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Introduction

In the early 21st century, applied physics focuses primarily on finding new energy sources
and improving storage technologies. Key efforts include seeking alternatives to hydrocarbons,
such as solar panels, photovoltaic systems, and thermoelectric generators. These technologies
rely heavily on the electronic properties of semiconductor materials [1].

Oxide perovskites are highly esteemed for their outstanding properties, making them ideal for
various applications in semiconductors, energy storage [2], and other optical devices [3-8].
Notable types of perovskites (ABX3) include fluoro-perovskite (ABF3), chloro-perovskite
(ABCI13), nitride-perovskite (ABN3), and oxide-perovskite (ABO3). In these compounds, "A"
stands for an alkali metal, rare earth element, or alkaline earth element, "B" denotes a transition
metal atom, and "X" signifies an anion [9,10]. Among the most important studies carried out on
perovskite oxides we mention: CsVO3 [11-13], CdZrO;[14] and MgTiOs[15] perovskites
compounds, wherein the thermodynamic and mechanical stability of CdZrOs; and MgTiO; are
confirmed, as well as the occurrence of transition in the electronic properties of these compounds
for their band gaps from indirect to direct at 80 GPa for CdZrO3[14] and 150 GPa for MgTiO3
[15].

Due to the distinctive properties of perovskite oxides, we conducted a study aimed at
investigating the structural, electronic, thermal, and thermoelectric properties of the compound
SrSnO3 based on the following theories:

1. Density functional theory for studying structural and electronic properties[16-21].

2. Debye's quasi-harmonic model for treating the thermal properties[22,23].

3. Boltzmann's semi-classical model for thermoelectric properties [24].
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1) The Schrodinger Equation

In 1926, the eminent physicist Erwin Schrodinger made a groundbreaking contribution to
quantum mechanics by formulating the Schrodinger equation. This equation, a type of partial
differential equation, serves as a cornerstone in the field of quantum theory. Its introduction

marked a significant advancement in our understanding of the microscopic world.

The Schrodinger equation is pivotal because it provides a method for predicting the
future behavior of quantum systems. By solving this equation, physicists can determine the wave
function of a system. The wave function is a complex mathematical entity that encapsulates all
the possible information about the system's state at a given moment. This includes information
about the probabilities of finding particles in various positions and states of motion, as well as

other physical properties.

The implications of Schrodinger's work extend far beyond theoretical physics. The
Schrodinger equation has been instrumental in the development of numerous technologies,
including semiconductors, lasers, and magnetic resonance imaging (MRI). It has also provided
profound insights into the nature of chemical bonding, the behavior of subatomic particles, and
the fundamental principles governing the universe [2—4]. The Schrodinger equation is

mathematically expressed as follows:
H¥ (R, %) = E¥(R,, 7))
The two vectors R ;and 7;are the coordinates of the nucleus (I) and of the electron (i).

H: Hamiltonian operator related to the sum of the kinetic energy and the potential energy of the

system.
E: eigenvalue Energy of the system.
¥: wave function which depends on the coordinates of electrons and nuclei.

The Hamiltonian system, composed of both nuclei and electrons, included the kinetic energy
contributions from electrons and nuclei. Additionally, it encompasses potential energies arising

from electron-electron interactions, electron-nucleus interactions, and nucleus-nucleus
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interactions. As a result, the comprehensive expression for the total Hamiltonian of the system is

articulated as follows:

H:T8+TN+I/ee+Ve—N+VN—N

n? = D .
T, =-); Py V? - Electronic kinetic energy (m; the mass of electron i).
13
h? = Ce
T, =—Y Py V2 — Nuclei kinetic energy (m; the mass of the nucleus I).
1
ZIZ]eZ . . .
Vn-n = Xizj R=F)| — The interaction part between the nuclei.
=Ry

e2

Zy
Ve_n = 21 Ri—r]

- — The nuclei-electrons interaction part.
-

2
Vere = Xizj lr%r]l — The interaction part between the electrons.

|Ra — R'g| — The distance between the two nuclei a and 3
|r; — R,| = The distance between the nucleus o and the electron i
|ri — rjl — The distance between the two electrons 1 and j.

In practice, finding a solution to the Schrodinger equation is a complex task, and obtaining an
exact solution becomes impractical, especially when dealing with systems involving a large
number of moving electrons and interacting nuclei. To tackle this challenge, simplifications and
approximations must be used to obtain an approximate solution that is as close to the real
solution as possible. The following are some of the most notable approximations and

simplifications to the Schrodinger equation:
2) Born-Oppenheimer Approximation

In 1927, physicists Max Born and Robert Oppenheimer introduced the Born-
Oppenheimer approximation[5], a pivotal concept in molecular quantum mechanics. This
approximation revolutionized the way scientists approach the complex problem of understanding

the behavior of molecular systems by allowing the independent treatment of the motions of
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atomic nuclei and electrons. The basis of this approximation lies in the significant disparity
between the velocities of the two types of particles: atomic nuclei move much slower compared

to the electrons, which zip around rapidly.

This approximation leverages the fact that, due to their greater mass, nuclei are almost stationary
on the timescale of electron movement. As such, the electrons can be thought of as moving in a
static potential created by the fixed nuclei. This separation simplifies the complex equations
governing molecular systems, making them more tractable for both analytical and computational

methods.

In practical terms, the Born-Oppenheimer approximation involves treating the nuclei as if they
are fixed at certain positions while solving the Schrodinger equation for the electrons. The
resulting electronic wave function depends parametrically on the positions of the nuclei. Once
the electronic structure is determined, it is possible to then consider the movement of the nuclei.
The kinetic energy of the nuclei can be ignored in the initial electronic structure calculation,

focusing only on the electrons’ kinetic and potential energies.

