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Résumé

Cette these présente une étude modélisatrice de l'effet du dopage par des impuretés
magnétiques simples et doubles sur les propriétés électroniques, magnéto-optiques, et
thermoélectriques des matériaux: Sni_o, Mn,A,O-, doubles pérovskites, et Znq_, 1T M,O
nanofeuilles. Nous avons utilisé une méthode construite au sein de la théorie de la fonc-
tionnelle densité (DFT) dite, FP-LAPW. En effet, nos travaux de recherche s’articulent
autour des alliages demi-métalliques ayant des applications dans le domaine spintron-
ique ainsi que dans le domaine des énergies renouvelables, et particulierement du type
photovoltaique et thermoélectrique. Plusieurs approches ont été utilisées pour définir le
potentiel d’échange et de corrélation, notamment GGA, GGA+U, TB-mBJ, YS-PBEOQ et
GGA+SOC. L’une des principales propriétés de nos résultats, que ce soit dans le bulk ou
dans la nanofeuille, est la « demi-métallicité », ou les électrons de conduction sont polar-
isés & 100% en spin en raison d’un écart étroit au niveau de Fermi. Selon nos résultats, les
composés demi-métalliques sont capables d’absorber le maximum de lumiere visible. En
outre, les propriétés de transport en fonction de la température et du potentiel chimique
garantissent une excellente conductivité électrique, une faible conductivité thermique et
une meilleure figure de mérite (ZT), ce qui conduit & des performances thermoélectriques
plus élevées. Cela nous pousse a prédire que ces alliages ont tout le pouvoir d’effectuer la

conversion photovoltaique a haute efficacité dans les cellules solaires.

Mots-clés: Demi-métallique ferromagnétique et Antiferromagnétique, structure 3D et les

nanofeuilles 2D, Spintronique, conversion photovoltaique, propriétés thermoélectriques.
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Abstract

This thesis presents a modeling study of the effect of doping by single and double mag-
netic impurities on the electronic, magneto-optical, and thermoelectric properties of ma-
terials: Sny_o,Mn, A, Oy (A=Mo/Tc), double perovskites, and Zn;_,T M,O nanosheets.
We used a method built within density functional theory (DFT) called FP-LAPW. In-
deed, our work focuses on half-metallic alloys with applications in the spintronic domain
as well as in the field of renewable energies, particularly of the photovoltaic and ther-
moelectric types. Several approaches have been used to define exchange and correlation
potential, including GGA, GGA+U, TB-mBJ, YS-PBEO, and GGA+SOC. One of the
main properties of our results, whether in the bulk or nanosheet, is "half-metallicity",
where the conduction electrons are 100% spin polarization due to a narrow gap at the
Fermi level. According to our results, half-metallic compounds are able to absorb the
maximum amount of visible light. Furthermore, the transport properties as a function of
the temperature and the chemical potential ensure excellent electrical conductivity, low
thermal conductivity, and better figure of merit (ZT), which leads to higher thermoelec-
tric performance. This leads us to predict that these alloys have the power to perform

the high-efficiency photovoltaic conversion in solar cells.

Keywords : Half-metallic ferromagnet and Antiferromagnet, 3D structure and 2D nanosheets,

Spintronics, photovoltaic conversion, thermoelectric properties.
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General Introduction

General context

The study of and use of the characteristics of matter is the focus of the multidisci-
plinary area of materials science. It involves establishing a link between the desirable
features and the comparative effectiveness of a material in a particular application. Re-
cent years have seen a concentration of research in novel fields, including nanotechnology,
electronics, optics, and thermoelectric systems, which requires an in-depth investigation of
the diverse range of material classes. Particle, atom, and molecular behavior are explained
at the microscopic level by quantum physics theory. This theory made it possible to the-
oretically describe the physical properties of matter depending on the laws that govern
the interactions of particles. The Hamiltonian of the system describes these interactions.
To obtain a deeper comprehension of the origin of the physical, magnetic, electronic, op-
tical, and thermoelectric characteristics of materials in general, we must employ accurate
and efficient computations for a complex system with high correlation. However, the
Schrodinger equation cannot be solved analytically, except in basic situations such as the
hydrogen atom. For this reason, we need to use theoretical approximations to have more
exact properties close to reality. Theoretically, density functional theory, which makes it
possible to quantify the ground state energy and electron density of the substance, may
explain electron behavior and the atoms that make up condensed matter. Pierre Ho-
henberg [1], Walter Kohn, and Lu Sham [2] developed the equations that form the basis
of this theory in 1960. The FP-LAPW approach (Full Potential-Linearized Augmented
Plane Wave), adopted in the Wien2K code, is among the more precise for determining

the electronic property of condensed matter in a ground state.

In recent decades, scientific research into novel materials at the nanotechnology scale
has led to a significant modernization of daily life due to technological advancements. For
decades, the electron charge was the only factor considered when calculating the phys-
ical properties. Recently, the electron spin is a second fundamental property. It is the
angular momentum associated with the electric charge. This new characteristic is used
to data storage, a long-standing application for ferromagnetic materials. Electron spin

has grown as bit density on hard drives has increased. The first spintronics products



to be commercially successful were giant magnetoresistance (GMR) read heads. For the
finding of the GMR effect [3, 4], 2007 saw the Nobel Prizes awarded to P. Griinberg and
A. Fert. Recalling this achievement is crucial since it was the first to employ electron
spin polarization with charge transport in electronics. When an external excitation, such
as the magnetic field, is introduced to a device, it uses the quantum effect of electron
spin to control the magnetization orientation. This influence first appeared by Motte in
1936. Both experimental and theoretical evidence demonstrated this fact towards the
end of 1960. A technological advancement called tunnel magnetoresistance (TMR) has
improved the functionality of modern hard disk systems [5, 6]. Since TMR is the founda-
tion for all modern hard drive read heads, this new branch has already had a significant
influence. Using materials with high polarization maximizes tunnel magnetoresistance
(TMR). Magnetic Random Access Memories (MRAM) also make use of this effect. At
present, Spin Electronics is searching for novel materials to address several technological
issues that limit the development of new products. The most promising substances for
creating significant-performance magnetic recording media with high densities of writing
and reading are half-metallic ones. Potential uses in spintronics have drawn interest in
ferromagnetic half-metals (HM-FM) [7].

In the field of spin electronics, integrating spinning devices with GMR or TMR in
microelectronics is another crucial challenge. This integration is challenging due to the
difference in electrical resistivity between metallic and semiconductor materials commonly
used in microelectronics. A workaround for this issue would be to employ magnetic semi-
conductor materials instead of the typically used metallic ferromagnetic materials as fer-
romagnetic electrodes in TMR systems. The first suggested the notion of half-metallic
ferromagnet in 1983 by De Groot et al. [8]. Doping a conventional wide-gap semiconduc-
tor, such as ZnO, SnO,, TiO,, etc., with transition metals (TM= Cr, Fe, Co, Ni...) is the
easiest method of making a semiconductor magnetic. The fabrication of 77O, thin layers
doped with Co that display ferromagnetism at ambient temperature in 2001 [9] represents
the first significant breakthrough in the field from an experimental perspective. Also, in
2001, thin films of Co-doped ZnO that were ferromagnetic at room temperature were
produced [10]. Dilute magnetic semiconductors (DMS) have higher curie temperatures
because the dopant causes long-range magnetic order that passes via the carrier [11]. Find-
ing room-temperature ferromagnetism in semiconductors doped with magnetic elements is
a significant challenge for researchers engaged in this subject. Localized transition metal
d electrons are the primary source of magnetic moment in half-metallic ferromagnetic
HMF materials. Many studies on semiconductors with band gaps above 3eV, especially
SnOy and ZnO, have been spurred by an investigation by Dietl et al. [12]. Wide band
gap semiconductors have already generated much interest outside their potential use as
DMS.



Furthermore, some double perovskite oxides exhibit half-metallic properties with 100%
spin polarization conduction electrons. The existence of magnetoresistance, or more
specifically, the TMR at room temperature, has been found in SryFeMoOg by Kobayashi
et al. [13], indicating potential uses in spin-based technologies, MRAM, and DRAM.
Double perovskites have a relatively high curie temperature (Tc), which implies that
conduction electrons are more spin-polarized. Among them, SroCrReOg has a Curie
temperature of Tc = 635K [14, 15]. These materials provide a fascinating option for

spintronic uses.

Researchers have become increasingly interested in utilizing "renewable" resources that
derive energy from the sun. Daily radiation from the sun gives the world a comparable
amount of energy, thousands of times more than what humanity needs for all of its current
activities. As a result, trying to profit from it is reasonable. Photovoltaic energy converts
solar electromagnetic radiation to electricity, making it a renewable energy source. In a
photovoltaic cell, sunlight is directly transformed into electric current by charge separation
on a p-n junction employing a semiconductor material. This cell functions by using the
characteristics of both radiation and semiconductors. Technological advancements can
increase the efficiency of photovoltaic cells to meet growing energy demands. High light
absorptions and extended diffusion dimensions, among other qualities, have also shown

to be very helpful in solar cell development [16].

Thermoelectricity is also one of these new sources of renewable energy. Thermoelectric
materials are exceptional because they can directly transform the thermal flow into elec-
trical energy (Seebeck effect) and, in the other direction, an electric current into thermal
flow (Peltier effect). Since thermoelectricity offers the opportunity to recycle energy lost
as heat into electricity, its application appears especially prudent. As a result, research
into lowering the price and increasing the efficiency of thermoelectric materials is crucial.
There are two approaches to enhancing thermoelectric efficiency while reducing depen-
dency on network thermal conductivity and electrical properties. One is to modify the
electronic band gap to increase the electrical power factor (PF) [17]. The other option
is to reduce thermal conductivity by adding defects (substitution, interstitial, vacancy)
or phonon scattering centers in many dimensions. DMS and double perovskite materials
have become recommended for TE uses because of their remarkable temperature stability

and environmental friendliness.

The process of characterizing materials involves a multitude of metrics and qualities,
with one of the key influencing factors for this process being the system dimensionality.
The advent of novel technology increases the likelihood of discovering and producing new
material types. The example of the first two-dimensional material ever synthesized in the

laboratory is graphene in 2004 [18, 19, 20]. The possibility of creating 2D materials was



long thought to be unattainable. In that field, theorists like Landau and Peierls [21, 22]
proposed that any two-dimensional crystal was thermodynamically unstable. Andre Geim
and Kostya Novoselov of Manchester University successfully isolated a graphene sheet
having a single layer of carbon atoms using the "Scotch tape" method after 2004 [23, 24].
2010 saw this outcome win the Nobel Prize in Physics. Graphene is well-known due to its
unique characteristics, which include a 0eV band gap, an unusual electrical band structure,
and high transparency [25]. Nevertheless, the 0eV band gap of graphene restricts its use in
optoelectronics. Future generations of nanoelectronics need to decrease the size of circuit
parts without sacrificing quality. Using monoatomic thin layers of 2D materials and their
fusion quality can more effectively control electrostatic conductivity. In addition, the
charge carrier dispersion in 2D materials is less than in their bulk counterparts because
there are fewer dangling bonds [26]. The decrease in dimensionality can cause a band
gap opening due to the quantum confinement phenomenon [27, 28|. This result suggests
that the two-dimensional material has considerable potential and remarkable chemical
and physical capabilities. Zinc oxide (ZnO) nanosheets are one of the most transparent,
non-toxic, and abundant 2D materials found in nature. Recent efforts have enabled the
doping of ZnO nanosheets to produce half-metallic ferromagnetic behavior. According
to Zheng et al. [29], ZnONS may take on a half-metallic appearance when nonmagnetic

atoms are added, which makes them valuable for spintronics applications.

Objective of the thesis

The primary objective of the research work of this doctoral thesis is to realize half-
metallic materials that can absorb as much solar light as possible, especially in the visible
spectrum. These materials also can convert heat into electricity. This thesis presents a
study by modeling and simulation of the magnetic, electronic, thermoelectric, and optical
properties of SnOy co-doped with Mn and A=Mo/Tc, ZnO nanosheets doped by (Fe, Co,
Ni, or Cu), and double perovskite oxides, using the methods of first principles so-called ab-
initio which are among the most accredited simulation methods. Applying the FP-LAPW
method, we treated the exchange-correlation potential via YS-PBEO, mBJ-GGA, GGA,
GGA+SOC, and GGA+U approximations employing the Wien2k computation code. The
ability of these methods to accurately and consistently provide results in modeling the
electronic property in addition to the optical, thermoelectric, and magnetic characteristics
of these materials has been proven. Doping with single or double impurities makes it
possible to achieve half-metallic ferromagnetic behavior in our materials. The combination
of spintronics and optoelectronics fields has yet to be fully explored and remains a stranded
domain. Although ferromagnetic materials are not yet used to create solar cells, they may
prove crucial in future generations as solar cell technology advances. To that end, we have

examined how ferromagnetic behavior affects optical performance in sunlight, specifically



in the visible spectrum, and how it may be advantageous in photovoltaic applications
within solar cells. In addition, this study sheds light on antiferromagnetic half-metallic
SroTcReOg, which have remarkable properties such as the spin polarization of the carriers
being 100% close Fermi level with a total magnetization equal to zero. These materials
are desirable for manufacturing spin-polarized scanning tunneling microscopes. Indeed,
they serve in the manufacture of local magnetic order probes without altering the total

magnetic character of the system.

Structure of the thesis

We have organized this thesis into five chapters:

Chapter 1: Theoretical investigation: Concepts and Methodologies

The first chapter covers the basics of the Kohn-Sham equations, density functional
theory (DFT), and several methods for figuring out the exchange potential and correlation.
This makes it possible to examine the electronic properties of materials as well as their

magnetic, optical, and thermoelectric characteristics.

