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INTRODUCTION

Introduction :

Solid-state physics plays a crucial role in comprehending natural materials and innovating
new ones, vital for diverse applications. Material exploration involves experimental, semi-
experimental, and theoretical methods, with the latter gaining prominence due to advanced
simulations [1].Tailored software enables precise analysis, overcoming limitations like time
and expense. Continuous software updates refine solution techniques, highlighting the
necessity of understanding electronic structures for accurate property interpretation. Various
methods stemming from Density Functional Theory (DFT) assist in solving the Schrodinger
equation, unveiling insights into structural, elastic, and mechanical characteristics [2].
Perovskite structures, known for their stability and versatile applications, have long
captivated scientific interest [3]. The term "perovskite" originated from CaTiOs3, discovered

in 1839, named after Russian mineralogist Lev Aleksevich von Perovski [4].

The aim of this study is to enhance our comprehension of the structural, electronic,
thermodynamic, and thermoelectric properties of perovskite compounds MgSnO; and
CaSnO3 using the Wien2k calculation software. This research is divided into two primary
chapters. The first chapter offers a theoretical foundation for analyzing crystalline systems,
drawing upon principles of quantum mechanics. It begins with an exploration of the time-
independent Schrodinger equation, which describes the behavior of electrons and nuclei
within a system. Significant approximations such as the Born-Oppenheimer, Hartree,
Hartree-Fock, and Density Functional Theory (DFT) are explained, focusing particularly on

their role in estimating exchange-correlation interactions among electrons..

In the second chapter, we applied theoretical concepts from the first chapter using the
Wien2k program [5]. Structural properties like lattice constants, bulk modulus, and cohesive
energy were calculated using the Generalized Gradient Approximation (GGA) for exchange-
correlation functional [6]. Electronic properties, such as bandgap values and contributing
electronic orbitals, were investigated. Then, using the GIBBS2 program[7,8] based on the
quasi-harmonic Debye model[ 9], we explored the effects of temperature and doping on
thermodynamic properties like heat capacity, thermal expansion coefficient, and entropy.
Finally, employing the BOLTZTRAP2 program, we analyzed various electrical and thermal
properties including the Seebeck coefficient, electronic conductivity, and electronic thermal

conductivity [10]. A comprehensive summary of the obtained results was provided.
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1- The Schrodinger Equation

Schrodinger, an Austrian theoretical physicist, made significant
contributions to the wave theory of matter and was influenced by the
concepts of the early quantum theory as developed by Max Planck,

Albert Einstein, Niels Bohr, and others.

In 1926, Schrodinger proposed a partial differential equation
known as the Schrodinger equation in the framework of quantum theory [1]. The solution of this
equation accurately calculated the energy levels of electrons in atoms and describe the
instantaneous quantum state of a system through its wave function, which includes all the
information about the system studied [2—4]. The Schrodinger equation has the following

expression :
H¥(R,,#) = E¥(R,,7) (L1)
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 - made up of nuclei and electrons - includes the kinetic energy of
electrons and nuclei, as well as the potential energies (electron-electron, electron-nucleus, and
nucleus-nucleus), therefore the expression of the total Hamiltonian of the system is written by

the following expression:

H == Te + TN + I/ee + Ve—N + VN—N (12)

nZ = C e )
T, =—-Y; Py Viz —Electronic kinetic energy (m; the mass of electron 1).

2 5
T, =—21 2h_m, V2 —Nuclei kinetic energy (m; the mass of the nucleus I).
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ZIZ]e
[R—=R)|

= X1z

y —The interaction part between the nuclei.

=X

J |R | —The nuclei-electrons interaction part.

2
Vece = Xizj Ine—_rjl —The interaction part between the electrons.

|Ra — R[g| — The distance between the two nuclei a and 3
|1; — Ry| = The distance between the nucleus a and the electron i
|r - | — The distance between the two electrons i and j.

solving the Schrodinger equation can be really hard, especially for systems with lots of electrons
and moving parts, and their complicated interactions. Because it's so complicated, we usually
can't find exact answers. So, scientists use simpler methods and guesses to get close to the right

answer. Here are some of the main ways they do that:

2- Born-Oppenheimer Approximation

The Born-Oppenheimer approximation [5], developed in 1927
by physicists Max Born and Robert Oppenheimer, it is one of the
basic concepts underlying the description of the quantum states of
molecules. This approximation makes it possible to separate the
motion of the nuclei and the motion of the electrons. Despite its

movement, the nucleus remains very close to its equilibrium

position with respect to the electrons, which are very fast, and thus
it is possible to ignore the nuclei's kinetic energy in regards to the electrons' kinetic energy and

consider the nucleus-nucleus interaction energy as a constant quantity (V,, = Constant).