The approximation also implies that the potential energy associated with the interactions between
the nuclei (denoted as Vnn) can be considered a constant when solving for the electronic states.
This is because the nuclei's positions do not change appreciably over the timeframe of electronic
movements.

According to the Born-Oppenheimer approximation we can rewrite the total wave function of the

-0 > \. . . -0 -
system ¥ (R I rl-)m the form of a product of an electronic function ¥, (R I rl-)and a nuclear

-0
function ¥, (R I ), thus, we can separate the motion of nuclei from that of electrons. Then the

wave function is written:
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Despite implementing this simplification in the Schrédinger equation, solving the problem
remains arduous and proves impractical with current mathematical methods, mainly due to the
highly intricate electron-electron interaction. Consequently, additional approximations are

employed to address the complexities involved.

3) Hartree and Hartree-Fock Approximations (HF)

The Hartree-Fock approximation was suggested to rectify and address the limitations of
the Hartree approximation. In 1928[6,7] . Hartree proposed that all electrons should be
considered identical particles moving independently, without interacting with each other
(independent particle approximation [8]). In this approach, Hartree treats the interactions
between electrons as particles carrying a charge, disregarding the spin state. The interactions are
represented as Columbian repulsion interactions, neglecting both exchange and correlation terms.
Additionally, the wave function is not "antisymmetric," as it fails to account for the Pauli

exclusion principle [3,4].

The Hartree-Fock approximation was introduced to refine and overcome the limitations of the
Hartree approximation. In 1928, Hartree proposed the independent particle approximation [8],
where all electrons were treated as indistinguishable particles moving independently without
mutual interactions. In this model, electron-electron interactions were treated as if they were
charged particles, without considering spin states. Specifically, the interactions were described
by Coulombic repulsion, omitting both exchange and correlation terms. Furthermore, the wave
function in this approximation lacks antisymmetry, as it doesn't adhere to the Pauli exclusion
principle [3,4]. The Hartree-Fock approximation was subsequently developed to include a more
accurate description of electron behavior, particularly addressing the shortcomings related to

neglecting electron-electron correlations and spin considerations.
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'Pe:l_[',lli
i
Eezzgi
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In 1930, Fock [9] improved and modified Hartree model by substituting the wave functions of
the electron with a Slater determinant[10]. This modification enabled Fock to incorporate the
exchange effect, which Hartree had previously neglected. Consequently, the interaction between
electrons now considers both the Coulomb interaction and the exchange effect. As a result, the
former functions were replaced by anti-symmetric functions. Fock introduced the concept of spin
in his treatment of electronic interactions, replacing the electronic system's wave function with a

Slater determinant expressed by the following formula:

—\I’l (Fl) Wl (FZ) \Vl (F3) \Vl (FN)_
1 v, (Fl) v, (FZ) v, (F3) Y, (FN)
lIIHI:'(T'll‘r'ZJ T3, --')rN) = F \|f3(7:)1) \If3(7:)2) \IJ3(F3) \|J3(?N)
e: : : : :
LV () Yy (%) Yn (7)) - \I’N(FN)_

1 . .
where \/? is a normalization factor.
o!

4) Density Functional Theory (DFT):

The primary objective of Density Functional Theory (DFT) is to reformulate the
electron's Hamiltonian using electron density instead of wave functions. Pioneering researchers
such as Dirac [11], Slater [12], and Hohenburg, and Kohn [13] have made noteworthy

contributions to this theory through their theoretical endeavors.

The inception of DFT can be traced back to the seminal works of Thomas and Fermi in 1927
[13,4]. In their groundbreaking research, they introduced the fundamental concept of expressing
the total energy of an electronic system as a function of electron density. They envisioned the
electronic system as a homogeneous and regular gas of electrons, undertaking a continuous
partitioning of the Brillouin area. Notably, the electron correlations were not considered in this

partitioning. Thomas and Fermi carried out this partitioning to establish regions where the
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electron density remains constant in each part. The subsequent two formulas present expressions

for the density and kinetic energy of a homogeneous electronic gas:

N|w

1 32/72m
_ 3 e
'0_3712Ef<h2)

3/ h? 2 5
E, =—< )(3712)?/)5

5\2m,

4-1) Formalism of Density Functional Theory (DFT):

The Density Functional Theory (DFT) is a theoretical framework used to study systems
with numerous interacting electrons. Unlike traditional methods that rely on analyzing the wave
functions of individual electrons, DFT characterizes the system's total energy primarily in terms
of its electronic density. This simplification makes DFT computationally efficient and allows for
the investigation of complex systems such as molecules and solids with remarkable accuracy.

The electronic density is mathematically represented by the formula:
N
p() = ) WP
i=1

The Density Functional Theory (DFT) is based on two main theorems:
4-2) The Theorems of Hohenburg and Kohn:

Density Functional Theory is built upon the foundational principles laid out by the two theorems

formulated by Hohenberg and Kohn in 1964.
4-2-1) First theorem:

The entire energy of an electronic system can be expressed as a functional dependent on the
electron density for an external potential V(r). Therefore, by determining the electron density,

it becomes feasible to know all the properties of the system. [3,18]
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E[@®)] = FI(®)] + f V@ @ dr?

Where F [p] is universal functional.

The external potential and the universal functional F [p] are expressed in the form:

Za

|4 t(?) = -
ex l = riA

F[p] =T[p] + Ulp]

Where Z, is the charge of the nucleus, ria is the distance between nucleus A and electron i.
4-2-2) Second theorem:

The second theory states that obtining the total energy of the ground state of the electronic
system, it is enough to find the corresponding electron density which makes the density function

at its minimum value.