Chapter 2: Generality of Dilute magnetic semiconductors (DMS) and
the application of half-metallic materials

The second chapter covers the most common uses of ferromagnetic half-metallic ma-
terials, which include thermoelectric, solar cells, and spintronic applications. We have
reviewed certain fundamental concepts about the numerous optical and thermoelectric
characteristics employed in this investigation and the many magnetic semiconductor fam-

ilies and types of magnetic interactions present in DMS.

Chapter 3: Study of the structural, electronic, magnetic, optical, and
thermoelectric properties of SnO, coupled with double substitutions Mn and
A=Mo/Tc

The third chapter presents the results of the electronic, structural, magnetic, thermo-
electric, and optical characteristics of co-doped SnOy with Mn and A=Mo or Tc along

with an interpretation of the findings and a comparison with previous theoretical studies.

Chapter 4: Study of the structural, electronic, magnetic, optical, and
thermoelectric properties of Half-metallic Double Perovskites

The fourth chapter focuses on the structural, magnetic, electronic, optical, and ther-
moelectric properties of the ferromagnetic CayCrMnQOg, SroREC00s (RE=Dy, Ho, Er,

or Tm) and antiferromagnetic SroTcReOg materials.

Chapter 5: Study of electronic, magnetic, optical, and thermoelectric

properties of doped two-dimensional ZnO nanosheets



The fifth chapter discusses the magnetic, optical, electronic, and thermoelectric char-

acteristics of two-dimensional doped ZnO nanosheets with TM (=Fe, Co, Ni, and Cu).

We finalize this thesis with a general conclusion and perspectives.



Chapter 1
Theoretical investigation: Concepts and

Methodologies




1.1 First-principles computations

In recent years, ab initio, or first-principles, approaches have become a potent tool for
examining the microscopic properties of the material. These approaches allow one to pro-
cess large systems and model materials quantitatively and dependably. They, therefore,
allow comparison with experimental results. Density functional theory (DFT) transforms
the many-body quantum problem into a problem focusing on electronic density. As a re-
sult, it is the most common method for investigating the physical characteristics of solids
in their ground state. To address the fundamentals of the DFT method, we will present
several approaches needed to resolve the Schrodinger equation in this chapter. We will

be discussing the methods used to calculate energy and exchange-correlation potential.

1.1.1 Schrodinger equation

To describe a quantum system (a collection of particles, such as atoms, molecules,
etc.), determine its ground state, and determine its properties, it is necessary to resolve

the Schrodinger equation for a wave function ¥ with N particles.
HV = EV (1.1)

With H represents the Hamiltonian of the system and E denotes the energy of the system,

we can express H using the terms:

_>
R~ 1 e*Z; 2 2R, 1 7,7,
H = — —
2 zl: me  4me Z‘EZ J‘ 87T50§; rl—rj| 221.: M, 87Te€0§;’_> ﬁ;‘
(1.2)
H=T,+Vye+ Vee + T, + Vi (1.3)
With
T, = _Thz > %? The kinetic energy of the N electrons of mass m,.
Ve = —ﬁ i EGQ_Z—;_” : The potential energy between the nucleus and the electron.
Ve = ﬁ S s W%Z)r—;] : The potential energy between electron-electron.

—
T, = B > V’Ri . The kinetic energy of the M nuclei of mass M,,.

2 2. "M,
27:7; .

Vin = ﬁ Sisi %ﬁ : The potential energy between nucleus-nucleus.
i— Iy

Only in the case of the hydrogen atom is it possible to precisely resolve the Schrodinger

equation. In most cases, it is necessary to resort to approximations.



1.1.2 Born-Oppenheimer approximation

The Born-Oppenheimer approximation centers on the idea that each nucleus has a
mass significantly higher than an electron [30]. Because of this, the movement of the
nuclei is neglected compared to that of the electrons. The nucleus appears frozen in their
respective locations, where their Coulomb energy (V,,,) resulting from their repulsions
becomes a constant, and their kinetic energy (7,, = 0) is zero. The challenge is to solve the
electronic Schrodinger equation in the field of the nuclei supposedly fixed, with the location

of the nuclei acting as a parameter. Thus, the following is the electronic Hamiltonian:

He - Te + Vne + ‘/ee + (Vnn = Ct@) (14)
—R2 2 1 €27 1 e? 1 27, 7;
H, = - L+ I = cte
> 2, 4WEO§@_@‘ o0 2= 77 7] 8mo;@_ﬁ‘
(1.5)

The Schrodinger equation (1.5) cannot be resolved using this approach alone because of
the dependence on electron movements and the existence of interactions. It relies on
the fact that electrons travel in a field of stationary nuclei. Therefore, using different

approximations is required.

1.1.3 Hartree approximation

Due to the numerous particles involved, it is impossible to resolve the electronic part.
By approaching the N-body problem as if it only included one particle, it is possible to
consider the wave function as the direct product of one-particle wave functions developed
by Hartree in 1928 [31].

U (7) =02, 0, (7) (1.6)

This approximation relies on the presumption that electrons are free, which ignores the
interactions between electrons and spin states. The Schrodinger equation with n electrons
simplifies to n Schrodinger equations with 1 electron in this simplified model, where each

electron is accounted for individually.

<_;§>12 + Veat (ﬁ, ﬁ) + Vi (?Z, 7)])> g (?) = EV, (7) (17)

Where V_,; is the attractive interaction that exists between the electron of coordinate 7;

and the nucleus of coordinate ﬁ, and Vg (72, 7J) is the Hartree potential leading to the
repulsive Coulomb interaction among an electron of coordinate 77 involved in the field
mean of the another electrons of coordinates 7’_; As the Hartree approximation ignores the
Pauli Exclusion law and the indistinguishability of electrons (anti-symmetric functions),

it is unlikely to create the ground state.



1.1.4 Hartree—Fock approximation

The Hartree-Fock approximation incorporates the Pauli principle, which leads us to
investigate the anti-symmetry of the wave function of a quantum electronic structure,
including:

U (11, Tyl y) = =V (11, Ty Ty o TN) (1.8)
The Slater determinant expresses the anti-symmetric wave function:

p1(r1)  e1(r2) . N ()

Uyp = wo(r1)  wal(rs) ... n(r)

2

en (r1) on(r2) .. en(ry)

1.1.5 Density Functional Theory (DFT)

The fundamental studies for DFT was published in 1927 by Thomas [32] and Fermi
[33]. The DFT uses electronic density to represent the system of interacting electrons
instead of the wave functions of each electron. The two essential theorems of Hohenberg
and Kohn form the foundation of the DFT, which connects the ground state’s energy to

its electronic density [1].

1.1.5.1 Hohenberg-Kohn theorems

To describe the energy contributions to the overall energy, Hohenberg, and Kohn (HK)
[1] created a rigorous formalism. Two theorems compose this formalism:

* The unique function of the density p(r) is the ground state energy.
E =FE(p) (1.10)
* The overall energy minimum is represented by the ground state density.
Ey = min F (p) (1.11)
This density is the same as the ground state density for one particle:
Eo = E (po) (1.12)

where pp denotes the ground state density. The function of the overall energy of the

ground state has the following expression:

Elp()] = [ Ve () p(r) dr + F [g] (1.13)

10



With V,,.(r) represents the external potential acting on the particles. F'[p (r)] holds true
for every system with more than one electron based only on electron density. For a given
external potential, the variational method makes it simple to calculate the ground state
electron density and overall energy as long as the F'[p(r)] is known. Sadly, the form of
F [p(r)] is not indicated by the Hohenberg and Kohn theorem.

1.1.5.2 Kohn-Sham equations

It is possible for an auxiliary system made up of independent particles to reproduce the
ground state density of N particles in interaction, according to the Kohn-Sham theory [2].
A Real system consisting of electrons in interaction is replaced by a hypothetical collection
of independent particles developing an effective potential. As a result, the hypothetical
system maintains the energy and electron density of the real system.

Schrodinger equation and the Kohn and Sham equation (KS) have a similar form, which

is as follows:
Hyp; = Ev); (1.14)

The following is the form of Hamiltonian of this system:

h2
H=——A 1.1
om +VK5(7“) ( 5)
With:
VKsz‘/eff:Vvezt(r)—i-VH(T)—l—%c(T) (1.16)

Vewt (1) is the electron-nuclei Colombian interaction.

Vi(r)=[ %d?’r’ represents the Colombian interaction between the electrons described

through their load density.

Vie(r) = aEg;([’r’gr)] represents the interaction of exchange and correlation.

The KS equations become:
h? — — .
—5 D HVies(7) | i (7) = B (77) i = 1,2, N (1.17)

With :
L, [p(r)]

Ip (r)

Every many-body interaction exists in an exchange and correlation functional dependent

Ze? p(r,r")
=— = L dr’ 1.1
Vies (1) = =30 = +/ A (1.18)

on the electron density presented by:

o(7) = fj 0 () (1.19)
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The accuracy of the exchange and correlation energy, whose analytical formulation is
unknown, is necessary for the Kohn-Sham method to be effective. The equations (1.17),
(1.18), and (1.19) that make up the KS equations are self-consistently resolved. Indeed,
utilizing a test density as a starting point, we can solve equation (1.17) to get a potential
Vi s and a new electron density. The process continues until the targeted level of accuracy
is obtained [34] (see Figure 1.1).

| Charge Density Estimate ]
L p(r)

l Construction of the K8 Hamiltonian I

e —
H [—zm‘?f +Vqﬁ-(rjj

b

‘P’r‘(;)z Sfif’r'(;)

| Solving KS equations I

\r/l <L,

| Calculation of the new charge density I

H Prow = Z b

e
<

<
| Convergence control I—, B
7
2 =

Figure 1.1: Iterative scheme of the self-consistent technique for resolving the KS equations

We now have a workable solution to the electronic problem of ground states. If one
knows the electron density, one may use the Khon-Sham technique to calculate every
system characteristic. It became possible thanks to the model of independent electrons.
However, the function of the E,.[p(7)] remains unknown and ill-defined. Thus, it is

necessary to use approximations.

1.1.6 Approximations of the exchange and correlation functional

The point that the exchange-correlation function corresponds to the sole density func-
tion that is still unknown within this formalism can now be underlined thanks to the
development of the Kohn-Sham equations. Local density approximation, which views an
electronic system as a locally uniform gas of electrons, was the first approximation de-
veloped historically. To enhance the treatment of the exchange and correlation indicated

through the LDA, several approximations have been developed.
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1.1.6.1 Local Density Approximation (LDA)

The idea that the terms of the exchange and correlation rely just on the local value
of p(r) is the foundation of the Local Density Approximation (LDA). In other words, it
treats inhomogeneous systems as being locally homogeneous. The exchange-correlation

energy formula is shown as follows:

BEPA ()] = [ p(r)=EP (o)) s (1.20)

LDA

224 p(r)] represents the energy of correlation and ex-

Assuming uniform distribution, &
change for each electron in an electron gas. The LDA assumes that the eLP4 [p(r)] is

purely local. Two terms describe this energy:

LDA

€xe  P(r)] = € [p(r)] + ¢ [p(r)] (1.21)

With e, [p(r)] represents the exchange energy, and e, [p(r)] denotes the correlation energy.
This approximation is precise in the limit of a uniformly dense free electron gas. One would
anticipate this approximation to work reasonably well in the case of a slowly varying
density p.

Local Spin-polarized Density Approximation (LSDA) is an extension of LDA that might

potentially accommodate spin-polarized systems [35, 36]:

EgP 4 pr(r), pu(r)] = / p(r)eac [py(r), pu(r)] d’r (1.22)

Remember that the excited states of electronic systems are not described by the LDA, only
for the ground state. This approximation underestimates the width of the forbidden bands
of semiconductors and insulators. Certain systems with strong correlation effects (narrow

f or d bands) have properties that are hard to describe with the LDA approximation.

1.1.6.2 Generalized Gradient Approximation (GGA)

Compared to the LDA, the Generalized Gradient Approximations (GGA) [37, 38]
provide an improvement. The GGA approximation expresses the potential of the exchange

and correlation as a function of the local electron density p(7”) and its gradient 7p(7):

EEA ()] = [ o) 10(7), vp(7) dpl(7) (1:23)

With: f[p(7),7p(7)] is the exchange and correlation function dependent on the gra-
dient and electron density. Perdew and Wang (PW91) [39, 40] and Perdew, Burke, and
Ernzerhof (PBE) [41, 42] are the two most often used versions of the GGA. For the

volumes at equilibrium, the cohesion energies, and the total energies, the GGA approx-
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imation frequently yields better outcomes than LDA. Still, the width of the forbidden
bands of insulators and semiconductors remains far too low. The description of systems

with strong correlations (narrow d or f bands) is weak.

1.1.6.3 Approximation of local density and generalized gradient with the
adjustment of Hubbard (LDA+U and GGA+U)

When the d or f orbitals are firmly packed together, the localized electrons exhibit
strong intra-site Coulomb repulsion, which corresponds through the Hubbard parameter U
throughout the width of the band. The powerful screened intra-site Coulomb interactions
between d electrons have been added using the DF'T+U, which blends the DFT with a
Hubbard Hamiltonian, 2 rupard [43, 44, 45, 46]. Based on the basic DFT+U version made

available by Dudarev et al., the Hamiltonian can be expressed as follows [45]:

P b ubbard = (2] > Mol —o + v Z Mmoo o (1.24)
m,m’,o m#m! o

Where n,, , is the operator that indicates how many electrons are present in an orbital at
a given site with spin ¢ and magnetic quantum number m. U is the spherically averaged
value that represents the energy required to insert an additional electron. J is the energy
of the screened exchange. Coulomb repulsion inside a site is characterized by parameters
U and J. This method uses their difference (U.;y = U—J) rather than U and J intervening
independently.

