state and the lattice dynamics. The Born effective
charges are

Z∗iαβ =
Ω

e
∂Pα
∂uiβ

, (3.13)

where α and β denote directions. P is the component of the polarization in the αth direction and uiβ
is the periodic displacement of the ith atom in the βth direction. Ω is the volume and e is the electron
charge. Born effective charge (BEC or, Z∗), also known as transverse or dynamic effective charge, is a
fundamental quantity that manifests coupling between lattice displacements and electrostatic fields [38].
BEC is important in terms of theoretical study of ferroelectrics since the ferroelectric transition takes
place from the competition of long-range coulomb interactions and short-range forces.

In the present work, we have evaluated the BEC tensors of each ion in tetragonal phase of PSTO
and PSTZO in the framework of density functional perturbation theory (DFPT). As presented in tables 4
and 5, the Born effective dynamical charge of each compounds atom is larger than the nominal ionic
charge. The calculated BECs are in agreement with the former results [39]. The large values of BEC of
each atom compared to the nominal ionic charge show the importance of the ions as the driving force of
the ferroelectric distortion.
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Figure 6. (Colour online) Electronic band structure of a) PSTO , and b) PSTZO.
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Figure 7. (Colour online) Total density of states (TDOS) of (a) PSTO, and b) PSTZO.

Spontaneous polarization

An accurate quantitative method for computing the polarization to all orders in displacement is the
so-called Berry phase (or modern) theory of polarization [24]. The spontaneous polarization (P) of the
compounds is obtained from the sum of both ionic polarization (Pion) and electronic polarization (Pel)

Pion + Pel =
|e|
Ω

∑
k

Zkuk +
(
−

2|e|i
2(π)3

∫
A

dk⊥
M∑
n=1

G‖∫
0

〈unk |
∂

∂k ‖
|unk〉dk ‖

)
, (3.14)
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Table 4. BEC tensor of Pb, Sn, Zr and Ti of Pb0.5Sn0.5TiO3 and Sn0.5Pb0.5Ti0.5(Zr0.5)O3 in ferroelectric
phase.

Pb0.5Sn0.5TiO3 Sn0.5Pb0.5Ti0.5(Zr0.5)O3

Z∗
Pb

Z∗Pb11 3.89705
Z∗
Pb

Z∗Pb11 3.91831
Z∗Pb22 3.89705 Z∗Pb22 3.91831
Z∗Pb33 3.79810 Z∗Pb33 2.41891

Z∗Sn
Z∗Sn11 4.29538

Z∗Sn
Z∗Sn11 4.17773

Z∗Sn22 4.29538 Z∗Sn22 4.17773
Z∗Sn33 3.88430 Z∗Sn33 2.15989

Z∗Ti
Z∗Ti11 6.98907

Z∗Ti
Z∗Ti11 5.47072

Z∗Ti22 6.98907 Z∗Ti22 5.47072
Z∗Ti33 6.00741 Z∗Ti33 5.26044

Z∗Zr
Z∗Zr11 5.10754
Z∗Zr22 5.10754
Z∗Zr33 6.58694

where in the electronic contribution, the sum n runs over all M occupied bands, and where k ‖ is parallel
to the direction of polarization, and G ‖ is a reciprocal lattice vector in the same direction. The states unk
is the lattice-periodical part of the Bloch wave function. The integral over the perpendicular directions
can easily be converged with a few k-points. The ionic part of polarization is a well-defined quantity from
electromagnetic theory. However, the electronic part of of polarization cannot be directly evaluated on
the basis of localized contributions. The calculated spontaneous polarization at the equilibrium lattice
constant using Berry’s phase approach was determined to be 0.8662 C/m2 (PSTO) and 1.0824 C/m2

(PSTZO). The computed spontaneous polarization shows a high ferroelectric behavior compared to
prototypical ferroelectric perovskites [40, 41].