E(po(®)) < Elp()]

b4 b4

E(py) = MinE(p) lim
p—N

T4 ) Veur + Ve
i

Obtaining the electron density corresponding to the ground state involves applying the

variational principle through the differential of total energy with terms to the electron density:

dF[p(r)]

—dp ) +V(@r)=0

Thus, once we identify the electron density that minimizes the energy function, it becomes

straightforward to ascertain the wave function and accurately determine the ground state energy.
4-3) The Kohn - Sham equation:

One of the challenges in studying systems with numerous electrons is the inability to express

kinetic energy and electron-electron interactions analytically in terms of electron density. In
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1965, Kohn and Sham proposed a novel approach to address this challenge. They suggested
replacing the real electronic system with a hypothetical system where each electron behaves
autonomously, detached from the influence of other electrons. Instead, each electron's behavior
is governed by an effective potential called the Kohn-Sham potential. This potential accounts for
both the external potential created by atomic nuclei and the potential resulting from the

interactions of the remaining particles with the electron [3,19,20].
The Kohn-Sham fictive system is distinguished by:

The Kohn-Sham orbits which are space wave functions of a single electron are solutions of the

Schrodinger equation in this vacuum space.
The fictive electronic system has the same electronic density as a real system.

The kinetic energy of the fictive system is the kinetic energy of the electrons without the
correlation effect and it is positive, while the kinetic energy in the real system “Tr” is the sum of
the kinetic energy of the fictive system “Tf” and an additional term that expresses the effect of

the correlation “T.” on the kinetic energy of the electron [3]:

Tp = Tr + T,

T. = (PITI¥) — {@|Tsl o)

The V.. interaction between electrons in the real system which is written in the following

relation:
(P|Veel¥) = Up + Uy + U,
where the terms represent:
Un: The electronic Coulomb (Hartree potential)
Ux: The exchange energy between electrons of the same spin.

Uc: The correlation energy between the electrons.

10
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The Kohn-Sham equation for an electronic system is given as a function of the kinetic energy of
the electron: external potential energy, Hartree interaction and exchange-correlation energy as

follows:

v" The kinetic energy of an electron in a fictitious system:
h? h?
—ﬂz f @;V? @;"dr,
1

Tslp] = (@i|—=—A
sLe] <<pl‘ o A
v" The external potential generated by the effect of nuclei (nucleus-electron

interaction):

Vaslp f Z le(r)

_,
L,i

v The Hartree potential (Coulomb electron-electron interaction)

il =5 [ %pgl)drdr'

The exchange-correlation energy, comprising both the correlation and exchange terms, lacks an
exact mathematical expression. Instead, it is approximated through various methods to estimate

its value.

Eyc [p] = Ex[p] + Ec[p]

And finally, the Kohn-Sham equation is written as follows [1-3]:
Hyso; (1) = [Ts[p] + Vs () = 59, ()
Vis(F) = Vet @) + V(7)) + +Vxc ()

E[p] = Ts[p] + Vyelp] + Unlp] + Exclp]

11
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4-3) Solution of the Kohn - Sham Equation:

Solving the Kohn-Sham equation depends on two basic steps:

Firstly, specifying all components of the effective Kohn-Sham potential, including the exchange-
correlation potential (Exc), which lacks a mathematical formula but can be approximated

through estimation methods.

Secondly, determining the wave functions (Kohn-Sham orbitals), which serve as solutions to the

Kohn-Sham equation, expressed as: [3]:
Pgs () = Z Cij ;)
j

Where @, (7) are the basic functions, and Cij are are the development coefficients.

Z Cij Hsloj | = z Cijes |9
j j

(@l Z Cij Hksloj | = (o« Z Cijes | @,
j j

Z ((§0k|HKS|§0j) — exs{ploiNCij =0
J

It remains to determine the C;; coefficients.

The Kohn-Sham equation is solved according to an iterative cycles illustrated by

figure (1.I), where the process starts using an initial density p_infor the first iteration, this density
is used to solve the Kohn-Sham equation,Subsequently, a superposition of the atomic densities is
utilized to compute the Kohn-Sham matrix, facilitating the solution of the equations to obtain the

Kohn-Sham orbitals.

12
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After this step, the new density, pous, 1S calculated to assess the convergence condition, checking
for significant changes in density or energy. The two charge densities, poy: and pip, are then

combined through a mixing procedure, as follows:
i+1 _

Pin = (1 - a)piin + p(i)ut

Thus the iterative procedure can be repeated until the convergence condition is fulfilled.

13
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P = (=i, + Py

Calculate V(1)

Solve the
Kohn-Sham

equations

Determine Ef

Determine p .

TESTif p, =p

out
Yes

Calculate

Figure L. 1: Self-consistent calculation steps.

14
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5)The Different Types of Approximation of the E,.[p]

Various methods have been utilized to estimate the values of the exchange-correlation
potential between electrons due to the lack of an analytical expression. The accuracy of the

results obtained relies heavily on the mathematical formulation governing this potential.
5-1) Local density approximation (LSDA)

Kohn and Sham introduced this model in 1964 [24], which entails approximating the
non-uniform electronic system with a locally homogeneous electronic system by partitioning the
Brillouin zone into small regions. The expression for energy exchange-correlation is

subsequently determined as follows:

B = [ 0 Exclp(]e

_ dE)IigA[p] __ LDA > dg)L&](%A
Vie = T exc +p(M) ap

For each spin up or down magnetic order, the total electron density becomes the sum of the two

electron densities
p(¥) = p,(®) +p,(®)

The Kohn-Sham equation for the two spins in the form [4]:
—h2
=V + Vi@ | o, = eks, ()

2m

—h2
<_ VZ + Velff(F)> (PI(F) = 8%(5@1(?)