1.1.6.4 Modified Becke-Jonshon Approximation (MBJ)

Tran and Blaha [48] have published an updated form of the exchange potential, which
was initially introduced by Becke and Johnson [47]. The most recent ab initio Wien2k
code incorporates mBJ potential ("modified Becke Johnson Potential"), commonly known

as the TB potential ("Tran-Blaha" potential). The expression of the mBJ method is as

follows:
2t,(
U™BY (1) = cUBR(r) + (3¢ — 2) ,/ (r) (1.25)
b K po-
Where p,(r) = 3312, [t »(r)|” represents the electron density and t,(r) = 1 Y77, 797, (1)

Y »(r) denotes the kinetic energy density. Uff is the potential Suggested to simulate the
Coulomb potential generated by the exchange hole, or Becke-Roussel (BR) potential [49].

1

Uff = (1—e 2™ 5.:130(7")6_”“(”) (1.26)

bo(r)
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The term z, in equation (1.26) was determined from p,(r), /ps (1), /2po (1), and t,(r);

while term b, (r) was calculated using the following relationship:

i = [ 0

The index o is the spin notation.

In equation (1.25), the choice was made for ¢ to rely linearly on the square root of the

mean of ¥27) .

p(r)

- Lo vet)] s )2
c-a—i—ﬂ(vce” /ce” o) dr) (1.28)

a and f are adjustable parameters (« = —0.012 (dimensionless) and = 1.023 Bohr? ),
and V_; represents the unit cell volume.

Compared with some popular computation modes, such as LDA or PBE (the solids ver-
sion of GGA), the modified Tran and Blaha functional (TB-mBJ) quickly established its
effectiveness and popularity, even if its self-consistent converges slowly and so necessitates

more iterations.

1.1.6.5 Hybrid functionals

Becke presented hybrid functionals to address the flaws in DFT and Hartree-Fock
(HF). Combining the precise exchange of HF with the DFT term is a practical strategy.
Functions PBEO [51] and HSE [52, 53] are the two hybrid functions that are currently
most commonly used. Full-range hybrid functionals PBEQ, which are a linear combination
of the DFT and HF exchange, are written as [50]:

EFPEY = opHF 4 (1 — )EPPP  EPPE (1.29)

With:
EFPBEO: Exchange and correlation function of the PBEO.
EHE: HF exchange.

EFBE: Exchange function of the PBE.

EFBE: Correlation function of the PBE.

a: a mixing coefficient obtained from perturbation theory [42, 54].

1.1.6.6 Spin Orbit Coupling (SOC)

In a non-relativistic description, spin-orbit coupling is missed. But these interactions
appear in the completely relativistic description of the system, given by the Dirac equa-
tion, which appears in several references [55]. Relativistic treatment of the heavy element

core electrons is necessary because of the importance of the DOC. The following represents
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the Dirac-Hamiltonian equation :
1 —
H" + 5((7 I = B (1.30)

with:
H*": The relativistic scalar Hamiltonian.

(: The spin-orbit coupling constant.

1.1.7 Calculation methods

Several methods of electronic structure calculation exist. The self-consistent resolu-
tion of the Kohn and Sham equations is what unites them. Their differences lie in the
details of their different representations of potential, electronic density, and especially the

mono-electronic orbitals of Sham and Kohn.

The Augmented Plane Wave (APW) approach created by Slater [57, 58] was improved
upon by Andersen [56] with the development of the Linearized Augmented Plane Wave
(LAPW) method.

Augmented plane wave (APW) method

Slater first described the APW in his article from 1937 [59, 60], where he assumed
that the wave functions and potential close to the atomic nucleus are comparable to those
in an isolated atom. They almost seem spherical. In contrast, because the electrons that
are far from the nucleus are considered free, their behavior is described by plane waves.
To characterize the crystal potential, also known as the "Muffin-Tin" potential, the APW
approach relies on the "Muffin-Tin" approximation [61]. There are two zones. Crystal
waves have different functions in different bases: Plane waves in the interstitial zone and

radial solutions of the Schrodinger equation inside the MT sphere (See Figure 1.2).
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Spherical harmonics
+ radial functions

Interstitial Region -——————» Plane waves

Muffin-Tins Spheres (TM)

Figure 1.2: Distribution of the unit cell, an interstitial region, and spherical regions: a—
and S— spheres of muffin-tin radii R, and Rg, respectively.

Then wave function ¢(r) is

1 i(G+K)r
S Caelt ,r >R
p(r) = { af =G ¢ " (1.31)

Zl,m Al,mUl(r7 E)Y'rf’b(r)ﬂ r < RMT

Q) is the cell volume, Cg represents the plane wave development coefficients, Y are the
spherical harmonics, A;,, are the coefficients of the spherical harmonics, K represents
the wave vector in the irreducible Brillouin zone (IBZ), G represents the reciprocal space
vector, and the function U; denotes a regular solution of the radial Schrédinger equation.
It is expressed as follows:

{ U1+ 1)

Tt T

+V(T) —EZ}TUl(T) =0 (132)

V(r) represents the Muffin-Tin potential, and Fj is the linearization energy.

To support his choice of functions, Slater employed the plane waves as solutions of the
Schrodinger equation in the case of a constant potential. The radial functions are solutions
in the situation of a spherical potential where F; is an eigenvalue.

For the function to remain continuous on the surface of the sphere MT, the plane wave
coefficients C; that are present in the interstitial areas must evolve the coefficients A; ,,.

The following expression can be employed to describe it:

47 -l
Alm

S B — C, K+ R)Y (K +G 1.33
; QUl(R Z G]l| g! )l( ) ( )
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After being formed in this way, the APW approach has some issues with the function
U(R,) that shows up in the denominator of equation (1.34). The separation of ra-
dial functions from plane wave functions occurs at the surface of the sphere MT, where
the value of U;(R,) might become zero based on the value of the parameter E;. The
APW method has undergone several modifications to address this issue, especially those
suggested by Andersen [56] and Koelling [62]. This modification results in the LAPW
technique, which is the wave function ¢(r) within the spheres represented by a linear
combination of the radial functions U;(r) and their derivatives with respect to the energy
U.

Fundamentals of the Full Potential Linearized Augmented Plane Wave
(FP-LAPW) method

Based on the radial functions Uy () Yy, (r) and their energy-related derivatives U (r) Yy, (1),
the basis functions in the MT spheres of the LAPW method are linear combinations. The
APW method defines the U, functions, and the function must fulfill this equation:

{—dd; 1D Ly —El}rffl(m = 1 U(r) (1.34)

In the non-relativistic situation, U;(r) and U(r) preserve continuity with the outer plane
waves on the surface of the sphere MT. The augmented wave functions serve as the basis
functions (LAPW) for the LAPW method:

QL% > Coe B > Ry

r)= o 1.35
v { 1l AtmUi(r) + BunUi(r)]Y,,(r), 7 < Rur } 139

These coefficients, By,,, are the same as A;,, and relate to the function (0]1. The LAPW in
the interstitial zones are just plane waves, exactly like in the APW. LAPW functions are

more appropriate inside spheres than APW functions.

All-electron methods and supposedly pseudo-potential approaches are the two primary
divisions of DF'T methods. Similarly, there are two main classes of potentials: all-electron
potentials and pseudo-potentials. The FP-LAPW (full potential -LAPW) approach is one
of the all-electron methods. This technique, which adapts the fundamental functions and
their derivatives to the radial function and its derivative, is adequate. Consequently,

the potential at the surface of the sphere MT is guaranteed to be continuous using the

ikr
V()= _ ZrVEeTr = (1.36)
Zlm ‘/lm(r)mm(r% r< RMT

The core electrons are accounted for in the computation, as opposed to methods that use

following method:
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pseudo-potentials. The most precise approach is FP-LAPW, although it is computation-
ally heavy.

In this work, we examined various characteristics of our compounds by the FP-LAPW

incorporated in the Wien2k code.

1.2 Wien2k Simulation Program

The WIEN code, an ensemble of programs created by Blaha, Schwarz, and their as-
sociates [63], includes the FP-LAPW approach. This code exists in several versions,
including WIEN97 [64], which was later updated to give WIEN2k [65]. It has enabled
the successful treatment of quantum chemistry on periodic solids and condensed matter
physics. The Wien2k code consists of different independent programs (see Figure 1.3).
Initialization consists of executing auxiliary programs which generate:

NN: aids in calculating the radius of the Muffin-Tin sphere in addition to providing the
distances among the closest neighbors.

SGROUP: obtains the space group of the structure described in the file case.struct and
outputs the file case.struct-sgroup.

LSTART: chooses how to treat the various orbitals (like core and valence states, with
or without local orbitals...) and creates the atomic densities when calculating the band
structure.

SYMMETRY: establishes the point group of specific atomic sites, produces the lattice
harmonics LM expansion, and establishes local rotation matrices, in addition to generat-
ing symmetry operations for space groups.

KGEN: creates a Brillouin zone mesh k.

DSTART: superimposes the atomic densities produced in LSTART to provide a begin-
ning density for the SCF cycle.

* Self-consistent calculation

In this step, the energies and ground state electronic density are calculated according
to a convergence criterion (energy, charge density, force). The subprograms used are:
LAPWO: generates the Poisson potential for calculating the density.

LAPWI1: allows you to calculate valence bands, eigenvalues, and eigenvectors.
LAPW2: determines for each eigenvector the valence densities.

LCORE: computes densities and core states.

MIXER: combines the input and output densities (starting, valence, and core).

The ground state characteristics (charge density, electronic band structure, magnetic

19



characteristics, etc.) are then calculated following the completion of the self-consistent

calculation.

= LSTART
}a.m Pcidnin , SYMMETRY ] ){ DSTART J
overlapping spheres Hy, =E,W. Structure file, Superposition of
\ ‘“P:;ﬂ" ) atomic densities
Atomic density s ) [ 7 I
[ input file } . KGEN J P( )
Generation of the
meshk > |

Figure 1.3: WIEN2k code flowchart.

1.3 BoltzTraP code

Calculating the semi-classical transport coefficients requires the execution of the pro-
gram Boltzmann Transport Properties (BoltzTraP) [66]. This code, which interfaces with
Wien2k, utilizes a grid of band energies. The algorithm uses a Fourier extension of the

band energies to keep the space group symmetry.

1.3.1 Boltzmann Transport Equation

According to the Boltzmann transport equation (BTE), thermoelectricity transforms
heat into electricity [67, 68]. The semi-classical transport equation is a theoretical method
for carrying out such an investigation of the transport characteristics. The BTE is em-
ployed to analyze the classical transport of charge carriers, which describes how the local

concentration of carriers varies over time in the state k near the point r. This equation
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describes the various ways that the state of the particles can change:

* Collisions: the motion of electrons results in the entrance or departure of carriers of

any volume element near r.
* The impact of outside forces.

* Diffusion: Electrons will move from one state k to another as a result of diffusion

processes.

The following equation, which describes how the distribution function changes when

these various actions are present, was created:

0 o, F 0 af
With:
* % fv(k): shows diffusion caused by a gradient % f via a volume element d?r around

point r in phase space. .

x 0 ¢ F. P . d £ o 3 :
555+ shows diffusion caused by a gradient g f via a volume element d°r around point

r in phase space.
* 0 . ; ;
5t f: represents the concentration gradient.

* (%) . represents the collision term and explains how electrons diffuse from a point k.
(&

These semi-classical equations describe the path of an electron in momentum space (r,
k). When electron diffusion is absent, collisions are not introduced, the earlier equation

is zero, and we get:
0 o . F 0

The semi-classical Boltzmann transport equation will be solved using the BoltzTraP code
[66], and the transport coefficients will be determined using this solution under the as-
sumption of a constant relaxation time. Applying the DFT and Boltzmann transport

theory, we may ascertain the transport properties based on the electronic structure.

1.3.2 Solving the Boltzmann Transport Equation

The BoltzTraP, an open-source program, solves the Boltzmann equation to determine

the semi-classic transport parameters. It provides an even analytical representation of the
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bands by performing a Fourier expansion of the band energies using symmetry-conserving
star functions. It is possible to compute band-structure-dependent values and deriva-
tives of band-structure-dependent quantities using the analytical representation of the
bands. In theory, the relaxation time depends on both temperature T and energy. More-
over, BoltzTraP assumes that the relaxation time is constant by default. Additionally,
this thesis will consider the electronic contribution, even though the phonon contribution

should be considered when computing the transport characteristics in theory.

1.4 Conclusion

This chapter covers the fundamentals of DFT, including the many approaches used
to compute the exchange-correlation potential and energy. This work employed the FP-
LAPW included in the Wien2k code with the BoltzTrap code interfaces with Wien2k based
on the electronic structure. Several characteristics of the atomic systems are calculated

utilizing these codes and will be discussed later.
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— Chapter 2

Generality of Dilute magnetic semiconductors
(DMS) and the application of half-metallic

materials
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Introduction

The growing need for information storage and quick access to data has stimulated the
search for novel devices and materials with unique magnetic properties for electronics of
spin. Therefore, the use of substances with high polarized spin is necessary for the future
development of spintronics. Half-metal materials have enormous potential for use in spin-
tronic components like magnetic logic and magnetic random access memories (MRAM).
It appears that some materials are half-metals, such as Double Perovskites and Dilute
Magnetic Semiconductors (DMS). The researchers are also at the forefront of creating
new energy technologies, such as solar electricity generation systems.Materials that can
convert heat flow directly to electricity or the reverse serve to make the most of ther-
moelectric technology now in production. This chapter will cover some general aspects
of Ferromagnetic half-metallic materials and their uses in spintronics, solar energy, and
thermoelectricity devices. Additionally, we will cover certain fundamental concepts about

optical, thermoelectric, and magnetic properties.