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

-0 S\ . . -0 >
system 'P(R, ,rl-)m the form of a product of an electronic function ¥, (R, ,rl-)and a nuclear
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. - 0 . .
function ¥, (R, ), thus, we can separate the motion of nuclei from that of electrons. Then the

wave function is written:
w(R'7) = (R )w (R 7) a3

[Te + Ve + Verl¥e (ﬁlof ?'1) =E, (ﬁlo) Y, (ﬁlol ?'1)
(1.4)
[Tn + V., +E, (ﬁlo)] W (1310) - EY, (ﬁlo)

Despite employing this simplification to the Schrodinger equation, the problem persists as
challenging to solve, primarily due to the intricate nature of electron-electron interactions.
Current mathematical methods are insufficient for resolving the complexities involved,

prompting the need for further approximations.

3- Hartree and Hartree-Fock Approximations (HF)

The Hartree-Fock approximation was introduced to address and rectify
theshortcomings of the Hartree approximation, which was initially proposed by
Hartree in 1928[6,7] . that all electrons be treated as identical particles that move
independently without interacting with other particles ( independent particle
approximation[8]). In this approximation, Hartree treats the interactions between

electrons as particles carrying a charge without taking into account the spin state.

The interactions are simplified to Coulombic repulsion interactions, overlooking
both exchange and correlation terms. Additionally, the wave function lacks "anti-

symmetry" as it does not account for the Pauli exclusion principle.[3,4].

Although the Hartree approximation overlooks electron spin and the Pauli exclusion
principle, it simplifies the Schrodinger equation by reducing the study of a large number of
electrons to that of a single electron., so that the total Hamiltonian H of electrons is the sum of
the Hamiltonians 4; of each electron, while the total wave function of the electronic system

represents by multiplication the individual wave functions of each electron [3,4].




15" CHAPTER THEORETICAL STUDY OF MANY-PARTICLES SYSTEM

Finally,the total energy of the electronic system is the aggregate of the energies of all
electrons. Following Hartree's approximation, the Hamiltonian equation for a single electron can

be expressed as follows:

H=%;h; (I5)

h;

o ZI| | ZJ|T _ | (16)

2m
Y. =1L¥; A7)

=& (L8)

In 1930, Fock [9] improved and refined Hartree's model by replacing electron wave
functions with a Slater determinant[10]. This change allowed Fock to address the
exchange effect, which Hartree had overlooked. As a result, the interaction between
electrons now includes both Coulomb interaction and the exchange effect. This led
to the replacement of previous functions with anti-symmetric functions. In his
analysis of electronic interactions, Fock introduced the concept of "spin" and

replaced the electronic system's wave function with a Slater determinant, as

expressed by the formula:

V() Ui () Ui (@) e ()]
V() U() W) - U(Py)
(02 Ba) @) - WaG)| @9

—Ll"N.(Fl) ll—'N.(FZ) Ll"N.(f3) lI"NG_')N)—

> o5 o -
Yup(1y, 72,73, w0, Ty) =

=
m—-

1 . . .
1S a normalization factor.

JNg!

where
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4- Density Functional Theory (DFT)

The aim behind Density Functional Theory (DFT) is to rewrite the Hamiltonian of the
electron using electron density rather than wave functions. Researchers like Dirac [9], Slater
[10], Hohenburg, and Kohn [11] have made significant contributions to this theory through their

theoretical work.

The DFT theory was first discovered in the works of Thomas and Fermi in 1927[13,4],
where They originated the core concept of expressing the total energy of an electronic system as
a function of electron density by treating the electronic system as a homogeneous and regular gas
of electrons where the continuous partitioning of the Brillouin zone (without taking into
consideration the correlation between electrons) was executed by the scientists Thomas and
Fermi, aiming to establish regions where the electron density remains constant in each part. The
subsequent two formulas present expressions for the density and kinetic energy of a

homogeneous electronic gas:

3

p = LEE (2’”‘”)E (L.10)

T 3m2 h?

E. = 3(2h2 )(3n2)§p§ @L.11)

5 \2m,

The ensuing table provides a comparative analysis between the Hartree-Fock method and

density functional theory, elucidating the distinctive characteristics in each method.[3].
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Table 1. 1: Comparison between the two methods, Hartree-Fock and the Density Functional

Theory (DFT) [14,15].

HF method

Principle: Schrodinger equation is solved
by considering the wave functions as a
variable basic.

Depended on the theory of the mean field
theory (MFT).

Calculates wave functions and
eigenvalue energy to obtain ground state
energy.

Depend on the large number of variables,
which makes the equation very
complicated and time consuming.

The wave functions obtained as solutions
for the Schrodinger equation have no
physical meaning.

Does not take into account the

correlation terms.

Principle: Solving the Schrodinger
equation by considering the electron
density as a variable basic.

Based on the two Hohenburg — Sham
theorems and shifting from the
Schrédinger equation to the Kohn-
Sham equations to find the solution.
Use electron density which has
physical meaning.

Reduce the number of variables
which makes the equation simpler
and faster compared to the HF
method.