The effective potential for the two spins is written as [4]:

dexe>? [P, (), p, ()]
dp,(¥)

dexe®A[p, (), p, ()]
dp, (¥)

VeTff(F) = Vext + V)Ic = Vexe +

Velff(F) = Vext + V)ic = Vext +

15
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5-2) The Generalized Gradient Approximation GGA

In the earlier approximation, it was presumed that the electron density exhibited uniform
distribution, yielding a homogeneous density. However, this approximation often diverged from
experimental findings. Consequently, a new approach emerged, acknowledging the non-uniform
and spatially varying nature of the localized electron density. Thus, the total energy of the
electron system is now understood to be proportional to both the electron density p(r”) and its

gradient Vp(r’), as depicted by the equation. [5]:
BD®] = [ Eio@ecle 0.9 @)

6) Full-Potential Linearized Augmented Plane-wave Method (FP-LAPW)

Following the resolution of the exchange-correlation potential problem, the quest for wave
functions as solutions to the Cohn-Sham equation became essential. Through extensive research,
various approaches emerged, including the OPW method proposed by Herring theory in 1940
[26], the LMTO method [27], and the FP-LAPW method. It is important to highlight that the

efficacy of these methods is contingent upon the quality of the effective potential employed.
6-1) The Plane Wave method (APW)

In the APW method, scientist Slater [10] implemented a strategy involving the division of
crystal space into two segments, guided by the Muffin-Tin approximation [28]. Here, atoms were
depicted as non-overlapping spheres with a radius of R0, encompassing core electrons, whereas
the interstitial space between these spheres housed free electrons distanced from the atomic

nuclei.

A graphical representation can illustrate the configuration of the elementary cell with
atomic spheres and the interstitial region. According to Slater's approximation [10], the core
electrons within the spheres encounter a spherical potential, whereas the potential remains
constant within the interstitial region [3]. Therefore, the potential in these two regions can be

expressed in the following form:
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V(r)r <R,
V() =
Or >R,

The behavior of electrons inside MT spheres is characterized by waves that are distinct from
those in the interstitial region. In the interstitial region, plane waves are used to describe the
behavior, whereas inside spheres, functions radials multiplied by spherical harmonics are

employed. The two wave functions can be expressed as follows:

(OO m

DD AU < Ry

1 s
— ) g el(K+G)TL R,
T

\ G

o(F) = A

Where , Q: The cell volume
Yim: Spherical harmonics

A Development coefficients

U, : The regular solution of the Schrodinger equation given by[6] :

dr? r2

a2
( ¢ [+ V(?))rUl=ElUl

Where E;: An energy parameter.
6-2) The Linearized Augmented Plane Wave Method (LAPW)

A notable limitation of the APW method arises from its time-consuming computational
procedure, largely attributable to the widespread use of the radial function Ul. It is difficult to
define the radial function for each value of energy El. So that, Anderson [7] made improvements
to the APW method [8]by using the Taylor expansion to write the radial functions U (r) in the

following form:
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dUl(rl E)

U E)=UE)+ (E,— E) 4B

+ 0(E; — E)?
E=E;
Where the term O (E — E;) %represents the quadratic error.

After several simplifications, he has got the expression of potential inside and outside of

Muffin-Tin balls as follows:

( m
Z Vim (1Y r <R,
lm
V(r)= <
m
Z Vi (r)etr r >R,
\ Im

As well as the wave functions inside the spheres in terms of radial functions and their

derivatives. Where the wave functions are written as follows [9,10]:

p
> (AmUi@) + Bunly)) Vi) 7 <R,
lm
Pri(P) = 3
iz CG ei(I?+5)FT > RO
| Va4

Where :

K: represents the wave vector.
G: is the vector of the reciprocal lattice.

A are coefficients corresponding to the function U,.

By are coefficients corresponding to the function U,.

We can determine the coefficients A4;,, and B},,, for each wave vector, and for each atom by

applying the conditions of continuity of the basic functions in the vicinity of the limit

of the spheres. After some simplifications we find the coefficient formula 4,,, and B, in

the following forms:
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4-7IT02iL "

Alm = \/ﬁ Y lm(K + G)al(K + G)
47rry2ik

By, = \/"ﬁ Y*1m (K + G)by(K + G)

7) Simulation Code WIEN2K

The Institute of Materials Chemistry in Vienna has harnessed technological
advancements, particularly in programming languages, to create the wien2k program package
[34], a significant achievement in computational materials science. This esteemed program is
renowned for its utility in investigating the properties of solid materials. It encompasses a
plethora of subprograms coded in the Fortran language, with the latest iterations boasting
sophisticated algorithms designed to adeptly translate crystal system equations rooted in density
functional theory (DFT). These cutting-edge algorithms leverage the full potential linearized
augmented plane wave (FP-LAPW) method to meticulously compute and analyze compound
properties. Through the utilization of wien2k, researchers can delve deeper into the intricate

nature of materials, unveiling valuable insights into their structural and electronic characteristics.

[3].

The most important subprograms and its role in the Wien2k program are shown in the diagram

shown in Figure 1.3 which are organized as follows:[4]:

NN : This program computes the distances between adjacent neighbors within a set limit, aiding

in the calculation of the atomic sphere's radius.

v" SGROUP :determines the space group of the compound.

v' SYMMETRY :is a program that defines the symmetry number and space group
symmetry operations of our structure.

v" LSTART :calculates electron densities in free atoms and show how different orbitals will
be treated in band structure calculations.

v" KGEN : generates a mesh of K points in the irreducible part of the first Brillouin zone

(B.Z). We specify the number of K points in the whole 1°B.Z.
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v

DSTART :produces an initial density for the SCF cycle (self-consistent cycle) by a

superposition of atomic densities produced in the LSTART subprogram.