2.1 Diluted Magnetic Semiconductors (DMS)

Electronics depends on the movement of charge of carriers, like electrons or holes, in
semiconductors like silicon. The growing need for processing power and data storage is
one of the main issues facing science and technology today. It is possible to integrate var-
ious features into a single device when ferromagnetic materials combine their magnetic,
optical, and thermoelectric characteristics with their electronic ones. This is one of the
trendiest subjects in spin electronics. Diluted magnetic semiconductors (DMS) are an
exclusive category of material made possible by the ability to dope semiconductors with
magnetic elements. The emergence of localized magnetic moments caused by electron-hole
interaction is one of the distinctive features of DMS. This results in intriguing character-
istics like, for example, a rise in charge carriers or new excitations like magnetic polarons.
However, ferromagnetism seldom occurs in semiconductors due to the low carrier den-
sity and preponderance of super-exchange between local magnetic moments. Magnetic

semiconductors typically have low Curie temperatures.

2.1.1 Classification of magnetic semiconductors

There are two different categories of magnetic semiconductors:
* Semiconductors where magnetic elements form a network periodic:

This class involves adding large quantities of magnetic elements (transition metals or
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rare earths) to semiconductor materials. The crystalline network formed by the matrix
atoms and the magnetic atoms is arranged on a periodic network and is thus perfectly
defined (Figure 2.1(a)). These materials are sometimes called CMS (Concentrated Mag-
netic Semiconductors). The principal representatives of this family are chalcogenides
(CdCrySey [69, 70], FeCrySy [71], EuO [72]) and certain manganites. Although several
of these CMS materials exhibit ferromagnetic properties and higher ordering temperatures
than ambient temperature, integrating them into current microelectronics systems can be

challenging. The use of diluted magnetic semiconductors (DMS) appears more promising.

* Semiconductors where magnetic elements randomly substitute cations
(DMS):

The DMS approach differs considerably from the earlier one. In this case, magnetic
ions, mostly transition metals, can be introduced to a semiconductor matrix, but only in
small enough to prevent the crystal structure of the matrix from changing (Figure 2.1(c)).
Several different types of DMS can be categorized based on their host semiconductor
matrices:

e Type III-V like GaMnAs and InMnAs.

e Type IV based on Si or Ge doped with Mn, Ni, Cr, or Fe.

e Type IV-VI like Pb;_,Sn,Mn,Te.

e Type II-VI like Zn'TMO and CdTMTe (TM=ion of the transition metal series).
e Oxide semiconductors like 7105, SnOy, and H fOs.

(2) (b) (c)
0,0,00 0000 0,000
0,0,00 0000 00 0,0
0000 0000 0000

O Non magnetic element | ) Nonmagnetic element T Magnetic element

Figure 2.1: Schematic illustration of (a) Semiconductors where magnetic elements form
a network periodic, (b) Traditional semiconductors without magnetic elements, and (c)
Dilute magnetic semiconductors where the magnetic elements are distributed randomly.

DMS are of great interest today because they are prospective materials for spintronics

and computer memory applications. DMSs are correlated electron systems due to carriers
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interacting with localized magnetic ions, generating ferromagnetism.

2.1.2 Dilute magnetic oxides (DMO)

Numerous teams have conducted experimental studies on DMO in the wake of Dietl
et al. The first important discovery in this field dates from 2001 with the fabrication of
thin layers of ferromagnetic Co-doped TiO5 at room temperature [9]. In 2001, researchers
also created ferromagnetic Co-doped ZnO thin films at ambient temperature [10]. Since
then, ferromagnetism has been observed in numerous DMOs (in thin layers in the vast
majority) of:

e Fe, V, Co, Ni, or Cr doped TiO [9, 73, 74];

e Mn, Cr, V, Co, or Fe doped SnOy [75 - 77];

e Cu, V, Ti, Fe, Cr, Ni, Mn, or Co doped ZnO [10, 78, 79, 80, 81];
e Fe doped H fO, [82];

e Fe, Cr, V, Ni, Co, or Mn doped In,03 [83 - 88];

e N, or Co doped CeO, [89 - 91];

The first explanation that comes to mind to clarify the ferromagnetism of DMOs
is the precipitation of magnetic dopants in a ferrimagnetic or ferromagnetic phase like
Fe30,4 or metallic Co. In this case, the ferromagnetism of the DMO is not intrinsic but
is related to the coupling mechanism between magnetic dopants dispersed in the matrix.
To begin with, we need to understand the coupling mechanisms that can account for the

ferromagnetism of DMOs.

2.2 Half-metallic ferromagnet materials

It was Groot and associates [8] who initially presented the proposal of a ferromagnetic
half-metal. It is a substance having a single spin population around the Fermi level,
ensuring that only "up" (or "down' spins) can conduct, making the current 100% spin-
polarized. Furthermore, there is only one spin orientation (up or down) for the electron
contribution around the Fermi level. There is an enormous demand for half-metallic

ferromagnet systems in spintronics technologies.
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Figure 2.2: Schematic presentation comparing the densities of states and spin polarization
of (A) non-magnetic, (B) ferromagnetic, and (C) half-metallic materials.

Figure 2.2 (B) displays the density of states for a ferromagnetic material. In one spin
orientation, a ferromagnetic half-metal (HMF) functions as an insulator, while in the
other, like a metal (Figure 2.2(C)).

2.3 Magnetic interactions

The mechanisms most used to describe the magnetic interactions in DMS are super-
exchange, the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction and double Zener
exchange. These exchange interactions leading to ferromagnetic interaction occur indi-

rectly, without direct overlap of closest neighboring orbitals (direct exchange).

2.3.1 Super-exchange interaction

When two magnetic ions (cations), nearest neighbors, interact indirectly through an
oxygen ion (anion), it’s called super-exchange. Research has demonstrated that LaMnOs
crystals display antiferromagnetism due to super-exchange interaction [92, 93]. The ex-
change interaction correlates the magnetic moments of ions and valence band p. In this
case, there is no orbital overlap between the nearest neighboring magnetic ions. Super-
exchange does not require the presence of delocalized charge carriers. Goodenough et
al. formalized the super-exchange interaction [93] in insulating materials based on the
configuration of the d orbitals of magnetic ions and the bond angle (magnetic ion-oxygen-

magnetic ion), which gave rise to the Goodenough Kanamori rules. At 180°, Figure 2.3
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shows a variety of cation-anion arrangements. In the first situation, a half-full e, orbital
oriented in the direction of the anion is present in both cations. In this case, the coupling
is direct and gives strong antiferromagnetism by the rules of Hund. The antiferromag-
netism is weak when both eg orbitals are empty, as the electrons of the cation have an
identical and non-zero probability of being on the empty orbital e, (case 2). However, in
case 3, one of the cations has a half-filled e, orbital, and the other has an empty one. The
electron can pass from one cation to another if the two cations have parallel spins. This

virtual passage gives rise to weak ferromagnetic interaction.

| Case ‘ Orbital configuration J Coupling by Super-exchange

1 ‘ ‘ ).@?r' T Strong antiferromagnetic coupling

2 (O. e; Weak antiferromagnetic coupling

3 ﬁ.) O e’ Weak ferromagnetic coupling

“ Cation | Description

A@ Filled t,, orbitals and a half-filled e, orbital pointing in the direction of the
anion.

Filled t,, orbitals and an empty e, orbital pointing in the direction of the
anion.

‘. Anion | Description

@@ Orbital po

Figure 2.3: Magnetic order depending on the type of orbital of neighboring cations. A
stable 180" angle exists between two cations [9)].

2.3.2 Double exchange interaction

In 1951, Zener [94, 95] proposed the double exchange model to explain ferromagnetism
in manganites (perovskites), such as Lag 75719 3MnO3. This model involves oxygen ions to
ensure the transport of electrons between manganese cations with different charge states
that are too far apart and for which the direct exchange (cation-cation) is zero. When two
cations of the same species but different valences meet, a ferromagnetic interaction known

as the double exchange interaction occurs. A non-magnetic atom facilitates the exchange
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of a third shell electron. For example, an oxygen ion separates Mn*" and Mn3T.

Comparing the orientation of the localized electrons’ spins, Zener reasoned, would al-
low one to establish the ground state using Hund’s rules. Electron delocalization and
ferromagnetic interactions should result from the electron’s movement in a parallel spin
environment. He studied the interaction mechanism like electronic transfer between man-
ganese ions via the oxygen ion through the initial ¥y to W,. He called this transfer the

double exchange.

W ——
L 4 —T—

Mn** o Mn#* Mn** o* Mn?**

Figure 2.4: Double exchange mechanism.

2.3.3 RKKY coupling (Ruderman-Kittel-Kasuya-Yoshida)

An exchange coupling between a magnetic ion and the conduction band electrons is
the cause of RKKY interaction [96]. This interaction is strong between the localized mo-
ments carried by the d orbitals of the inner layer. Charge carriers free (roaming electrons

or holes) must be present for this type of interaction.

A d electron spin interacts with a conduction electron. The latter interacts with a
different d electron spin, resulting in an energy correlation between the two electrons.
The spin of the conduction electron orients in the environment of the magnetic ion, and
its polarization decreases in an oscillatory fashion with increasing separation from the
magnetic ion. This concept was applied to explain the ferromagnetic/antiferromagnetic
interaction between two thin ferromagnetic metal layers that are separated from another
by a thin non-magnetic metal layer. There is either an antiferromagnetic or ferromagnetic
coupling between the two layers, depending on how thick the non-magnetic layer is [97].
The RKKY theory calculates indirect exchange interactions between localized magnetic

moments in impurity electrons and holes in DMS [98].
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Densité de spins
Des électrons de conduction

Figure 2.5: Diagrammatic illustration of the indirect RKKY interaction. The conduction
electron polarization at site ng is represented by (+) et (—), depending on the distance d
from the magnetic ion. 1 and | represent the orientation of the magnetic moments [96].

2.4 Optical properties

The optical properties of a substance are intimately related to its electronic structure.
Electrons and radiation interact to produce these characteristics. The complex dielectric

function allows for an analysis of the optical characteristics of solids.

2.4.1 Complex dielectric function

The dielectric constant € remains an indicator of the incident photon energy when
the electric field passes through a dispersive material medium at frequencies that are
analogous to the medium’s inherent electronic or molecular vibration frequencies. The
£(w) is expressed in the complex form, and we adopt the following convention to describe
it [99, 100]:

e(w) = e1(w) + iga(w) (2.1)

With e;(w) and e3(w) represent the real and imaginary components of the complex di-

electric function, respectively.
£9(w) depends on electronic transition at origin of the absorption. The following
relation gives the e9(w) [101]:

412 e?

m2w?

() Y [ o lon el oul By w) = Biw) —hw) (22
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With e represents the electron charge and m its mass, p;; denotes the initial state filled

with energy Fj;, and ¢ represents the final empty state of energy Ey.

£1(w) can be obtained from e5(w) via the Kramers-Kronig relation [102]:

OOCUSQ
—14= / e w2 (2.3)

The dielectric function represents a fundamental physical characteristic for the light-

matter interaction study, but its use is often limited to the area of solid-state physics.

2.4.2 Absorption coefficient

The absorption coefficient, a(w), measures the strength of electromagnetic radiation
as it travels through any substance. a(w) is obtained from the following relation:
k(w) 1

alw) = 47TT = 27Tn(w)>\

£9(w) (2.4)

With \ represents the wavelength of the incident photon.

2.4.3 Complex refractive index

When a plane wave travels between two mediums with different dielectric constants,
it splits into a refracted wave, and the other is a reflected wave. The following provides

the complex refractive index N [99, 102]:
N(w) =n(w) + ik(w) (2.5)
With:
N%(w) = e(w) (2.6)
With n(w) is the real refractive index and k(w) is the attenuation index, commonly known

as the extinction coeflicient.

From the previous formula, it is also possible to calculate the &1 (w) and e9(w) according

to the equations:

e1(w) = n?*(w) — k*(w) (2.7)

And:
g9(w) = 2n(w)k(w) (2.8)
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Where the n(w) can be given by:

(2.9)

And the k(w) is equal to:

o) J SR+ Ezz(w)Q —er(w) 210

2.4.4 Reflectivity

Reflectivity is another important optical property that may be determined from the
complex index. This crucial parameter, which defines the portion of energy reflected at

the solid-surface interface, is as follows:

R(w) = (5(“’)_1) (2.11)

e(w)+1

2.4.5 Loss function

Moving the electrons through the valence band to the conduction band caused the
photon’s energy to be lost during the interaction between light and matter. An energy
loss function is used to identify this energy loss in the electron transfer. The following is

an expression of the energy loss function relationship:

(2.12)

2.5 Thermoelectric properties

The direct and reversible energy conversion of heat to electricity through the applica-
tion of solid-state conductive materials is known as thermoelectricity [103]. An introduc-
tion to thermoelectricity in the context of thermoelectric effects will open up this part of

the chapter.