Used to treat the correlation terms.
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4-1 Formalism of Density Functional Theory (DFT)

Density functional theory (DFT) is founded on the concept of expressing the overall
energy of a system containing numerous interacting electrons in terms of electronic density,

rather than wave function, where the electronic density is expressed by the formula:

p(#) = LiL4|#:(PH)I? (L12)
The Density Functional Theory (DFT) is based on two main theorems:

I. Hohenburg and Kohn Theorems

The foundational principles of density functional theory are encapsulated in the two
theorems introduced by Hohenberg and Kohn in 1964, which fundamentally revolutionized our
understanding of quantum mechanics by establishing a framework that

describes the electronic structure of many-body systems solely in terms of the "r

electron density distribution, rather than the more complex and computationally

intensive wave function.

Wl

A-1) First theorem:

The total energy of an electronic system is a functional of the electron density for an
external potential V (r), so it is possible to know all the properties of the system when

determining the electron density[3,16].
E[(M)] = FI@]+ [VEEdr® (113)
Where F [p] is universal functional.

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

— Z
Vext (n) = - ZAf (I.14)

A

Flp] = T[p] + Ulp] (1.15)

Where Z, is the charge of the nucleus, ria is the distance between nucleus A and electron i.

10
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A-2) Second theorem:

The second theory states that in order to derive the total energy of the ground state of the
electronic system, one only needs to identify the electron density that minimizes the density

function.
E(po(P) < E[p(#)] (116)
E(po) = MinE(p) limy n(P|T + XiVexe + Vee|¥ ) 117)

We can get the corresponding electron density of the ground state, by applying the

variational principle via the differential of total energy in terms of electron density:

aFlp()] _
V() = 0(L18)

Therefore, if the electron density which minimizes the energy function is known, we can

easily determine the wave function and the exact energy of the ground state.

I1. The Kohn - Sham equation

One of the difficulties in studying a many-electrons system is the inability to express the kinetic

energy and electron-electron interactions analytically in terms of electron density.

In 1965, Scientists Kohn and Sham proposed the foundational concept of substituting
the actual electronic system with a fictive system, wherein the
behavior of each electron 1is independent, unrelated, and

(
l 5‘\* unaffected by the actions of other electrons.It is only affected by

\\a

remaining particles on this specific electron[3,17,18].

v the effective potential (Kohn-Sham potential), This entails
\ W
A

considering both the external potential generated by the influence

of the nuclei and the potential resulting from the impact of the

The fictive system proposed by Kohn-Sham is characterized by:

11
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v The Kohn-Sham orbits which are space wave functions of a single electron are solutions
of the Schrédinger equation in this vacuum space.

v’ The fictive electronic system has the same electronic density as a real system.

v" 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 “T¢” and an additional term that expresses

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

Tg = Ty + T, (1.19)
T, =(P|T|¥) — {¢|T;|p) (1.20)

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

relation:
(P|Voel¥) =Uy + U, + U (1.21)
where the terms represent:
Un: The electronic Coulomb (Hartree potential)
Ui: The exchange energy between electrons of the same spin.
Uc: The correlation energy between the electrons.

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? 2
Ts[p] = <(Pi|_aA|(Pi > = — =% iV p;7dr; (122)

v The external potential generated by the effect of nuclei (nucleus-electron

interaction):

12
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Vaelpl = = [ 229 gy (1.23)

- 0
[Re =7 |
v The Hartree potential (Coulomb electron-electron interaction)

p@p(r’)

F—r"

Ulp] =5 drdr'(1.24)

v The exchange-correlation energy, which is the sum of the correlation and exchange
terms, it does not have an exact mathematical expression, but it is estimated by

approximations
Exclp] = Ex[p] + Ec[p] (1.25)
And finally, the Kohn-Sham equation is written as follows [19-21]:
Hys@i () = [Ts[p] + Vigs(D]oi(7) = e, (7) (1.26)
Vks(F) = Vexe () + V() + +Vxc (7)) (1.27)
Elpl = Tslpl + Vnelpl + Unlp] + Exc[p] (1.28)

1- Solution of the Kohn - Sham Equation

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

* The first step: define all the terms of the effective Kohn-Sham potential. the exchange-
correlation potential Ex. must be determined because this term has no mathematical formula but

it can be estimated by approximations.

* The second step: find the wave functions (Kohn-Sham orbits), which represent a solutions for

the Kohn-Sham equation given by [3]:

Pis(@) = Zj Cij on(?) (L.29)

Where ¢; () are the basic functions, and Cij are are the development coefficients.

13
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Z Cij Hys|oj | = Z Cijexs | (1.30)
7 7

((pklzcij HKSl‘Pj = <(pklzcijgl(5|(pj (I.31)
j j

D (oulHis|op) - exstorlop)cy = 0 (1.32)
J
It remains to determine the C;; coefficients.
The Kohn-Sham equation is solved according to an iterative cycles illustrated by

figure (I.1), where the process starts using an initial density p;,for the first iteration, this density
is used to solve the Kohn-Sham equation, then, We use a superposition of the atomic densities
and we compute the Kohn-Sham matrix, to solve the equations to obtain the Kohn-Sham orbitals.
After this step, we calculate the new densityp,,:, to check the convergence condition (if the
density or energy has changed a lot or not) and we mixed the two charge densities p,,.and p;,as

follow:

Pt = (1= a)ph, + plur (133)

Thus the iterative procedure can be repeated until the convergence condition is fulfilled.
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Figure L. 1: Self-consistent calculation flowchart.
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5-The Different Types of Approximation of the E.[p]

Since there is no analytical expression for the exchange-correlation potential between
electrons, various approaches have been employed to approximate its values. The precision of
the results obtained is primarily contingent on the mathematical formulation chosen for this

potential[3].