After the last subprogram ; we enter a loop of SFC calculations and therefore we shall reach five

steps :

v

<

LAPWO (POTENTIAL) :uses the total electron density to calculate the coulombien and
exchange potential (Hartree-Fock potential). In addition to that, it divides the space into a
MT (muffin-tin) sphere and an interstitial region.

LAPW1 (BANDS) : calculate eigenvalues and wave functions for valence electrons from
solving the equation (IIL.1).

LAPW2 (RHO) : calculate the valence electron densities obtained in the step LAPWO.
LCORE :calculates eigenvalues and wave functions to obtain core electron densities.

MIXER : calculate the new density by mixing.

20




THEORETICAL FRAMEWORK

THE SUBPROGRAMS

E Calculate the N/ NN :
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Figure I. 3 : The flowchart of program code Wien2k [4].
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1) Introduction

Building upon the theoretical framework discussed earlier, our investigation commenced by
exploring the structural characteristics of SrSnO3. Employing advanced computational tools
such as Wien2k Density Functional Theory (DFT) and Full-Potential Linearized Augmented
Plane Wave (FPLAPW) methods, we meticulously computed essential parameters including
lattice parameters, the compressibility coefficient, and its first derivative. Subsequently, we
delved into the compound's electronic behavior, utilizing sophisticated analysis techniques to
dissect band structure curves and density of states. Lastly, our inquiry extended to the calculation
of the compound's thermal and thermoelectric properties, thereby providing a comprehensive

understanding of its multifaceted nature.

2) Accountdetails:

The computations in this study utilized the full-potential linearized augmented plane wave (FP-
LAPW) method implemented in the Wien2K simulation program, which relies on density
functional theory (DFT) [1-13]. To treat the exchange-correlation effects, the generalized
gradient approximation (GGA) [14, 15]. These techniques were instrumental in estimating the

compound's structural, electronic, and optical properties.

Applying the muffin-tin (MT) approximation, we partitioned the space into two distinct
regions[16]. In the first region, atoms were treated as spheres with muffin-tin radii,
accommodating all inner electrons (‘core electrons') without overlap. For the compound, the 'Sr,’
'O," and 'Sn' atoms were assigned half radii values of 2.2 a.u, 1.4 a.u, and 2.25 a.u, respectively,

with a maximum angular momentum of Imax = 10.

The second region, representing the intermediate space, was characterized by plane wave
functions with a cutoff parameter RMTKmax, where RMT is the average half radius of the

muffin-tin spheres, and Kmax is the maximum value of the wave vector for the reciprocal lattice.
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The optimal cutoff parameter was determined as RMTKmax = 8, with a total of kpoints1000=.
The electronic configurations for the constituent atoms were assigned as follows: Sr: [Kr] 5s2, O:
[He] 252 2p4, and Sn: [Kr] 4d10 5s25p2.we employed a quasi harmonic Debye model integrated
into the GIBBS2 program to investigate the impact of pressure and temperature on the thermal
properties. Additionally, we utilized a Boltzmann transport equation model integrated in

BoltzTrap code to study the thermoelectric properties

3) The obtained results

3-1) structural Properties

SrSnO3 adopts a cubic crystal structure within the space group Pm-3m. The primitive unit cell,
illustrated in Figure II.1 using the VESTA program[17-20], comprises 5 atoms distributed across
distinct Wyckoff positions. Specifically, Sr occupies position (0 0 0), Sn resides at (0.5 0.5 0.5),
and oxygen atoms are found at (0.5 0.5 0), (0.5 0 0.5), and (0 0.5 0.5). This arrangement provides
a foundational understanding of the compound's atomic configuration, facilitating further

analysis of its properties and behavior.

Figure (IL.1): Crystal structure of the compound SrSnOj3 (achieved using the VESTA program).
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In our analysis of the structural properties of SrSnO3, we began by calculating the variations in
total energy of the primitive cell at different volumes, employing the generalized gradient
approximation (GGA). Subsequently, we depicted the relationship between total energy changes
and volume by plotting a curve, utilizing the Murnaghan equation [21]. This equation is defined

as follows:

B

v, B
E(V) = E + V(VO) —Vo[ + 5 (V= Vo)

B(B -1
Where:

e Vy: represents the volume of the cell at equilibrium.

o Ey: represents the total energy of the primitive cell in equilibrium.
e B:is the bulk modulus.

e B’:is the derivative of the bulk modulus with respect to pressure

This mathematical representation allowed us to characterize the behavior of SrSnO3 under
varying volumes, providing insights into its structural stability and elasticity properties. The
curves depicted in Figure (II.2) enabled us to identify the volume associated with the minimum

energy state. Subsequently, we derived the lattice constant

a (in Angstrbms) and the bulk modulus from this minimum energy volume. To contextualize our
findings, we compared these calculated values with both experimental and theoretical results, as
summarized in Table (II.1). Remarkably, our results exhibited a high degree of consistency with
those obtained in prior studies, further validating the accuracy of our computational approach

and reinforcing the understanding of SrSnO3's structural characteristics.