2.5.1 Thermoelectric effects

2.5.1.1 Seebeck effect

Thomas Johann Seebeck first observed the Seebeck effect in 1821. It is the process via

which an electric current appears at the junction of two distinct conductors or semicon-
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ductors when heat transfer occurs [104]. A potential difference appears at the connection
of the two substances exposed to the temperature gradient. An inherent material at-
tribute known as thermoelectric power in the past and the Seebeck coefficient (S) now

relate to the proportion of an electric field to a temperature gradient.
E=Ssv,T (2.13)

Where S4p represents the difference in the substances’ Seebeck coefficients, and E denotes

the electric field produced by temperature gradient <7, 7.

2.5.1.2 Peltier effect

Later, in 1834, the French physicist Jean Peltier discovered the reciprocal effect, which
states that depending on which direction an electric current runs at the connections of
two distinct substances, heat energy is either released or absorbed [105, 106]. The power

absorbed or released is given by:
Q =1lapl (2.14)

Where Q is the heat absorbed or released at the interface, 1145 represents the Peltier

coefficient, and I denotes the current.

Seebeck effect Peltier effect

Figure 2.6: Diagrammatic concept of a) Seebeck effect and b) Peltier effect [107].

2.5.1.3 Thomson effect

In 1851, the English physicist William Thomson (Lord Kelvin) showed that the See-
beck and Peltier effects are linked. The generation or absorption of heat in each thermo-

couple segment becomes apparent when a temperature gradient and an electric current are
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applied concurrently. The fundamental difference between the first two effects is that the
latter does not concern a single material and does not require the presence of a junction.

In each segment dX of the material, the heat flux gradient is given by:

aQ _, dr

Where 7 denotes the Thomson factor, and X represents the spatial coordinate, given by

the relation:

dSap
=T 2.16
T Ty dT ( )
The relation between the three absolute coefficients S, II, and 7 is as follows:
II=75T (2.17)

Thomson effect et

Conductor
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Figure 2.7: Schematic principle of Thomson effect [108].

The Thomson effect causes charge carriers to be heat carriers. The movement of the
carriers caused by the temperature gradient generates a current or a potential difference,

and vice versa.

2.5.2 Thermoelectric coefficients

Three characteristics define thermoelectric materials:
e The Seebeck coefficient (V/K)
e Electrical conductivity (Q~1.m™!
e Thermal conductivity (W/m.K)

Excellent thermoelectric materials have a substantial Seebeck coefficient, minimal ther-

mal conductivity, and significant electrical conductivity. A parameter called the figure of
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merit ZT defines the qualities of a thermoelectric substance specified by the relation:

52
2T = T% (2.18)

The variables T, K, S, and o are the temperature (in Kelvin), thermal conductivity, See-
beck coefficient, and electrical conductivity, respectively. For an excellent thermoelectric
material, ZT > 1 must be. The power factor (PF = 05?) represents the result of mul-
tiplying the electrical conductivity o by the squared Seebeck coefficient. It explains how
much power a substance can generate electricity. To create a better thermoelectric mate-
rial, the ZT must be improved. For this, it is necessary to decrease thermal conductivity

and raise the power factor (PF). The thermal conductivity is the sum of:
K=K, +K (2.19)

Where K. denotes the thermal conductivity of electrons, and K; is the thermal conduc-
tivity of atoms (phonons). According to the law of Wiedemann and Franz, the electrical

conductivity o and the electronic thermal conductivity are proportionate:
K.=LTo (2.20)

Where L is the Lorentz constant.

In comparison to metals with higher conductivities, semiconductors perform better
thermoelectrically. The BoltzTraP code [66] is used in theoretical calculations to es-
tablish the intrinsic thermoelectric characteristics, like Seebeck coefficient S, electrical

conductivity, and electronic thermal conductivity K..

2.6 Applications of half-metal materials

Half-metallic ferromagnetic materials have recently undergone extensive research to
take advantage of the 100% spin polarization that spontaneous magnetization induces,
which is distinct from magnetic materials (like EuO and (Ga, Mn)As) based on magnetic
field-induced ferromagnetism. This family of materials forms an attractive group, offering
many potential uses, particularly in spintronics, photovoltaic solar cells, and thermoelec-

tric applications.

2.6.1 Spintronic (Spin electronics)

Traditional electronics rely on semiconductors and the fundamental characteristic of

the electron, its electrical charge. A field of study known as spintronics or spin electronics
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uses the quantum property of electron spin. This new branch of electronics links the spin
state "up' or "down" of the carriers and the dependency on the spin conduction in specific
magnetic materials rather than being purely based on the carrier charge as in traditional
electronics. Essentially, spintronics is the study of how spin affects electron motion in
ferromagnetic materials by putting them in the way of electrons. This influence, first
suggested by Mott in 1936, was then demonstrated experimentally and described theoret-
ically over the years. The most common uses of spintronics are writing magnetic memory
(MRAM: Magnetoresistive Random Access Memory) in contemporary computers, reading
hard disks using GMR, and using Tunnel Magnetoresistance (TMR).

Giant Magnetoresistance (or GMR) was discovered by Albert Fert [3] and P. Grun-
berg [4] (co-Nobel in physics, 2007). This discovery of GMR and TMR led to a significant
technological upheaval in the microcomputing sector. The creation of novel hard disk
read head architectures based on this idea has allowed for an increase in the density of
computer hard disks, whose capacities have grown significantly over time, from a few
Gigabytes at the start of the 1990 to current capabilities that can surpass the Terabyte.
Other applications have also emerged, such as MRAM (Magnetic Random Access Mem-
ory), which has seen growing interest because it offers intriguing characteristics combining
speed, rewriteability, and non-volatility of information even in the absence of supply volt-
age. Indeed, MRAMs would make it possible to replace DRAM (Dynamic Random Access
Memory) memories in the RAM of current computers with much shorter access times.
Thanks to magnetic tunnel junction technology, MRAM memories, contrary to DRAM
memories, now store information as magnetic moments rather than electrical charges.
Since this sort of non-volatile memory does not require continual data refreshing, it will
use significantly less energy than existing DRAM memories, giving it a clear benefit of

boosting the autonomy of all electronic applications, such as laptop computers.

Other possibilities for integrating spintronics with semiconductor technologies have
attracted considerable research interest lately, including SpinLED (Spin Light Emitting
Diode) and SpinFET (Spin Field Effect Transistor). The creation of such structures
requires overcoming several significant physical challenges. One prerequisite for semicon-
ductor nanostructures is the proper electrical injection of spin-polarized carriers. Solutions
based on novel materials, such as diluted magnetic semiconductors, are being researched
extensively currently. Then, these polarized carriers must maintain their spin orientation
during transport in the semiconductor. Finally, we need to be capable of controlling these

spins effectively to perform fundamental logical functions.
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2.6.2 Photovoltaic cells

In the fifties of the previous century, modern solar photovoltaics research had been
underway. Researchers at Bell Laboratories in the United States unintentionally found in
1954 that a pn junction diode produced a voltage when the light turned on. The same
team manufactured a silicon pn junction solar cell with an efficiency of 6% less than a year
later [109]. In 1956, it was employed for the first time to power geostationary satellites.
In 1957, the Russians (former USSR) were the first to equip their Sputnik IT satellite with
silicon cells. Just one year later (1958), the Americans outfitted their first Vanguard I
satellite with a photovoltaic power supply made of crystalline silicon cells [110]. The first
selection of silicon relied on its electrical characteristics, which included four electrons on
its outermost layer (column IV of Mendeleev periodic table). Each atom in solid silicon
forms four bonds with its neighbors, utilizing all electrons in the surrounding layer. One
electron can travel on the network when an atom of silicon is swapped out for an element
from column V (like phosphorus), as it is not a part of the bonds. The semiconductor
is referred to as n-type doped when there is electron conduction. In contrast, if an atom
from column III (such as boron) replaces a silicon atom, an electron is missing to make
all the bonds, a gap that an electron can fill. Subsequently, we define the semiconductor

as p-type doped, and conduction via a hole is observed.

The photovoltaic effect refers to converting light into electricity, which was discovered
by E. Becquerel in 1839. The type of material employed, the geometrical characteristics
of the sensor, and its capacity to gather electrons before they recombine in the material
can all affect how much electrical energy gets produced. When a semiconductor becomes
illuminated with radiation of appropriate wavelength, the absorbed photon energy allows
electronic shifts through the semiconductor’s band valence to its conduction band, thus
generating electron-hole pairs, which can contribute to the transport of current (photo-
conductivity) by the material when it is polarized [111]. Heat or phonon emissions are the
two ways that extra energy is released. The photon transmits through the semiconductor

when its energy hv is less than the band gap £,.
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Figure 2.8: P-N junction in a photovoltaic cell [111, 112].

Solar cells are currently the subject of multiple research to achieve the best ratio
between energy efficiency and cost price. The application of photovoltaic energy became
apparent, and in recent years, significant endeavors have been developing to produce this
energy. According to estimates, solar electricity could have an enormous long-term impact
on global energy usage. According to a joint scenario produced by EPIA and Greenpeace,
photovoltaics might supply enough energy in 2030 to power 3.7 million people globally,
with the help of proper public policies in wealthy and developing nations. Most of them

are located in isolated areas, lacking any access to the electricity network.
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Figure 2.9: Cumulative global capacity until 2030-Advanced scenario [113].

However, the fabrication of the DMS for photovoltaic conversion has not been used
yet, even if it could be a crucial component of future advancements in solar cell technology.
According to some theoretical investigations, DMS SnOy doped with double impurities
(Eu, Gd) might absorb up to 96% of visible light [209]. The impact of Mn and Co co-
doped SnO; on optical properties has been reported by Lin et al. There was a significant
improvement in the absorption capacity of Mn and Co co-doped SnQO, in visible region
[210]. Furthermore, double perovskites have emerged as a potential substitute for solar

cells since researchers have laboriously constructed solar cells for photovoltaic devices [211

- 214).

2.7 Conclusion

In this chapter, we presented the different families of magnetic semiconductors and
the different types of interaction between the magnetic moments in DMS with the models
established to explain ferromagnetism in DMS. We also discussed a general review of
the thermoelectric and optical characteristics. We will study in the next chapter the
structure electronic, magnetic, optical, and thermoelectric characteristics of 3D materials
(SnO9 doped with doubles impurities, Double Perovskites) and 2D ZnO nanosheets doped
by the transitions metal through FP-LAPW method.
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Study of the structural, electronic, magnetic,

optical, and thermoelectric properties of 510,
coupled with double substitutions Mn and
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Introduction

Half-metallic materials have grown significantly in technological relevance over the
last two decades due to their remaining physical properties. These compounds have an
outstanding range of potential for usage in several technology applications, including ther-
moelectric, photovoltaic, and Spintronics. The study of new magneto-optical properties
is possible by combining the magnetic and optical characteristics of half-metallic. Despite
the numerous research investigations on this subject, spintronics combined with optoelec-
tronics remains almost untouched. In the upcoming years, ferromagnetic material-based

solar cell production could have a big impact on how solar cell technology develops.

Instead of the conventional single impurity, the current work studies oxide-based semi-
conductors doped with double impurities of transition metals M1 and M2 (different) for
various reasons. One of these is the potential to prevent oxygen vacancies, which can
lead to material deformation. It is feasible to create ferromagnetic half-metallic materials
where the conduction electrons are 100% spin polarization by choosing a suitable choice
of double impurity. These properties have inspired us to search for DMS ferromagnets
based on rutile SnOy doped with double impurities to develop spin electronics and incor-
porate information storage functions, multiple sensors, and light transmitters into a single
component. In this chapter, we essentially devoted ourselves to the study of the struc-
tural, magnetic, electronic, optical, and thermoelectric characteristics using TB-mBJ and
GGA-PBE approaches, identifying the mechanisms responsible for the magnetic interac-
tions of the diluted magnetic semiconductor SnOy doped by two magnetic elements Mn
and A(=Mo or Tc). Our calculations involved determining the stability of the complex
SnOy co-doped with coupled Mn and A=Mo/Tc as well as the total energy ferromagnetic
(FM) and antiferromagnetic (AFM) state. We also discussed the density of states of co-
doped SnOy and pristine SnOy without any doping elements. The thermoelectric and

optical characteristics of the complex Sni_s,Mn,A,Os will then be discussed.

3.1 Tin dioxide SnO,

Tin oxide or “stannic oxide” is found naturally in the form of the mineral cassiterite.
Since ancient times, people have used cassiterite, an oxide that may vary in color from
yellowish to black. SnO, is a semiconductor of n-type with approximately 97% optical
transparency in visible region and a large band gap of 3.6eV. Because of its extensive
availability as a raw material and lack of toxicity, SnO, is still in demand. This sub-
stance has unique physical characteristics that make it among the likely candidates for

application in solar cells, optoelectronic devices, and thermoelectric materials [114, 115].
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3.2 Crystal structure

Tin dioxide presents a single stable phase at ambient pressure [116] and takes the form
of a quadratic cell of the rutile type with a space group P42/mnm [117]. The parameters
of the crystalline lattice are: a = b = 4.74A and ¢ = 3.184. The unit cell consists
of two atoms of tin and four oxygen atoms. Six oxygen atoms form an almost regular
octahedron around each tin atom, and three tin atoms are positioned at the vertices of an
isosceles triangle to encircle each oxygen atom. Oxygen occupies position 4f by [u, u, 0],
1 —u,1—u,0, [u + %, % — u, %}, and B —u,u+ %, %} with v = 0.306. Tin is at positions
2a, [0, 0, 0], and [%, %, %] We created a supercell by repeating the 2 x 2 x 2 unit cell, which
generates 48 atoms SnisOs2 (see Figure 3.1(a)).

Figure 3.1: 2 x 2 x 2 supercell structure of (a) SnOs, (b) Sni_o,Mn,Mo,O,, and (c)
Sny_oeMn,Tec,Oy (x = 0.0625 ).