5-1 Local density approximation (LSDA)

This local density approximation (LSDA) was first proposed by Kohn and Sham in 1964
[22]where the inhomogeneous electronic system is approximated by a local homogeneous
electronic system after dividing the Brillouin region into small regions, and the expression

energy exchange - correlation is given by the relation :

EfPA = [ p(#) Exclp(P)]d? (1.34)

LDA LDA
= dEX;p [p] _ LA 4 p(7) dgd’;c (1.35)

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

two electron densities
p(P) = pr(¥) + py(¥) (1.36)

The Kohn-Sham equation for the two spins in the form [3]:

—hz - - -
<§ V2 + VeTff(r)> @ (F) = 51T<5(Pi(7”)
(1.37)

—hz 2 1 - >\ =
<EV + Veff(r)> @i(7) = egspi(F)

5-2 The Generalized Gradient Approximation GGA

The Generalized Gradient Approximation GGA is anew approximation was developed, in
which the localized electron density was considered to be non-homogeneous and varied from
place to place. so, the total energy of the electron system is proportional to both the electron

density p (¥)and and its gradient Vp (¥), as shown by the equation[23]:

e
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ESchlp(M] = [dPtp®exclp (©),Vp ®] (1.38)

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

this method aimed tolook forthe wave functions as solutions to the Cohn-Sham equation became
necessary. After extensive research, certain approaches emerged, including the OPW method
presented by Herring theory in 1940 [24], the LMTO method [25], and the FP-LAPW method,

where these methods are dependent on the quality of the effective potential utilized.

6-1 The Plane Wave method (APW)

The plane wave method was carried out by the scientist Slater [26]where he divided the
crystal space into two parts based on the Muffin-Tin approximation [27](see Figure 1.2) by
representing the atoms as non-overlapping spheres of radius Ry in which the core electrons are
located, and between these spheres, an interstitial region containing free electrons that are away

from the nuclei of their atoms.

The MT Spheres ’/Q Q ‘

Figure I. 2: Diagram of the distribution of the elementary cell in atomic spheres and in

interstitial region.

According to this approximation, the core electrons located inside the sphere are subjected to the
spherical potential, on the other hand, in the interstitial region the potential is constant[3]. So, the
potential in the two regions is given in the form:

V(@) = {‘é(r) rri RR(‘)) (1.39)

e
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The waves that describe the behavior of electrons inside MT spheres differ from those in the
interstitial region, they are described by plane waves in the interstitial region, while inside
spheres by functions radials multiplied by spherical harmonics[3]. The two different wave

functions are given by the following expression:

co m

D AU i ) r< Ry
o= 12T (1.40)
_Z CG ei(l_()'I'G%)‘r-> T'>R0
NopA

Where , Q: The cell volume
Yim: Spherical harmonics

A Development coefficients

U;: The regular solution of the Schrodinger equation given by[28]:

( A2 I(l+1)

_d‘r'z rz V(F)) rUl = ElUl (141)

Where E;: An energy parameter.

6-2 The Linearized Augmented Plane Wave Method (FP-LAPW)

The darkpoint of using the APW method is its slow process in calculations due to the common
radial function Uj; additionally, it is difficult to define the radial function for each value of
energy E,. so that, Anderson [29]made improvements to the APW method [30]by using the
Taylor expansion to write the radial functions U; (r) in the following form:

du,(r,E)
dE

Ul(T,E) = Ul(r,El)+ (EZ—E) . +0(E1_E)2 (142)
=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:

18
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m
z Vim (1) Yim r< R,
Vi) =< m™m (1.43)
Z V,(r)er 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 [31,32]:

> (Amlh @) + Bl ) Yin@ 1< Ry
Preg) =4 " (1.44)
_z C, el (K+G)F r >R,

Where :

—

K: represents the wave vector.

G : is the vector of the reciprocal lattice.

Ajp,:: are coefficients corresponding to the function Uj.

B 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 A;,, and By, in the following

forms:

4mro®it |
Aim = NG Y'm(K+ G)a;(K + G) (1.45)
47IT02iL
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7- WIEN2K software

This program consists of many subprograms written in Fortran language, which are

algorithms that translate equations of the crystalline system processed according to density

functional theory (DFT), adopting the full potential linearized augmented plane wave (FP-

LAPW) method as a means to calculate algorithms for studying compound properties [3].

The most important subprograms and their roles in the Wien2k program[33] are indicated

in the diagram presented in Figure 1.3 and are organized as follows: [3]:

*

NN: This subprogram calculates distances between nearest neighbors up to a
specified limit, thus helping to determine the value of the atomic sphere radius.
SGROUP: Determines the space group of the compound.