3.4. Optical dielectric functions

The optical properties can be explained in detail through the knowledge of the complex dielectric
function ε(ω) = ε1(ω) + iε2(ω). The imaginary part of the dielectric function ε2(ω) is calculated by the
sum of all possible direct transitions from the occupied to unoccupied states over the Brillouin zone [42].

ε2(ω) =
2πe2

Ωεo

∑
k,v,c

|〈ψc
k |

ur |ψvk 〉|
2δ[Ec

k − E v
k − E], (3.15)

where e refers to electron charge, and ψc
k
and ψv

k
are the conduction band (CB) and valence band

(VB) wave functions at k, respectively. The real and imaginary dielectric functions are linked by the

Table 5. BEC tensor of oxygen Pb0.5Sn0.5TiO3 and Sn0.5Pb0.5Ti0.5(Zr0.5)O3 in ferroelectric phase.

O1 O2 O3

Pb0.5Sn0.5TiO3

−2.76 0 0 −5.74 0 0 −2.44 0 0
0 −2.76 0 0 −2.44 0 0 −5.74 0
0 0 −4.94 0 0 −2.51 0 0 −5.51

Sn0.5Pb0.5Ti0.5(Zr0.5)O3

−1.92 0 0 −4.51 0 0 −2.80 0 0
0 −1.92 0 0 −2.80 0 0 −4.51 0
0 0 −4.38 0 0 −1.81 0 0 −1.81
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Figure 9. (Colour online) Calculated real (ε1(ω)), imaginary (ε2(ω)) dielectric function and energy-loss
function L(ω).

Kramer-Kronig relation, which is used to calculate the real part ε1(ω) of the dielectric function

ε1(ω) = 1 +
2
π

P

∞∫
0

ω′ε2(ω
′)

ω′2 − ω2 dω′, (3.16)

where P is the principal value of the integral, P = lima→0
∫ω−a
−∞

ε(ω)
ω′−ωdω′ + lima→0

∫+∞
ω+a

ε(ω′)
ω′−ωdω′. As it

is shown in figure 9 (a and b), the real and the imaginary parts of complex dielectric function completely
describe the optical properties of a medium for different photon energies. For the real part ε1(ω) of the
dielectric function, the highest peak for PSTO it appears around 0.23 Ry (3.13 eV), while for PSTZO it
appears at 0.25 Ry (3.40 eV). While, the imaginary part ε2(ω) of the dielectric function illustrates the
optical transition mechanism. Each peak in the imaginary part of the dielectric function corresponds to
an electronic transition. The major ε2(ω) peaks for PSTO located at 0.37 Ry (5.03 eV), 0.54 Ry (7.34 eV),
1.27 Ry (17.27 eV) and 1.51 Ry (20.54 eV), correspond to the transition from occupied VB O 2p, Pb
6s, Sn 5s and O 2s to unoccupied CB Ti 3d, Pb 5p and Sn 5p. For PSTZO, the ε2(ω) peaks 0.28 Ry
(3.80 eV), 0.36 Ry (4.89 eV), 0.85 Ry (11.56 eV) and 1.89 Ry (25.71 eV) originate from the transition of
O 2p, Pb 6s, Sn 5s and O 2s occupied to unoccupied CB Ti 3d, Zr 4d, Pb 5p and Sn 5p. In the light of
ε1(ω) and ε2(ω), the electron energy-loss function is defined as

L(ω) = − Im
(

1
ε(ω)

)
=

ε2(ω)

ε2
1(ω) + ε

2
2(ω)

. (3.17)

The electron energy loss function L(ω) is another useful tool to investigate the behavior of a material
with the light. This property of a medium or a material measures the propagation loss of energy inside the
medium or material. As shown in figure 9 (c and d) the major peak of L(ω) occurs at 1.76 Ry (23.94 eV)
for PSTO and at 2.1 Ry (28.57 eV) for PSTZO. The sharp peaks of L(ω) associated with the plasma
oscillation and their corresponding frequencies are called plasma frequencies [43].
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3.5. Conclusions