Compound Name Calculated Structural Properties Our results Other results
Cell parameter a (A) 4.1610 4.034
Bulk modulus B (GPa) 57.5176
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SrSnQO; | B' (GPa) 2.2940

Vo 486.1626

Table (IL.1): Calculated structural properties values for the compound SrSnO; using GGA

approximations.
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-19159,03 -
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Figure (IL.2): Total energy variations of the compound SrSnOj3 as a function of volume changes.

3-2) ElectronicProperties

Studying electronic properties is crucial, as it enables us to select the appropriate electrical or electronic
application for a given material. By understanding the compound's electronic properties, we can make
informed decisions about its potential uses. To achieve this, we conducted an in-depth analysis of the
compound's energy bands to determine its electronic behavior, identifying whether it is an insulator,
conductor, or semiconductor. Furthermore, we examined the density of states to pinpoint the atomic
orbitals influencing each band. This detailed analysis aids in understanding the formation of atomic bonds
and the overall behavior of the material at the atomic level, providing valuable insights into its potential

applications.
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In this section, we will study the electronic properties by analyzing the energy band structure
curves. Then, we will analyze the partial and total density of states curves for the SrSnO3

compound.
3-2-1) Band-Structure spectra

To assess the electronic behavior of SrSnO3 under equilibrium conditions, we analyzed the band
structures generated by GGA method. Our findings, illustrated that the top of the valence band
and the bottom of the conduction band reside at distinct high symmetry points, confirming the

compound's indirect band gap type (M—I") with 1.21 eV calculated using GGA approximation.

Band Structure of SrSn03 "GGA"

=
=
-ﬁ
=
=
= |
1 1
—2.5 I I
1 1
1 1 1
' / i
—5.0 4 1 1 1
1 1 1
1 1 1
| | .
—7.5 1 1 1
1 1 1
1 1 1
1 1 1
—10.0 1 1 1
R r X M r

Figure (I.3): band structure spectra for the compound SrSnO3 calculated using GGA

approximation.
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3-2-2) Total Density of States (TDOS) and Partial Density of States (PDOS)

In this section, we will analyze the curves representing the total density of states distribution as

well as the partial density of states. This analysis aims to determine which atomic orbitals'

electrons contributed to forming the energy bands discussed earlier.

Figure (I1.4) provides insight into the distribution of both the total and partial density of states for

SrSnO3, calculated using the GGA approximation. Here are the key observations:

K/
X4

)

°

» Total Density of States:

Notably, there are no values near the Fermi level, confirming the compound's
semiconducting behavior.

» Contributions of Atomic Orbitals:

Valence Band:

Between -8 eV and -6 eV: A pronounced contribution from the 's' orbitals of Sn atoms
is evident.

Moving from -6 eV to 0 eV: We observe a weaker involvement from the 'p' and 'd’
orbitals of Sn atoms, along with the 'p' orbitals of O atoms, indicating a varied orbital
influence.

Conduction Band:

In the range of 1 eV to 6 eV: There's a minor but noticeable contribution from the 's'
orbitals of Sn atoms.

Within the interval from 6 eV to 9 eV: Both 's' and 'p' orbitals of Sr atoms contribute

slightly, suggesting their role in the material's conductive properties.
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Figure (IL.4): Electronic properties of the compound SrSnO; (Total and Partial Density of
States)

3-3) ThermodynamicProperties (Thermal)
3-3-1) Debye model

The first-principle calculation utilizing the WIEN2k program was conducted at zero
temperature. This involved neglecting the vibrational aspects of the atoms within the
Hamiltonian equation of the crystal system, achieved through the application of the Born-
Oppenheimer approximation[49]. While this approach provides valuable insights into the
electronic properties of SrSnQO3, it's crucial to recognize the significant impact of temperature
and pressure on the compound's properties. Future investigations should consider incorporating
thermal and pressure effects to comprehensively understand SrSnO3's behavior under varying
conditions.. Here, we have studied the effect of temperature on thermodynamic variables by
using the quasi-harmonic model [50] as implemented in GIBBS2 code [25,26]. The function
controlling the phase stability of a solid at a given pressure and temperature is the Gibbs free
energy given by:

G'(x,V;P,T) = Egta(x, V) + PV + A" ,;, %X, V; T) + F5(x,V; T)(9)

Where E is the total energy, PV corresponds to the hydrostatic condition, A*y;, and Fjare the
non-equilibrium vibrational and electronic free energies, respectively. Debye's model is used to
describe the vibrational energy A*y;,in terms of the density of phonon states (the vibrational
density of states) g(m):

cel N0

A'yip = [, |5+ keT Ln (1 — e ®7) g(w)dn(10)
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F'x,V; T) = Esta(x, V) + A%yip (x, V; T)(11)
in this equation, n is the number of atoms per unit volume, D (8 / T) represents the Debye
integral, which is given by:

3 rxydeY
x370 1-e7Y

D(x) =

dy(12)
The equilibrium state (for pressure (P) and a temperature (T) given) is obtained by the
minimization of:

)P‘T = 0(13)

(OG*(V,P,T)
aov

Resolving the last equation makes it easy to express the other thermal quantities in particular:
entropy (S), the heat capacity at constant volume (C,), and the coefficient of thermal expansion,
which are given:

S = —3nkgIn(1 — e7®°/T) + 4nkgD(®p/T)(14)

9nkB®D /T

Cy=12nkgD(Op/T) — —5 - (15)
— _Lvy _ &
o= V(aT)p o VBT(16)

In this section, we've dedicated our efforts to delve into various thermal properties of SrSnO3. Our
exploration encompasses crucial parameters like heat capacity at constant pressure or volume, thermal
expansion coefficient, entropy, and compressibility. These properties are investigated under the influence

of two significant natural factors: hydrostatic pressure and temperature.