SYMMETRY: A program that determines the symmetry number and symmetry
operations of the space group of our structure.

LSTART: Computes electron densities of free atoms and determines how
different orbitals will be treated in band structure calculations.

KGEN: Generates a mesh of K points in the irreducible part of the first Brillouin
zone (1st BZ). The number of K points in the entire 1st BZ is specified.

DSTART: Produces an initial density for the self-consistent field (SCF) cycle by

superimposing atomic densities produced in the LSTART subprogram.

After the last subprogram, we enter into a loop of SCF calculations and consequently

proceed to the following five steps:

v

LAPWO (POTENTIAL): Uses the total electron density to calculate the Coulomb
and exchange potentials (Hartree-Fock potential). Additionally, it divides space
into a muffin-tin (MT) sphere and an interstitial region.

LAPWI1 (BANDS): Calculates eigenvalues and wave functions for valence
electrons from the solution of equation (I.1) .

LAPW2 (RHO): Calculates valence electron densities obtained in the LAPWO

step.

20
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v" LCORE: Computes eigenvalues and wave functions to obtain core electron
densities.

v' MIXER: Computes the new density through mixing.
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Figure L. 3: The flowchart of the Wien2k code subroutines [3].
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1) Introduction

As an application of what was discussed in the theoretical part, we initially studied the
structural properties of MgSnO3 and CaSnQj; peroviskite compounds. We calculated the
lattice constant as well as the bulk modulus, and its the first derivative. Then, we determined
the electronic behavior of the compounds through the analysis of band structure curves and
density of states. Finally, we calculated the thermal and thermoelectric properties of the

compounds.

2) Calculation Details:

The findings in this study were obtained using the linearly augmented plane wave (FP-
LAPW) method[1-6], integrated into the Wien2K simulation program [7], primarily based on
density functional theory [8—13]. We used only the generalized gradient approximation
(GGA) [14] to approximate the exchange-correlation term in estimating structural, electronic,

and thermoelectric properties.

Thermoelectric transport properties are evaluated using the BoltzTraP software[15] that
based on the semi-classical Boltzmann theory , whilst the effect of temperature and pressure
on heat capacity, Debye temperature lattice thermal expansion and entropy properties have

estimated using the quasi-harmonic approximation integrated in GIBBS2 software[16,17].
Based on the muffin-tin (MT) approximation [18], we divided space into two regions:

First Region: In this region, we considered atoms as spheres with semi-radii Ry, where the
wave function inside is described by spherical harmonics with a maximum angular
momentum of l,,x= 10. For the compounds we studied, we took the values of 2.0 a.u for each
of the "Ca" and "Mg" atoms, 2.0 a.u for the "Sn" atom, and 1.4 a.u for the "O" atom as the
semi-radii for the constituent atoms of the compounds. It's important to note that all inner
electrons "core electrons” must be contained within these spheres without any overlap

between them.

Second Region: This intermediate region represents the remaining space from the first
region. In this region, the wave function is represented as plane waves with a cutoff parameter
RmiKmax, where Ry, is the average muffin-tin radius and K.« is the maximum value of the

wave vector for the reciprocal lattice. The optimal value for the cutoff parameter was chosen
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as RnKmax = 8, with a total of k-peins=800 k. The electronic distribution for the constituent

atoms of the compounds was as follows
Mg : [Ne] 3s”

Sn :[Kr] 5s2 4d! 5p*

O : [He] 252 2p*

Ca :[Ar] 452
3) Results and discussions
3-1) Structural properties

Both compounds MgSnO3; and CaSnQOs, crystallize in the cubic structure with the space group
Pm-3m. The initial unit cell, as depicted using the VESTA program [19-22] and plotted in
the FIGURE (II-1) , consists of 5 atoms occupying the following Wyckoff positions:

Caor Mg —(0;0;0)
Sn — (0.5; 0.5; 0.5)

O — (0.5; 0.5; 0)(0.5; 0; 0.5)(0; 0.5; 0.5)
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FIGURE( II-1):(a) Crystal structure of CaSnQO3 and MgSnOs,

to calculate the equilibrium structural properties of the compounds MgSnO3 and CaSnOs, we
computed the total energy variations for the primitive cell at different volumes using GGA
approximations. Subsequently, we plotted the curve of total energy variations as a function of
volume and to fit the findings, we employ the Murnaghan equation [23] expressed by the

following Equation :

B

v, B
E(V) = E, + V(V) “Vo| +=(V=Vo) (I1)

B'(B'—1)
Where the parameters represent:

- Vo : The volume of the cell at equilibrium.

- Eo: The total energy of the primitive cell at equilibrium.
- B: Bulk modulus.

- B': Pressure derivative of the bulk modulus.