In summary, the structural, elastic, electronic and optical properties of PSTO and PSTZO were ex-
tensively studied using pseudo-potential plane-wave (PPs-PW) approach in the framework of density
functional theory. The exchange-correlation potential was calculated within the framework of general-
ized gradient approximation (GGA). The equilibrium lattice parameter, bulk modulus and its pressure
derivative were computed from equation of state (EOS). The obtained structural lattice constant shows a
better agreement with the previous theoretical data. From the study of elastic properties, the calculated
bulk modulus B, Young’s modulus E , shear modulus G and Poisson’s ratio n of PSTO are 144.12, 72.45,
186.15 GPa and 0.284, respectively. The obtained B, G, E and n of PSTZO are also 134.34, 65.311,
168.60 GPa and 0.29, respectively, which are consistent with the previously reported data. The computed
B/G ratio implies that both systems are ductile materials. Moreover, regarding the band structure, we
found that the PSTO compound has 1.51 eV indirect bandgap, whereas PSTZO is found to be 1.63 eV
indirect bandgap. The optical properties such as dielectric constant, and energy loss function were also
investigated.

The calculated BEC of atoms of both compounds are larger than the nominal ionic charge, which
are in agreement with the former results. The large values of Born effective dynamical charge show the
importance of the ions as the driving force of the ferroelectric distortion. Using the Berry phase approach,
spontaneous polarization was determined to be 0.8662 C/m2 (PSTO) and 1.0824 C/m2 (PSTZO). The
obtained spontaneous polarization of both materials shows a high ferroelectric behavior compared to
prototypical ferroelectric materials and they can be the best choice of future ferroelectric materials.
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Першопринципнi дослiдження структурних, пружних,

електронних та оптичних властивостей Pb0.5Sn0.5TiO3 i
Pb0.5Sn0.5Ti0.5(Zr0.5)O3

Ш.Г. Кума1, M.M. Волдемарiам 2
1 Фiзичний факультет,Унiверситет Воллеги, P.O.Box 395, Некемте, Ефiопiя
2 Фiзичний факультет, Унiверситет м. Джiмма, P.O.Box 378, Джiмма, Ефiопiя
Структурнi, електроннi, пружнi та оптичнi властивостi тетрагональної (P4мм)фази Pb 0,5 Sn 0,5 TiO 3 (PSTO)та Pb 0,5 Sn 0,5 Ti 0,5 (Zr 0,5) O 3 (PSTZO) дослiджуються за допомогою першопринципних розрахункiв на
основi теорiї функцiоналу густини (DFT) з використанням процедури псевдопотенцiальної плоскої хвилi
(PP-PW) в рамках узагальненого градiєнтного наближення (GGA).Ми розрахували такi властивостi основ-
ного стану, як рiвноважнi сталi гратки, об’єм, об’ємний модуль та похiдну вiд нього по тиску. З пружних
констант механiчнi параметри, такi як коефiцiєнт анiзотропiї, модуль пружностi та коефiцiєнт Пуассона,
отримуються iз середнього наближення Фойгта-Ройсса-Хiлла. Замiсть їхнiх середнiх значень, залежнiсть
модуля пружностi та коефiцiєнта Пуассона за напрямками моделюються та вiзуалiзуються з урахуванням
пружних властивостей обох систем. Крiм того, отримуються деякi новi результати, такi як температура
Дебая та швидкiсть звуку. Бiльше того, ми представили результати електронної зонної структури, густини
станiв та густини заряду. Цi результати добре узгоджуються з iснуючими теоретичними даними. Також
обчислено оптичну дiелектричну функцiю та спектр втрат енергiї обох систем. Ефективний заряд (BEC)
кожного атома для обох систем обчислюється на основi теорiї збурення функцiоналу густини (DFPT). На-
рештi, спонтанна поляризацiя також визначається iз сучасної теорiї поляризацiї: 0,8662 C/м2 (PSTO) та
1,0824 C/м2 (PSTZO).
Ключовi слова: DFT, PSTO i PSTZO, електроннi, пружнi та оптичнi властивостi
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