Examining the pressure exerted on the substance, our analysis spans across three distinct levels: 0 GPa, 5
GPa, and 10 GPa. Concurrently, we explore the compound's response to temperature variations within the
range of 0 to 1000 Kelvin. By comprehensively studying these thermal properties under diverse

conditions, we aim to gain a deeper understanding of SrSnO3's behavior in real-world scenarios.

3-3-2) HeatCapacities

The heat capacity of a solid indicates how much heat it absorbs when its temperature rises
by one degree. For metals, this property is crucial as it reflects their ability to absorb thermal
energy, which depends on factors like the material's degrees of freedom and available vibrational
modes. Our study examined the impact of temperature and pressure on the heat capacity of

SrSnO3, conducting calculations at pressures of 0 GPa, 5 GPa, and 10 GPa. Our findings[28,29],

( )
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illustrated in figure (IL.5), reveal that at constant volume (Cv), the heat capacity increases rapidly
with temperature, following a cubic relationship (T”3) at low temperatures. This increase slows
down at higher temperatures, converging toward a limit according to the Dulong-Petit law[36].
Similar trends were observed for heat capacity at constant pressure (Cp), indicating an

accelerated increase at low temperatures and a slower rise at higher temperatures.
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Figure (IL5): Changes in the heat capacities (Cpand C,) of the compound SrSnO; as a function

of temperature.

3-3-3) Entropy

Entropy, a complex concept with diverse applications, is particularly relevant in thermal studies.

It operates at two levels:

1. Microscopic: It quantifies the disorder in a system, expressed as S = k In Q, where Q denotes

the number of possible arrangements or states the compound can assume.

2. Macroscopic: It represents the internal energy of the substance, which cannot be utilized for

work[28,29].

The value of entropy is intricately linked to a substance's internal structure and is influenced by

various factors, leading to alterations such as atomic vibrations and electron transitions.

In our study, we explored entropy changes under different temperatures (0 GPa, 5 GPa, and 10
GPa). We observed a direct correlation between entropy and temperature changes, indicating
increased disorder in SrSnO3 as temperature rises, as depicted in figure (I.6). This rise in
temperature leads to the compound adopting new configurations due to atomic vibrations, thus

increasing its diversity.
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Figure (I1.6): Changes in entropy (S) of the compound SrSnOj; as a function of temperature.
3-3-4) Thermal Expansion Coefficient

The thermal behavior of solid materials in electronic devices is critical, particularly for those
generating significant heat. A key thermal property, the thermal expansion coefficient, is vital
because material expansion can lead to device fracturing or exert pressure on internal
components, potentially affecting electronic properties. Thermal expansion occurs as thermal
energy increases atomic vibrations, causing atoms to move from their equilibrium positions. The
thermal expansion coefficient depends on factors like bond nature, material density, and atomic
arrangement[28,29]. For SrSnO3, calculated using the GIBBS2 program up to 1000 Kelvin
under constant pressures, the resulting curve (shown in figure 7.1I) reveals rapid expansion at

low temperatures (below 200 Kelvin) and a slower increase at higher temperatures.
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Figure (I1.7): Changes in the thermal expansion coefficient (o) of the compound SrSnOs; as a

function of temperature.
3-4) Thermoelectric Properties

The thermoelectric properties, including Seebeck coefficient, electrical conductivity and
thermal conductivity, of the considered compounds were calculated from the energy bands
using the Boltzmann transport theory with the rigid band approach (RBA) [42—44]and the
constant scattering time approximation (CRTA) as implemented in the BoltzTrap program
[45]. Based on this approach, the Seebeck coefficient (S) and the electrical conductivity
(o) as functions of absolute temperature 7 and chemical potential 4 can be calculated

from the band structure calculation by integrating the transport distribution tensorG,(€)

as follows [45]:
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1 T
0Tt =2 | %(a){—%}w (1
(5 _ | e
ST )= o (T’mjaaﬂw)(e ,U){ > }da )

where  and £ are tensor indices, Q is the volume of the unit cell, f; is the Fermi-Dirac

distribution function and e is the electron charge. The essential part of o and S is the

transport distribution function tensor c_SaB (E), which contains the system dependent information,

defined as:

— 62 . . 6(8 —& k) . . ..
Cup (e)= E E TV, (1, k)oB 1,k) 8— (3), where N is the number of k-points, i is the band
i,k e

index, k is the wave vector and v (1,k) (a =x, Y, z) is the ath component of the group velocity

v(i, k) of charge-carriers, which can be obtained directly from the band structure calculation as:

. 1 OE, . .
v, (1,k) = % 8k’k , where 7 is the reduced Planck constant. The wave vector dependent relaxation

o

time (t;, ) appearing in the expression of &,,(E) is difficult to be determined from first-

principles calculations and hence eq. 3 is solved under constant relaxation time approximation

(RTA).
Having examined the thermal properties of SrSnO3 under heat, our focus now shifts to
understanding how temperature variations affect the material's electrons. Research, as
summarized in the article "Thermoelectric Devices: Principle and Future Trends" by Abd al-
Muttalib and al-Qadri [37], indicates that materials with semi-metallic electronic behavior
demonstrate excellent thermoelectric properties. Consequently, they are highly suitable for
applications in thermoelectric devices such as generators, sensors, and motors. Since SrSnO3
exhibits semi-metallic behavior, we aim to investigate its thermoelectric properties, including

the Seebeck coefficient, thermal conductivity, electrical conductivity, and the ZT factor.[29].
3-4-1) Seebeck Coefficient

he Seebeck coefficient, as an intrinsic electrical property of solid-state materials, describes the
electric potential difference (voltage) between the ends of a material subjected to different
temperatures. This voltage difference arises due to the movement of electrons in response to

temperature gradient, from hotter regions to cooler ones [29, 38].
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Figure (8.1I) illustrates the changes in the Seebeck coefficient of the compound SrSnOs; as a

function of temperature. From this figure, we observed the following points:

1.