The expression for the bulk modulus is given by the equation:

B = vap—vazE 1.2
- oV 9V2 (1.2)

Through the plotted curves presented in FIGURE (II-2), we determined the corresponding
volume for the minimum energy. Afterwards, we calculated the lattice constant a(A) and the

bulk modulus, comparing them with other results, whether experimental or theoretical, as
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illustrated in TABLE (II-1). We observe the obtained results were consistent with those
obtained in other works. Regarding the bulk modulus, which reflects the material's resistance
to deformation under external pressure, we found that the compound MgSnO; has a larger
bulk modulus than the compound CaSnOs;. Therefore, it is more resistant to pressure and
hence serves as a good indicator of the high stability of both MgSnO; CaSnO; and against
pressure effect. also, According to the volume change curves as a function of pressure, we
observe that the breaking of the crystal lattice decreases almost linearly with increasing

pressure.

TABLE II-1: Values of the structural parameters obtained for MgSnQO3; and CaSnQO3

compounds and calculated by GGA approximation.

MgSnO3 CaSnO3;
Vo(a.w)® 444.4368 Vo (au)’ 457.3079
B(GPa) 155.5685 B(GPa) 149.2411
BP(GPa) 4.7940 BP(GPa) 4.6621
Ey -13210.483318 E -14170.841981
Cubic lattice parameter | 4.0384 Ang Cubic lattice parameter | 4.0770 Ang
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FIGURE II-2: Total Energy-Volume and volume-pressure Curves of MgSnQOj calculated

using GGA-sol approximations.
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3-2) Electronic Properties:

The investigation of electronic properties holds significant importance as it enables the
identification of the most appropriate electronic or electrical applications for a material. This
objective is accomplished through a thorough comprehension of the compound's electronic
characteristics. Consequently, our research delved into the energy bands of the compounds,
aiming to ascertain their electronic behavior; whether they fall into the categories of
insulating, conducting, or semi-conducting materials. Additionally, we explored the density of
states to pinpoint the atomic orbitals influencing each band, thereby enhancing our

understanding of the formation of interatomic bonds.
3-2-1) Energy Bands:

The energy bands for both compounds, MgSnO; and CaSnOs3, were studied in their
stable state in the first Brillouin zone, along the high-symmetry points and following the path

(R-T-X-M-I).

Through studying the energy band diagrams drawn for both compounds and calculated GGA

approximations, we noted the following points:

v For both compounds: When using both GGA approximations, we observed that there
are no energy bands crossing the Fermi level, and there is an energy gap separating the
valence bands (below the Fermi level) from the conduction bands (above the Fermi
level). Thus, electrons in the valence bands can only transition to the conduction bands
if they acquire energy greater than the energy gap value.

v' The value of the energy gap is the difference between the lowest point in the
conduction band and the highest point in the valence band.

v The energy gap value for the CaSnO; compound is 1.13 eV (indirect band-gap I'-M)
when using GGA approximations, respectively.

v The energy gap value for the MgSnO; compound is 0.76 eV (indirect band-gap I'-M)

when using GGA approximations, respectively.

33



RESULTS AND DISCUSSION

2P CHAPTER:

— T T T T T T
R T AN O A T O X o T
L L e B o B |

| e |

(A?)A310uy

R

L L L L L L L L B B |
N =2 N o BT o\ I A - o\ |
L L e B

L I |

(Ad)A3I0uy

<
i

FIGURE II-4: band structure spectra for both compounds MgSnO3; and CaSnOs,
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3-2-2) Total Density of States (TDOS) Partial Density of States (PDOS):

Understanding which electrons contribute to each energy band and interpreting atomic bond
formation often requires a detailed study of a compound's electronic properties. This is
typically achieved through analyzing the Total Density of States (TDOS) and partial density
of states (PDOS) curves as a function of energy. Figure (II.5) and Figure (I.6) shows the
distribution of both the total and partial density of states for the compounds MgSnO; and
CaSnOs calculated using the GGA approximations. Through it, we can record the following

observations:

1- The absence of states around the Fermi level for both compounds confirms the
semiconducting behavior of both compounds.

2- For both compounds MgSnO3; and CaSnOs, we obtained identical curves using the
GGA approximation. As shown in the figure, The valence and conduction bands are
separated by an energy gap with a value equal to that obtained when studying the

energy bands.

The contributions of atomic orbitals with respect to the energy indicated in Figure (II.5) for
the compound MgSnO; and Figure (I1.6) for the compound CaSnOs; can be divided into

several regions as follows:
For the compound MgSnO; From Figure (IL.5), we observe :

* [-9eV & -5 eV]: the contribution from the "s" orbital electrons of «Sn » atom.

* [-5eV & 0eV]: the contribution from the "p" orbital electrons of «O » atom, "p", and
"d" orbital electrons of «Sn » atom.

* [0.7 eV «< 8 eV], there is a contribution from the "s" orbital electrons of «Mg »atom,

and "s" orbital electrons of «Sn » atom.
.For the compound CaSnO; From Figure (I1.6), we observe :

* [9eV & -5eV]: the contribution from the "s" orbital electrons of «Sn » atom.

* [-5eV < 0eV]: the contribution from the "p" orbital electrons of «O » atom, "p", and
"d" orbital electrons of «Sn » atom.