3.3 Calculation methods

We have employed in total calculations the FP-LAPW method founded on DFT carried
out in the Wien2k package [65, 118]. We have used in this study the GGA-PBE [41, 119]
and the TB-mBJ approaches [48, 120]. TB-mBJ aims to increase energy gap values.
Two zones are formed in the space using the FP-LAPW method: region I, which is an
interstitial area, and region II, which is a non-overlapping sphere around the R,;r Ray
(Muffin-Tin) atomic sites. The size of the base in the interstitial area is determined
by Ry X Kpax = 7. The highest wave vector utilized in the plane wave expansion of
eigenfunctions is represented by K.y, and Ryr is the smaller muffin-tin radius measured
in atomic units (au). Considering a force of 0.1mRy/au, we employed self-consistent

criteria for total energy, with an accurate 107% Ry and a charge difference of 10~%¢ between
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2 consecutive iterations. We have substituted two atoms of Sn with Mn and A=Mo/Tc
with a concentration of x = 0.0625 in Snq_o, Mn,A,O5 to create co-doped systems in the

supercell [see Figure 3.1(b and c)].

3.4 Structural properties

The Murnaghan equation serves to minimize the total energy obtained for various

volumes to determine the optimized mesh parameters [121], given by:

() e [ o)

Where Ey, Vo, V, By, Bj{ represent the equilibrium energy, original volume, obtained

3
9V By

E(V)=Ey+ 16

B+ (3.1)

volume change, bulk modulus, and first-order pressure derivative, respectively. The total
energy against volume for pristine SnOy and co-doped co-doped SnO; with Mn and
A=Mo/Tc are shown in Figure 3.2. These curves made it possible to determine the values
of the balance parameter, a, and (By), from the Murnagham equation of state. Table 3.1
shows and compares the optimized parameters of the crystalline lattice with the previously
published data. Using equation (3.2), we were able to calculate the formation energy Ef,,
to further investigate the stability of the co-doped SnO, and pristine SnO; without any

doping elements:
Efor = Eior — Z E, (32)

Where E,,, x, and E, represent the total energy in the ground state, the number of each
element, and the energy of one element in its bulk form, respectively. For SnO; pure,
Sny_ga MnyMoyOs, and Sny_opMngTc, Oy, the computed Ey,, are -2.42eV, -1.57eV, and
-1.54eV per atom, respectively. Our systems are stable, as evidenced by the negative
values of E,.. The ferromagnetic and antiferromagnetic states are calculated to establish
a more stable magnetic state. In the DMS, the calculation of the total energy differential,
AE = E py — Ery, computes the stability of the magnetic phase. Positive values in-
dicate a consistent and stable FM condition, while negative values indicate a steady and
stable AFM state. The comparison of the total energy of the ferromagnetic (FM) and
antiferromagnetic (AFM) states shows that the ferromagnetic state is more stable in the
complex Sny_o.Mn,Mo,O,. While in the compound Sni_o, Mn,Tc,Os, the antiferro-

magnetic state is more stable.
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Figure 3.2: Structure of 2 x 2 x 2 supercell of (a) SnOs, (b) Sny_2,Mn,Mo,Os, and (c)
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(c)

Snq_9, Mn,Tc,Oy (x = 0.0625 ).

Systems a=b ¢ By B
SnOq 4.737 3.186 186.028 4.249

Ref.122 4.767 3.129 - -

Ref. 117 4.74 3.18 - —
Sni_oxMnzMo,Os 13.57 6.454 167.133 10.995
Sni_oxMn,Tc,Oo 13.662 6.498 177.672 0.454

Table 3.1: Results of the optimized lattice parameters, bulk modulus (By), and its pressure
derivative (By).
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3.5 Electronic and magnetic properties

3.5.1 Pristine SnO,

Figure 3.3 shows the total and partial densities of states (DOS) of Pristine SnO,
that we computed using the TB-mBJ potential. The line with a dash reflects the Fermi
level (Ef = 0eV'). The complete symmetry between the up and down spin states in the
electronic structure suggests that SnO; is a non-magnetic semiconductor substance. The
orbitals O-2p make up most of the valence band, which is totally full. The Sn-5s orbitals
dominate the conduction band, which is empty. The GGA-PBE and TB-mBJ yielded
band gap values of 1.85e¢V and 3.59¢V, respectively. We have found similar results in the
earlier theoretical computations [122 - 124]. As a result, the GGA-PBE approximation
underestimates the energy gap. After using the TB-mBJ correction, we found the same
value as the experimental data, which is 3.6eV [125]. The breadth of the valence band (O-

2p orbital) is 7.1eV, according to the findings of prior theoretical studies and experiments

123, 126].
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Figure 3.3: Diagram of DOS for pristine SnOs by applying the TB-mBJ.

3.5.2 SnO; co-doped with Mn and A=Mo/Tc

As can be seen in Figures 3.4 and 3.5, the DOS exhibits asymmetry, a characteristic of
magnetic behavior. These figures show the half-metallic characteristic, in which the Fermi
level appears in the majority spin band. It results in significant polarization of spin around
the Fermi level. Asymmetric DOS refers to a situation where appropriate doping brings

the Fermi level near the conduction band, resulting in a distinct number of states available
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for carrier transport. In the spin majority bands of the complex Sni_o,Mn,Mo,O-
using the GGA-PBE, the Mn-3d and Mo-4d orbitals are mainly accountable for the half-
metallic ferromagnetic feature close the Fermi level. We also observe the significant p-d
hybridization among O-2p and 3d-4d orbitals. In contrast, the TB-mBJ correction split
the impurity states Mn-3d and Mo-4d around the Fermi level. It may be easier to excite
electrons to the conduction band when their energy levels are at the highest point of
the band gap. Doping by coupled Mn-Mo decreases the band gap. An n-type material
is formed when the Fermi level lies near the conduction band. Table 3.2 shows the
overall and fractional magnetic moments of the several impurities within the compound
Sny_o,MnzMo,Oy. The compound Sny_o, Mn,Mo,Oy has a total magnetic moment of
Sup. Strong interaction between the double impurities is suggested by the significant
overall magnetic moment value. The Mn and Mo atoms provide local magnetic moments
of 3.51up and 0.81up, respectively. They play a considerable role in the formation of
the overall magnetic moment. The local magnetic moments in the simple doping by
Mn (Sny_.Mn,Os5) and Mo (Sn;_,Mo,05) are 2.87up and 1.3up, respectively. When
comparing the partial magnetic moments of Mn and Mo in simple doped ((Sn;_,Mn,Os)
and (Sni_,Mo,03)) and the doped with double impurities (Sni_o,Mn,Mo,Os ), it is
clear that several new states appear in the spin-up band of Mn-3d orbitals where a charge
transfer from Mo to Mn occurs. We can infer that a charge transfer occurs among the Mo
and the Mn electrons through the 2p-O atom. We can obtained an electronic configuration
for [Mn3* (3d®)] and [Mo°* (5d")]. Thus, it is evident that the double Zener exchange is

the process causing ferromagnetic coupling.
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Figure 3.4: (a) Total and (b) partial DOS of SnO; co-doped with Mn and Mo by applying
the GGA-PBE approach.
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Figure 3.5: (a) Total and (b) partial DOS of SnOs co-doped with Mn and Mo by applying
the TB-mBJ approach.

The doping with dual impurities Mn and Mo has significantly altered the electronic
and magnetic characteristics of SnO,, as we have previously clarified. So, we carried
out another co-doping with the dual impurities Mn and Tc. Figure 3.6 and Figure 3.7
depict the DOS calculations for Sny_o,Mn,Tc,Os by applying the GGA-PBE and TB-
mBJ, respectively. Near the Fermi level, double impurities cause the DOS to shift and
become asymmetric. The novel states are created around the Fermi level by doping with
the dual impurities Mn and Tc. High spin polarization in the spin-up band leads to
the half-metallic characteristic The spin-down is empty and hybrid with the conduction
band. Within the GGA-PBE, the 3d-Mn, 4d-Tc, and 2p-O orbitals appear around the
Fermi level, leading to the robust hybridization p-d. The complex Sni_ o, Mn,Tc,Oo
has a significant total magnetic moment of 6up. Table 3.2 shows the partial magnetic
moments of Mn, Tc, and O atoms. Mn (my, = 2.97ug) and Tc (mr. = 1.82u5) make up
most of the overall magnetic moment. The local magnetic moments of the Mn and Mo
atoms in the simple doped ((Snj_,Mn,O3) and (Sn;_,Mo,0s)) are 2.87up and 1.87up,
respectively. According to these findings, there is no evidence of a double Zener exchange
(absence of charge transfer). Therefore, p-d hybridization can explain the ferromagnetism
in SnO, co-doped with Mn and Tec.
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Figure 3.6: (a) Total and (b) partial DOS of Sny_s, Mn,Tc, O using GGA-PBE approach.
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Figure 3.7: (a) Total and (b) partial DOS of Sny_o, Mn,Tc, O using TB-mBJ approach.

Sny_zMnaMo,O, Sny_zMn,Tc,Os

Ery —188249.705 —188723.737
Ear —188249.704 —188723.738
E, 1.73/2.869 1.319/2.653
mr 5.0/5.0 6.0/6.003
M 3.51/3.71 2.97/3.025
Mo 0.81/0.79 —

mre — 1.82/2.091
mo —0.005 —0.005

Table 3.2: Results of the total energy ferromagnetic Ery(Ry) and antiferromagnetic
Earv(Ry), energy gap E (eV), total magnetic moment my(pp) and local magnetic mo-

ment mo(pup) and mry(pp) using GGA-PBE/TB-mBJ approaches.
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3.6 Optical properties

The optical characteristics are the result of the response of an electronic system to a
time-dependent electromagnetic disturbance whose origin is incident light. Understanding
the many ways that light interacts with matter—such as through absorption, transmis-
sion, reflection, scattering, and emission—is quite interesting. The atomic structure is
ultimately connected to these optical features by their tight relationship with the elec-
tronic band structure [127]. The way a material responds to an electric field, such as an
oscillating light wave, is described by the dielectric function e(w) [128]. Direct or indi-
rect electronic transitions may result from interactions between electron-hole pairs and
energy levels brought on by defects or impurities. e9(w) originates from the complete
direct transition and is related to absorption. When the energy of the bandgap is less
than the energy of the incoming photon, the absorption process happens. es(w) is zero
when a material is transparent, but it becomes non-zero when absorption starts. In this
work, there exist two non-zero components that characterize the tensor of the dielectric

function of the tetragonal structure, e,, = €y, # €...

The evolution of real £;(w) and imaginary e5(w) components versus the energy photon
in the range 0-12eV are displayed in Figure 3.8 by employing GGA-PBE and TB-mBJ
approaches for pure SnO; and co-doped SnO; with Mn and A(=Mo/Tc). Table 3.3
displays the values of £(0), the computed static dielectric constants and are higher when
co-doping SnO, with coupled Mn-A, where A=Mo/Tc. The high value of €;(w) at lower
energy signifies a better polarization ability. The material displays metallic behavior
because the £1(w) has a negative value in the high-energies region, indicating complete
reflection of the incident photon. The curves of e5(w) versus the energy of the photon
appears in Figure 3.8 (¢, d). In the infrared and visible ranges, pure SnO; exhibits zero
£9(w) because of its high transmission in these areas. This computation is comparable to
that of SnOy in the absence of doped components [129 - 131]. The SnO; co-doping effect
by the coupled Mn and A=Mo/Tc is visible in the low energy range. We can observe
novel peaks in visible and IR areas different from SnO, pristine. These peaks reflect
the light absorption and show the interband electronic shifts among the occupied and
unoccupied states. These compounds have the potential to be used in the development
of optoelectronic applications that function well in the visible and infrared spectrum due

to their capacity to absorb incoming radiation with a frequency in this range.
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Figure 3.8: The real ¢;(w) (a, b) and imaginary e2(w) (c, d) components of the dielectric
function versus energy photon using GGA-PBE and TB-mBJ approaches.

Parameter SnOq Sni_zMnzMo,O, Sni_zMn,Tc,O
£1(0) 2.79/2.23 5.83/2.84 4.83/2.97
n(0) 1.67/1.49 2.41/1.68 2.19/1.72

R(0)% 6.26/3.93 17.13/6.51 13.99/7.06

Table 3.3: Outcomes of optical characteristics at zero energy of pure SnOy; and SnO,
co-doped with Mn and A=Mo/Tc using GGA-PBE/TB-mBJ approaches.

Other significant optical characteristics, like the refractive index n(w), the optical
absorption coefficient a(w), the loss function L(w), and the reflectivity R(w), can be
found by determining the two components of £(w). A further metric for describing the
photovoltaic properties of a material is the absorption coefficient. The spectra of a(w)
versus photon energy for the pure SnOs and SnO; co-doped with Mn and A=Mo/Tc are
shown in Figure 3.9 by applying the GGA-PBE and TB-mBJ. The electronic transitions

are shown as the main peaks in the a(w) spectra. As compared to SnO,, Figure 3.9
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shows an improvement in the quantity of absorption in low-energy regions. The maximum
absorption peaks appear in the high-energy regions (UV light). The absorption of visible
and ultraviolet light by these materials indicates that they can be used as an absorbent

layer for flat-screen displays and solar cells.
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Figure 3.9: Absorption coefficient a(w) against photon energy using a) GGA-PBE and b)
TB-mBJ approaches.