The Seebeck coefficient values are high at an intermediate temperature, around 300

Kelvin, whereas they are low at temperatures exceeding 600 Kelvin.

The maximum Seebeck coefficient occurs when the relative chemical potential (relative
to the Fermi level) is confined between O and 1 electron-volts, and it diminishes outside

this range.

The maximum value of the Seebeck coefficient recorded at temperatures around 300

Kelvin is approximately 0.0009 mV/K.
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Figure (IL.8): Changes in the Seebeck coefficient of the compound SrSnO; at different

temperatures as a function of chemical potential variations.

3-4-2) Electrical Conductivity

Electrical conductivity, or electrical transport, in solid materials is also an important feature,
representing the material's ability to conduct and carry electrical current, i.e., allowing free
electrons to pass through it. Electrical conductivity is related to the internal structure of
materials, their electronic behavior, and external factors such as temperature, which leads to

atomic vibrations and thus interactions between electrons (charge carriers) and phonons [29, 38].

Figure (I1.9) depicts the changes in electrical conductivity as a function of temperature for the

studied compound. From this figure, we observed the following points:

1. Electrical conductivity reaches its maximum within the chemical potential range between

(-1.5; -0.5).

2. As the temperature increases within this chemical potential range (-1.5; -0.5), the
electrical conductivity decreases. This is because the resistance increases due to the

increased vibrations of the crystal lattice atoms.
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Figure (I1.9): Electrical conductivity of the compound SrSnO; at different temperatures

as a function of chemical potential variations.
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3-4-3) Electronic Thermal Conductivity

Electrons also contribute to electrical conductivity, as there is a portion of heat transferred with
the electrons in addition to the heat transferred through atomic vibrations (via the dispersion of
phonons in the crystal lattice) [29,38]. Figure (I1.10) illustrates the changes in electronic thermal
conductivity as a function of temperature for the studied compound, from which we recorded the

following points:

e We notice that as the temperature increases, the value of electronic thermal conductivity

increases.

e We notice that thermal conductivity exhibits behavior similar to electrical conductivity
for all compounds. This confirms that electron transfer contributes to heat transfer, as
thermal conductivity is proportional to electrical conductivity, following the relationship

given by the Wiedemann-Franz law:

K e =LoT (where L is the Lorentz number)
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Figure (II.10): Electronic thermal conductivity of the compound SrSnO; at different

temperatures as a function of changes in chemical composition.
3-4-4) Z'T coefficient

The optimal selection of materials in terms of their thermoelectric efficiency is at the core of
much theoretical and experimental research. The effective performance of thermoelectric
materials is evaluated through the dimensionless figure of merit ZT, which is given by the

following expression:

_SZTO'
Tk

ZT

Where S is the Seebeck coefficient, o is the electrical conductivity, k is the total thermal
conductivity, and T is the absolute temperature. Therefore, we can achieve high thermoelectric
performance when the materials have high Seebeck coefficient, high electrical conductivity, and
low thermal conductivity[29]. The changes in the ZTcoefficient at different temperatures due to
the variation of chemical doping are illustrated in Figure (11.II). It can be observed from this
figure that the values of this coefficient are maximized when the chemical doping is confined
within the range of -1 to 1 electron-volt for all temperatures. Outside of this range, the value of

this coefficient becomes nearly zero or zero altogether for all temperatures.
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Figure (II.11): Electrical conductivity of the compound SrSnOs at different temperatures as a

function of changes in chemical doping.
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Conclusion

During the conducted research, we studied the physical properties of the SrSnO3 compound,
focusing on the impact of temperature on its electrothermal properties. This was done using the
semiclassical Boltzmann model and the Debye quasi-harmonic model to extract the effects of

temperature and pressure on some thermal properties.

We initially verified its structural properties to determine its compressibility coefficient and
structural properties at the most stable state. Additionally, we examined its electronic behavior

based on the Density Functional Theory (DFT).

The results obtained indicated that the compound possesses highly distinctive properties, starting
from its stable structural properties to its good compressibility coefficient, semi-metallic

electronic behavior, and small band gap.

SrSnO3 is distinguished by its good thermal properties, as it exhibits average heat absorption

(heat capacity) and minimal thermal expansion coefficient.

The compound also displayed favorable electrothermal properties such as the Seebeck
coefficient, electrical conductivity, and thermal conductivity, making it a promising candidate for

numerous electrothermal applications.
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Abstract

In our work, we conducted a theoretical study to calculate the structural, electronic,
thermodynamic, and thermoelectric properties of the SrSnO3 compound using the full-
potential linearized augmented plane wave (FP-LAPW) method based on density functional
theory (DFT). To calculate the exchange-correlation potential, we used the generalized
gradient approximation (GGA) to study the properties of the compounds. In calculating the
structural properties, we determined the lattice constant and the bulk modulus. To understand
the electronic behavior of both compounds, we analyzed the electronic band structure and the
density of states (DOS), both total and partial. In calculating the thermodynamic properties,
we focused on determining certain thermal quantities using the quasi-harmonic Debye model,
which allowed us to study the effect of temperature and pressure on quantities such as heat
capacities Cv, thermal expansion coefficient a, and entropy. Finally, we calculated the
thermoelectric properties such as the Seebeck coefficient, electronic electrical conductivity,

and electronic thermal conductivity.
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