* [1eV «9eV], there is a contribution from the "s" orbital electrons of «Ca »atom,

and "s" orbital electrons of «Sn » atom.
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4- The Thermodynamic Properties

We have dedicated this section to studying some thermal properties of the
compounds MgSnO3; CaSnOs such as heat capacity at constant pressure or volume,
thermal expansion coefficient, entropy, as well as the bulk modulus under the
influence of pressure and temperature. Regarding the pressure applied to the
substance, our findings are carried out in the pressure range [0-10 GPa], while the

effect of temperature was studied in the range [0-800 K].
4-1 Heat Capacity Cv

The heat capacity of a solid material is a physical quantity that expresses the amount of heat
required to raise its temperature by one degree. The heat capacity of any substance is very
important because it reflects the material's ability to absorb thermal energy. This ability is
primarily related to the number of freedom degrees of the body and the available vibrational
modes of its solid-state components. Logically, the absorption capacity increases with an

increase in the number of degrees of freedom of the particle[25,26].

After calculating the variation in the heat capacities of the MgSnO3z and CaSnO3 compounds
at constant volume (Cv) in response to changes in both temperature and pressure separately,
as shown in Figures (I.7) and (II.8) respectively, we observed that the heat capacity Cv
decreases with increasing pressure because the particles approach each other due to the
applied pressure on the crystalline lattice, and therefore, the atoms constituting the solid

material have less freedom which reducing their ability to absorb energy.

For the temperature dependence of the heat capacity Cv, we noticed that Cv increases rapidly
with increasing temperature as T at low temperatures (below 200 Kelvin), and then its
increase slows down at high temperatures, approaching a limiting value of 125 J/molK

according to the Dulong-Petit law[27].
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FIGURE II-7: variation of the heat capacity "Cv" of the compound MgSnOj3 as a function of
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2-4 Entropy

Thermodynamic entropy can be defined at two levels: on the microscopic level,
entropy represents a measure of system disorder (chaos and randomness) or the number of

possible states that any system can take. This is expressedas S =k Ln 2 (I1.4)

where Q represents the number of possibilities or arrangements that a compound can occupy,
while k represents the Boltzmann constant. On the macroscopic level, entropy is the amount
of internal energy of a substance that cannot be converted into useful work and can be

considered as unusable energy for obtaining work [25,26].

The value of entropy for a substance is related to its internal compositions and is influenced
by several factors. When the entropy value increases, it leads to numerous changes in the
internal structure of the compound, such as atomic vibrations deviating from their equilibrium
positions, electrons transitioning from one electronic level to another, or changes in the

random occupation of atomic sites in the crystalline lattice [25,26].

During our study of changes in entropy under the influence of two important factors in nature,
namely temperature and pressure, we observed from the diagrams shown in Figure (II.9) that
the entropy of the MgSnO3; and CaSnO3; compounds have the same behavior and influenced
by temperature effect, where we can see a proportional relationship between entropy changes
and temperature. This is justified by the fact that the MgSnO3; compound, under the influence

of temperature has new configurations.
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FIGURE II-10: variation of the entropy (S) as function of temperature of MgSnO;
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4-3 Thermal Expansion Coefficient:

The thermal behavior of solid materials used in electronic devices has
considerable importance, especially for devices that emit significant heat to the external
environment. Among the most important thermal properties of solid materials is the thermal
expansion coefficient. This is because thermal expansion of the material can lead to breaking
and damaging parts or other materials within the devices, or at least cause pressure that may

affect their electronic properties [25,26]

Thermal expansion occurs as a result of the action of thermal energy on the material’s atoms
through rising their vibrations ( move away from their equilibrium position and from each
other) . The thermal expansion coefficient is related to several factors, including the nature of

the bonds between atoms as well as the packing factor in the material.[25,26]

The thermal expansion coefficient of the MgSnO3; and CaSnO3; compounds, calculated using
the GIBBS2 program in a heating range up to 800 Kelvin and under the influence of an
external pressure of up to 15 GPa, is depicted in curves shown in Figure (II.11). The obtained
results indicate that the studied compound has a very rapid expansion capability at low
temperatures (below 200 Kelvin), and the expansion coefficient increases at a slower rate at

high temperatures.
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5- Thermoelectric Properties

After examining the impact of heat on the thermal properties of solid materials, we will now
explore the effect of temperature variation on the electrons within these materials. According
to the article "Thermoelectric Devices: Principle and Future Trends"[28], materials exhibiting
semiconductor behavior possess excellent thermoelectric properties. These materials are
highly suitable for practical applications such as thermoelectric generators, thermal sensors,
and thermoelectric motors. Given that MgSnO3 and CaSnO3 exhibit semiconductor behavior,
we decided to investigate their thermoelectric properties, including the Seebeck coefficient,
thermal conductivity, electrical conductivity, electronic specific heat capacity, and the ZT

factor[26].

5-1 Seebeck Coefficient

The Seebeck coefficient, as an intrinsic electrical quantity, characterizes the
solid material by describing the difference in electrical potential (voltage) between the ends of

a material subjected to different temperatures.