The curves of the refractive index n(w) with changes in photon energy are shown in
Figure 3.10. The action of light within the material is described by n(w), which varies
depending on the incident photon. The static refractive index, n(0), is shown in Table 3.3.
At low frequencies (w = 0), we can conclude that n(0) = \/m . The high values of n(w)
appear in low energies of photons. The reflectivity R(w) of light is the crucial metrics that
characterize the amount of energy reflected at the solid surface. The variation of R(w)
spectra of pristine SnOy and co-doped SnOy with Mn and A(=Mo/Tc) versus photon
energy appears in Figure 3.11. The R(w) values increase as we approach the high photon
energies. Table 3.3 lists R(0) of the reflectivity parameter at zero energy obtained from
spectrum analysis. An electron traveling through a material quickly will lose energy; this
may be explained by the energy loss function L(w). Figure 3.12 represents the spectra
of the variation of L(w) obtained for the pure SnOy and co-doped SnOy with Mn and
A(=Mo/Tc) versus photon energy. The loss happens during the electron shift from the
valence band to the conduction band. The peaks in the L(w) spectra are identified

as plasma peaks, indicating ensemble excitations of the electronic charge density of the

crystal.
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Figure 3.10: Spectra of refractive index n(w) against photon energy by applying a) GGA-
PBE and b) TB-mBJ approaches.
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Figure 3.11: Spectra of reflectivity R(w) versus photon energy by applying a) GGA-PBE
and b) TB-mBJ approaches.
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Figure 3.12: Spectra of loss function L(w) against photon energy by applying the a)
GGA-PBE and b) TB-mBJ approaches.

3.7 Thermoelectric properties

We have used the BoltzTraP code [66] to calculate the thermoelectric characteristics.
In our work, the relaxation time 7 is considered constant (7 = 107'%s) [132, 133]. The
most efficient thermoelectric substances need to have a low value of thermal conductivity
(k) and a substantial electrical conductivity (o) to minimize heat loss due to the Joule
effect. ZT = (S?0T/k) is the parameter that groups all these characteristics. We have
used the GGA-mBJ approximation to perform the calculation in this section. We calcu-
lated the fundamental parameters like the electrical conductivity (o), electronic thermal
conductivity (k.), Seebeck coefficient (S), and power factor (PF) against the chemical po-
tential (u) for different temperature values for SnO; co-doped with Mn and A=Mo/Tc.
The n-type doping is associated with a positive chemical potential, while p-type doping

is associated with a negative chemical potential.

Assessing the link between the electric potential and the thermal potential is made
feasible by the Seebeck coefficient (S). A positive Seebeck value reflects a p-type of carriers
(holes), while a negative Seebeck value reflects an n-type of carriers (electrons). Figures
3.13a and 3.14a represent the findings of the (S) values against the chemical potential
(n) for SnOy co-doped with Mn and A=Mo/Tc. In p-type doping, as we can see, the
S values are positive; in n-type doping, they are negative. The variation of (S) shows a
maximum at low temperatures and decreases with temperature rise. Due to the bipolar
effect, which occurs when an electron and a hole cooperate to promote charge transport,
the Seebeck coefficient gradually rises and falls [134]. These complexes exhibit high (S)
values at room temperature, indicating their potential application as low-temperature

thermoelectric materials.
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The differences in electrical conductivity (o) with chemical potential (u) are presented
in Figures 3.13b and 3.14b for SnO, co-doped with Mn and A=Mo/Tc. The movement
of free electrons within a substance defines its electrical conductivity. A current of elec-
tricity is the flow of electrons from areas of increased temperature to zones of decreased
temperature [135]. At 300K, The o values are 5.7 x 10°Q~.m~" and 1.7 x 10°Q"1.m™!
for SnO, co-doped with Mn and Mo or Mn and Tc, respectively.

The capacity of a substance to transmit heat in response to a thermal gradient is
measured by its thermal conductivity (k). Two contributions make this heat transfer
possible: the electronic thermal conductivity (k.), which occurs using the movement of
charges, and the network thermal conductivity (k;), which occurs by the network vibra-
tions, also known as phonons. The total of these two contributions is the k. Figures 3.13c
and 3.14c show the electronic thermal conductivity (k.) versus the chemical potential for
SnOs co-doped with Mn and Mo or Mn and Tc compounds. From these outcomes, we
can see that the (k.) increases with increasing temperature. Heating the material causes
the atomic vibrations to rise to a point where they transfer energy in the form of kinetic

energy, which is what causes the increase in (k).

Moreover, a good power factor (PF = S%0) is indicative of the optimum thermoelec-
tric performance. The PF versus chemical potential appears in Figures 3.13d and 3.14d.
At 300K, The PF values for Snq_oy MnyM 0,04 and Snq_op Mn,Tc, Oy are 54 x 10~* and
12 x 1074 (VEK 2.0 Y.m™1), respectively.

To calculate the ZT, we need to determine the lattice thermal conductivity (k;). By
considering the minimal phonon mean free path, we will apply the approach to obtain
the least (k;) value. The following equation, which is derived using the bulk modulus and
volume relationship of the unit cell using DFT, provides a ballpark estimate of (k;)min
(136, 137): (K)in = 1.2KpMa? BEV4, With Kp, Muy, (May = 25), M, Na, n, B,
and V represent the Boltzmann constant, the average atomic mass, the molecular mass,
the number of Avogadro, the number of atoms in the unit cell, the bulk modulus, and
the average atomic volume, respectively. The calculated values (k;)min of SnOs co-doped
with Mn and Mo and SnO, co-doped Mn and Tc are 11.15 and 3.08 (W.m™t.K™1),
respectively. At 300K, The (k.) values of SnOs co-doped with Mn and Mo and SnO,
co-doped Mn and Tc are 3.03 and 1.21 (W.m~1.K~1), respectively. The ZT values at
300K for Snq_ao,Mn,Mo,Oy and Sny_o,Mn,Tc,Os have been estimated to be 0.114 and
0.11, respectively.
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Figure 3.13: (a) Seebeck coefficient (S), (b) electrical conductivity (o), (c) electronic
thermal conductivity (k.), and (d) power factor (PF) against chemical potential (u) of
Snq_9xMnMo,Os.
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Figure 3.14: (a) Seebeck coefficient (S), (b) electrical conductivity (o), (c) electronic
thermal conductivity (k.), and (d) power factor (PF) against chemical potential (u) of
S?’Ll_ganxTCzOg.

3.8 Conclusion

In summary, we have discussed the magnetic, optical, structure electronic, and ther-
moelectric characteristics of SnOs system co-doped with Mn and A=Mo/Tc. Based on
the computation from first principles, a comprehensive analysis has been conducted using
the TB-mBJ and GGA-PBE approaches. The success of double doping of rutile SnOy is
evident in the electronic and magnetic properties. The DOS makes it possible to observe
that the majority spins and the minority spins exist in the band gap, which shows that the
double impurity does not lead to the deformation of the host semiconductor’s structure..
Our systems SnOs co-doped with Mn and Mo and SnO; co-doped Mn and Tc (x=0.0625)
display the half-metallic behavior. We calculated the total energy differences among the
ferromagnetic and antiferromagnetic states. We deduced that the ferromagnetic state

is more stable in the Snq_o, Mn,Mo,Oy complex, whereas the antiferromagnetic state is
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more stable in the Sni_s, Mn,Tc, O, complex. Both co-doped systems have a significantly
high total magnetic moment value. The double Zener exchange and the p-d hybridization
govern ferromagnetism in Snq_ o, Mn,Mo,O and Sni_o,Mn,Tc,O,, respectively. We
studied the impact of co-doping SnOs on its optical characteristics. Compared to pris-
tine SnOs, optical absorption shows a noticeable enhancement in the low-energy regions.
This feature makes these complexes SnO, system co-doped with Mn and A=Mo or Tc
like absorbent layers for solar cells. The analysis of the thermoelectric properties shows
excellent findings for SnOs co-doped with Mn and A=Mo/Tec. Consequently, the mag-
netic, optical, and thermoelectric characteristics of these complexes make them suitable

for use in thermoelectric and photovoltaic devices.
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The electronic, maghetic, optical and thermaelectric [TE) properties of Sny_ o, MnA,00 14 = Mo/Tc) have
been examined using density functional theory [DFT) based on the FP-LAPW approach. The results
suggested that all the doped compounds show a half-metallic ferromagnet property with a 100% spin
polarization at the Fermi level within GGA and mBJ. Moreowver. doping Snd; with double impurities
reduces the bandgap. The reduced bandgaps are the result of impurity states which arise due to the Mn
and Mo/Tc doping, leading to the shifts of the minima of the conduction band towards the Fermi energy
causad by substantial hybridization between transition metals 3d-4d and O-2p states, Also, the (Mn, Ma)
co-doped SnQ; system exhibits a ferromagnebic ground state which may be explained by the Zener
dauble exchange mechanism, While the mechanism that cantrels the ferromagnetism in the (Mn, Tc)
co-doped 5nO; system 15 p=d hybridization. Therefore, the role of this study s to llustrate the fact that
half-metallic ferromagnet material is a good absorber of sunlight (visible range) and couples to give
a combined effect of spintronics with optronics. Our analysis shows that Sny_ . MnMo,Cs and
5ny - p.Mn, T, s are more capable of absorbing sunlight in the visible range compared to pristine 5nO;.
In addition. we report a significant result for the thermoelectric efficiency ZT of ~0.114 and ~0.11 for
Sny s Mn,Mo, 05 and Sny 2. Mn, T, 00, respectively. Thus, the coupling of these magnetic, optical, and
thermoelectric properties in (Mn, A = Mo or Tc) co-doped Sn0; can predict that these materials are
suitable for optoelectronic and thermoelectric systems.
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Introduction

Over the last two decades, double perovskites oxides have become essential due to their
physical and thermoelectric properties. These materials find their application in renewable
energy and spintronics. For potential spin-based devices to function, it is imperative to
achieve high enough Tc and high spin polarization values. Furthermore, properties like
higher diffusion lengths and powerful light absorptions are helpful in the advancement of
solar cell technologies [16]. With significant improvements in fabrication technique, several
perovskite solar cells now have efficiency levels of up to 22.7%, meaning they have a 3.8%
practical applicability [140, 141]. The increasing requirement for renewable energies to
fulfill energy needs and the expansion of industries have also made it more crucial than
ever to identify other energy sources and minimize our energy consumption.The ability of
thermoelectric (TE) substances to transform waste heat into useful energy has attracted

attention globally as a potential source of renewable energy in the future [142 - 145].

4.1 Generality on double perovskites

The double perovskite oxide structure is composed of two materials having the per-
ovskite structures ABO3; and AB’'O3 coupled to form the structure A, BB'Og, where B
and B’ are ordered. An octahedron of oxygen surrounds each atom of the cation B or B’.
However, six B’ atoms surround every B atom, and vice versa. The cations A are alkaline
earth metals or lanthanides. On site B, we find two cations surrounded by oxide anions
forming octahedra BOg and B’Og joined by the vertices. Thus, two interlaced sublat-
tices contain the BOg and B’'Og octahedra. Other arrangements for double perovskites
are also possible, such as AA'B;Og or AA'BB’'Og. The half-metal double perovskites
studied in our thesis present interesting optical, magnetic, electronic, and thermoelectric

characteristics.

4.2 Study of Half-metallic Ferromagnetic Double Per-

ovskites

This section discusses the structural,structure electronic, optical, magnetic, and ther-
moelectric characteristics of double perovskite ferromagnets by applying FP-LAPW method.
The conventional DFT-GGA approach is known to underestimate the computation of the
energy gaps. To address the issue of underestimation of the gap energy, we employed
the Full hybrid Yukawa Screened-PBEO (YS-PBEO) [146], GGA coupled with the Hub-
bard potential (U) (GGA+U), the GGA approximation with the Becke-Johnson potential
modified within Tran and Blaha (GGA+mBJ) [48], and spin-orbit coupling (SOC) [147].
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4.2.1 Study of CayXMnOg (X = Ti/Cr)

4.2.1.1 Crystallographic structure

The tetragonal structure of CasTiMnOs (CTMO) and CayCrMnOg (CCMO) has
space group 1/4 m (N° = 87) (Figure 4.1). Atomic positions for Ca, Ti/Cr, Mn, O1,
and O2 are 4d(0, 1/2, 1/4), 2a(0, 0, 0), 2b(1/2, 1/2, 0), and 8h(0.1983, 0.3101, 0),
respectively [148]. With identical Wyckoff position of the atoms of CTMO, CCMO is
obtained by simply substituting the Cr atom for the Ti atom.

Figure 4.1: Crystal structure of Caa X MnOg (X = Ti/Cr).

4.2.1.2 Computational Detail and structural optimization

Many approximations, such as PBEsol-GGA [149], YS-PBEO, GGA +U, and TB-mBJ
have been used to compute the electronic structure. The bandgap can be more accurate
with the help of the TB-mBJ. The physical properties of compounds involving strongly
correlated electrons appear to be better described by the GGA+U. By combining semi-
locality with Hartree-Fock (HF) exchange, the hybrid functional may be applied to all
electrons. The relation is as follows: EWrrid = pUGA L o (EH F EfGA). The functional
g€ [0, 1] represents the fraction of accurate exchange, where EXF and EF%4 denote the
HF and GGA exchange functionals, respectively. For electronic, optical, and thermo-
electric computations, the number of k-points utilized to sample the first Brillouin zone
remains equal to 10 x 10 x 10. The plane waves are limited to Ryr X Kpax = 7. We
reduced the forces to 0.1 mRy/au, the charge difference to AQ = 107%, and the total

energy convergence to 107°Ry to guarantee correctness in the self-consistent calculations.
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Employing the Birch-Murnaghan equation [121], we computed the total energy versus
the volume in a self-consistent manner to find the structural parameters at equilibrium.
The total energy curves for the Cas X MnOg (X = Ti/Cr) compounds appear in Figure
4.2 versus unit cell volume. Table 4.1 displays the optimum lattice parameters obtained
from the GGA, which align with experimental and theoretical findings [148, 150, 151].