Figure (I.13) and Figure (II.14) illustrates the changes in Seebeck coefficient with
temperature for the MgSnO; and CaSnOsz compounds. Through this figure, we noted the

following points:

1. The values of the Seebeck coefficient are high at intermediate temperatures, between
300 and 400 Kelvin, while they are low at temperatures above 400 Kelvin.

2. The maximum value of the Seebeck coefficient recorded for temperatures confined
within the range of 300-400 Kelvin is greater than 2.5 mV/K for CaSnO3 and 1.5 mV/K
for MgSnOs.
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5- 2 Electrical Conductivity

Electrical conductivity (also known as electrical transport) of materials is another important
characteristic in solid materials, as it represents the material's ability to conduct and carry
electrical current. Electrical conductivity is linked to the internal structure of materials, their
electronic behavior, and some external factors such as temperature, which leads to atomic
vibrations and consequently to interactions between electrons (charge -carriers) and

phonons[26,29].

Figures (II.15) and (II.16) depicts the changes in electrical conductivity with temperature for

the studied compound. Through this figures, we noted the following points:

1. Electrical conductivity is maximized within the chemical potential range [+0.5 ; 1 eV] for

CaSnO3 and [-1; -0.5 eV [for MgSnOs.

2. As the temperature increases, the value of electrical conductivity decreases due to the

increase in resistance caused by the more vibrations of the atoms in the crystalline lattice.
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FIGURE II-15: The electrical conductivity at different temperatures varies with changes in

the chemical potential for CaSnO3; compound.
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chemical potential of MgSnOs.

5-3 Electronic Thermal Conductivity:

Charge carriers can also contribute to electrical conductivity, and there is a portion of heat

transferred with the charge carriers[26,29].

Figure (II.17) illustrates the changes in electronic thermal conductivity with temperature for

the studied compounds. Through this figure, we noted the following points:
1.The electronic thermal conductivity increases with temperature.

2. The thermal conductivity exhibits a similar behavior to electrical conductivity for both
compounds. This relationship between electrical and thermal conductivities follows the

Wiedemann-Franz law, given by:

K, =LoT (wherelis Lorentez number) (II.5)
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5-4 ZT Factor

the optimal selection of materials for their thermoelectric efficiency is a key focus of both
theoretical and experimental research. Evaluating the performance of thermoelectric materials
involves assessing their figure of merit, ZT. The ZT value is a crucial parameter that
quantifies the efficiency of a thermoelectric material, and it is determined using the following
expression:

S%To
Tk

ZT

(I1.6)

Where:

- S is the Seebeck coefficient,

- o 1s the electrical conductivity,

- k is the total thermal conductivity, and
- T is the absolute temperature.

Figure (II.19) illustrates the variation of the figure of merit ZT at different temperatures with
respect to changes in the chemical potential. Through this figures, we observe that the values
of ZT for both compounds reached its maximum value (ZT=1) when the chemical potential is
confined in the range from [-1.5 to -0.5 eV] for all temperatures for CaSnO3; and between

[-0.25 to 0.5 eV] for MgSnOs.
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Conclusion

Conclusion

In this study, we employed a program called Wien2k, which is primarily based on Density

Functional Theory (DFT) for simulation purposes. DFT involves various approximations to

handle the complex calculations of electronic structure, with the Generalized Gradient

Approximation (GGA) being the specific method chosen for this research. The findings from this

study can be summarized as follows:

v

The compound MgSnOs3 has a larger bulk modulus compared to the compound CaSnOs,
indicating that MgSnO3 is more resistant to pressure and less compressible.

The energy gap for the CaSnO3; compound is found to be 1.13 eV (indirect band-gap I'-
M) using GGA approximations.

The energy gap for the MgSnO3; compound is determined to be 0.76 eV (indirect band-
gap I'-M) using GGA approximations.

For both compounds, the heat capacity Cv decreases linearly with increasing pressure,
indicating a predictable response to pressure changes.

The heat capacity Cv increases rapidly with rising temperature at low temperatures
(below 200 Kelvin), and then approaches a limiting value at high temperatures, showing
typical thermodynamic behavior.

The Seebeck coefficient values are notably high at intermediate temperatures, specifically
between 300 and 400 Kelvin.

The maximum value of the Seebeck coefficient recorded for temperatures confined
within the range of 300-400 Kelvin is greater than 2.5 mV/K for CaSnOs and 1.5 mV/K
for MgSnOs.

Electrical conductivity is maximized within the chemical potential range of [+0.5 to 1.0
eV] for CaSnO3 and [-1.0 to -0.5 eV] for MgSnOs3, suggesting optimal doping levels for
electrical performance.

For both compounds, as the temperature increases, the values of electrical and thermal
conductivities also increase. This parallel behavior suggests that both properties are

closely related in these materials.
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Abstract

In our work, we conducted a theoretical study to calculate the structural, electronic,
thermodynamic, and thermoelectric properties of the compounds MgSnO3; and CaSnO; 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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