The lattice parameter values rise when a magnetic atom (Cr) replaces a non-magnetic
(Ti) atom, as Table 4.1 illustrates.
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Figure 4.2: Total energy against volume for Cas X MnOg (X = Ti/Cr).

Systems CasTiMnOg CasCrMnOg

Ref.148 | a=5.3394,b = 7.736 A -

Ref.150 | a=5.585A4,b=7.751A
GGA a=5344,b="7737TA | a=5534A,b=28.0194

Table 4.1: Optimized lattice parameters for Cas X MnOg (X = Ti/Cr) compounds.

The following expression represents the tolerance factor known as "Goldschmith’s tol-

erance factor," which regulates the stability of our compounds in the tetragonal structure:

Tca T TO

t= o 4.1
\/§(TT2/03+ Mn) + 70 ( )

Where r¢q, T0, Trijcr, and rpp, are the ionic radius of Ca, O, Ti/Cr, and Mn atoms.
The doubles perovskites are stable if t among 0.81 and 1.11 [163]. The t value for our
compounds CTMO and CCMO is 0.98, indicating the stability of the tetragonal structure.
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4.2.1.3 Electronic and magnetic properties

Initially, we studied the electronic and magnetic characteristics of our first compound,
CTMO. We have computed the DOS of compound CTMO by applying the PBEsol-GGA
approach, as shown in Figure 4.3. We can observe that the CTMO has a band gap of

1.16eV for majority-spin and 1.51eV for minority-spin, which indicates the semiconductor

character. These outcomes concur with the prior findings [148]. We observed the charac-

teristic asymmetry of the DOS of a magnetic semiconductor. We detected a subgap in the

spin-up band between 3.51eV and 4.9¢V in the conduction band, but no subgaps occurred

in the valence band. A subgap between 4.03 and 4.9¢V is present in the spin-down band.

Our studies revealed that the Mn atom gives a substantial part of the total magnetic

moment, while Ca, Ti, and O atoms make smaller contributions, as shown in Table 4.2.

The total magnetic moment is 3up.

DOS(States/eV)

PBEsol_GGA

—TDOS
—Ti-d
Mn-d

——Ol-p
-02p

Figure 4.3: Spin-polarized DOS of double perovskite CTMO.

Energy (eV)

Z

mr | Mricr | M mo1 mos2 E,
CTMO PBEsoLGGA | 3 | 0012 | 251 | 0036 | 0035 | 1.16(1)/1.51(4)
CCMO PBEsol-GGA 5 1.819 2.56 0.023 0.029 1.390
CCMO GGA+U 5 1.968 2.72 -0.027 -0.007 2.099
CCMO TB-mBJ 5 1.963 2.65 -0.011 0.034 2.560
CCMO YS-PBEO 5 1.839 2.57 0.021 0.027 1.399

Table 4.2: Results of the total and local magnetic moments (up) and gap energy values

(eV) of Cas X MnOg (X = Ti/Cr) compounds.

Step two involved employing a variety of approaches, including PBEsol-GGA, TB-
mBJ, YS-PBEO, and GGA+U, to investigate the electronic and magnetic characteristics
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of CCMO. Simply replacing the Ti in the CTMO compound with Cr yields the CCMO.
We have studied the CCMO unstrained and CCMO under compressive uniaxial strains
of —1% to —5% along z-axes. We also examined the effects of strain on the magnetic and

electronic characteristics of CCMO.
e CCMO wunstrained

Figure 4.4 displays the spin-polarized DOS of CCMO without strain by applying
PBEsol-GGA, TB-mBJ, YS-PBEO, and GGA+U. From Figures 3(a)-3(d), the DOS shows
asymmetry among the spin-up/-down bands. The half-metallicity behavior is shown in
the CCMO compound, where the conduction electrons are 100% spin-polarized around the
Fermi level. The spin-down band reveals a semiconductor nature, whereas the majority
spin channel displays a metallic nature. The results of the energy band appear in Table
4.2. The TB-mBJ, GGA+U, and YS-PBEO enhance the band gap value of CCMO. The
magnetic phase transitions from a magnetic semiconductor to a half-metal ferromagnetic
when replacing Ti with Cr atoms. This feature helps double perovskites have better
electrical conductivity. The majority spin band, formed of the 3d-Cr, 3d-Mn and 2p-O
atoms, overlaps with the Fermi level. Thus, ferromagnetism in CCMO appears to result
from p—d hybridization. All approximations maintain the total magnetic moment. The
total magnetic moment of CCMO confirms its half-metallicity nature as it has a positive
integer value of 5up. Table 4.2 shows that the magnetic moments mainly come from the
Cr and Mn atoms, with negligible contribution from the O atoms. These features suggest

that the CCMO is an excellent choice for applications in spintronics.
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Figure 4.4: Total DOS and Partial DOS of CCMO by applying (a) PBEsol-GGA, (b)
GGA+U, (¢) TB-mBJ and (d) YS-PBEO.

e CCMO strained

We applied the uniaxial strains within the —1% to —5% range in response to the
change in the value of the lattice along the c-axis. The symbol “-” indicates the com-
pressive strains. The relation of the strain is calculated by a — ag/ag, with a and ag
represent the lattice constants of CCMO under the applied strain and the ambient condi-
tion, respectively. Figures 4.5(a)-4.5(e) display the spin-polarized DOS of CCMO under
compressive strains along the c-axis of —2% to —5% by applying GGA+U. From Figures
4.5(b), 4.5(c), 4.5(d), and 4.5(e), DOS displays the same behavior as seen in the CCMO
unstrained. Thus, the half-metal property remains unchanged under the compressive
strains along the c-axis from —2% to —5%. The minority spins band presents a semi-
conductor character, and the majority spins band has a metallic property. At the Fermi
level, orbitals 2p-O and 3d-Cr/Mn make up most states. Figure 4.5(a) shows the change
of DOS of CCMO under —1% uniaxial compressive strain, in which the minority spins

band displays a metallic character, and the majority spins band shows a semiconductor
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behavior. This case could still be a half-metallic magnet. Table 4.3 lists the local and
total magnetic moments of CCMO strained. In the range of —2% to —5% compressive
uniaxial strain, the total magnetic moment does not change. For the —1% case, the total
magnetic moment is 3.73 pp, which is not an integer. This result lends credence to the
metallic character in this case. Therefore, it is possible to maintain the HM feature of

CCMO material under compressive uniaxial strains of —2% to —5%.

1

n

=]

&
DOS({States/eV)
[ =]}

DOS(States/eV)

.
on

=Y
=1

Energy (eV)

(b)

DOS(States/eV)
DOS(States/eV)

E 7 2 (] z T [
Energy (eV)

(d)

GGA+U i (e) ——1TDOS
:

, DOS(States/eV)

7 |
Energy (eV)

(e)

Figure 4.5: Spin-polarized TDOS and PDOS of CCMO under (a) —1%, (b) —2%, (c)
—3%, (d) —4%, and (e) —5% uniaxial compressive strain by applying GGA+U.
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Strain mr mri/cr MM mo1 mo2
—-1% 3.73 0.693 2.623 0.005 0.035
—2% 5 1.919 2.672 -0.021 0.004

—3% ) 1.898 2.652 | -0.018 | 0.009
—4% ) 1.878 2,624 | -0.015 | 0.014
—5% 5 1.860 2594 | -0.012 | 0.019

Table 4.3: Results of the total and local magnetic moments (ug) of CCMO under the
uniaxial compressive strain of —1% to —5% by applying GGA+U.

4.2.1.4 Optical properties

In this work, we are interested in half-metallic ferromagnetic materials. For this, we
studied the optical characteristics of the ferromagnetic CCMO with and without strain
compressive along the c-axis. We calculated the variations of €;(w) the real and es(w)
imaginary components of the dielectric function between 0 and 12eV photon energy using
GGA+U. From Figure 4.6(a), the £;(w) shows the high values at zero energy photon,
suggesting high polarization ability. Table 4.4 lists the static dielectric constant £4(0).
At high energy photons after 8¢V, &;(w) becomes negative. The incident photon beam
becomes fully attenuated in the optical medium in these energy ranges. Note that in these
energy intervals, these materials have a metallic appearance [152]. Figure 4.6(b) illustrates
the variation of e9(w), which is frequently used to define the electronic transition. The low
energy regions (IR range) contain the principal peaks. These peaks correlate with elec-
trons moving from the occupied to the unoccupied states through interband transitions.

£9(w) with or without uniaxial strain compressive shows similar curves.
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Figure 4.6: Variation of (a) the real £y(w) and (b) the imaginary e9(w) parts of the
dielectric function versus photon energy of CCMO with and without strain compressive

calculated by GGA+U.
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0% | —1% | —2% | —3% | —4% | —5%
er(0) | 4342 | 19.73 | 3L.77 | 26.71 | 20.21 | 14.59
n(0) | 6.69 | 453 | 575 | 528 | 456 | 3.84
R(0) | 055 | 042 | 051 | 048 | 042 | 0.35

Table 4.4: Results of the optical parameters at zero energy photon of CCMO with and
without strain compressive calculated by GGA+U.

An additional crucial metric for determining the portion of energy absorbed at the
solid surface is the absorption coefficient a(w). Figure 4.7 illustrates the a(w) spectra of
CCMO with and without strain compressive along the c-axis versus photon energy using
GGA+U. As we can see, the CCMO in both cases (with or without uniaxial compressive)
can absorb a sizable amount of light at many energy regions (IR, visible, and UV). There
is a large amount of absorption in the UV range,. This compound is beneficial for various
types of optical and optoelectronic applications operating in the visible and UV ranges,

like solar cells, as demonstrated by its broad absorption range.
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Figure 4.7: Absorption coefficient a(w) against energy of photon of CCMO with and
without strain compressive calculated by GGA+U.

Figure 4.8(a) displays the variation of the refractive index n(w) against photon energy.
The result presented in Table 4.4 regarding static values n(0). The relation n(0) = \/m
also allows for the calculation of these values, n(0). The n(w) begins to drop because of
optical dispersion as photon energy rises. The reflectivity R(w) describes the fraction of
energy that represents at the surface of the solid. Figure 4.8(b) provides an illustration
of the results obtained. The reflectivity R(0) at zero energy, which corresponds to the
high reflectivity values, is listed in Table 4.4. The unstrained CCMO shows a maximum
quantity of reflectivity compared to the strained CCMO. The extinction coefficient k(w)

variation is seen in Figure 4.8(c). The e9(w) curves and the k(w) curves resemble each
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other. The k(w) maximum values appear in the low-energy photon ranges. Photon energy
is lost when light interacts with matter because electrons move from the valence band to
the conduction band. An energy loss function helps to determine the energy loss that
occurs during the electron transition. Figure 4.8(d) displays the loss function spectra
L(w) against photon energy. We can see that the maximum peaks appear in high-energy
regions, indicating the high energy loss. As a result, uniaxial compressive strain has less

of an impact on the optical characteristics of CCMO.
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Figure 4.8: Variation of the (a) refractive index n(w), (b) reflectivity R(w), (c) extinction
coefficient k(w), and (d) loss function L(w) against photon energy of CCMO with and
without strain compressive calculated by GGA+U.

4.2.1.5 Thermoelectric properties

Improving electrical conductivity and Seebeck transport qualities to maximize the fig-
ure of merit (ZT = (S?0T/k)) is part of optimizing materials for thermoelectric energy
conversion. ZT is higher than or equal to close to unity for superior thermometric mate-
rials [153]. The study solely considers the electrical part of thermal conductivity. In this

section,we explored ferromagnetic materials CCMO without or with strain compressive
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along the c-axis from —1% to —5%. Using the GGA+U, we investigated how this strain

affected the thermoelectric characteristics.

Figure 4.9 shows the Seebeck coefficient (S) against temperature for CCMO with
and without strain compressive along the c-axis in both spin channels up/down. Positive
values are seen for S in the spin-down band, indicating that p-type behavior predominates
and that holes exist in most carriers. The CCMO in the spin-up channel, both with and
without strain compression, exhibits negative values of S below 500K, indicating that
electrons comprise the bulk of charge carriers. It demonstrates that n-type behavior exists.
Figure 4.10 illustrates the variation of the electrical conductivity (o/7) per relaxation
time versus temperature. By gradually reducing the values of o/7 versus temperature
increase, the spin-up channel validates the metallic nature for CCMO with and without
strain compressive of —2% to —5%. The increase in carrier concentration, combined
collisions, and diffusion phenomena at high temperatures explain the modest decrease
in electrical conductivity as temperature rises. Electronic and network contributions are
responsible for heat conduction in a material [155]. Figure 4.11 displays the electron
thermal conductivity k./7 per relaxation time versus the temperature. The k./7 rises
linearly with temperature, as seen in Figure 4.11(a). The Wiedemann-Franz law [6], which
determines the connection between k. and T (k. = o LT), is compatible with these results.
From Figure 4.11(b), k./7 values of CCMO under —1% compressive strain are less than
CCMO without and with strain compressive of —2%, —3%, —4%, and —5%. The figure
of merit ZT versus the temperature in both spin channels up/down appears in Figure
4.12. The compound CCMO with and without strain compressive —2%, —3%, —4%, and
—5% exhibit maximum values of ZT equal to 1 in the spin-down band. This feature of the
CCMO without or with uniaxial strain compressive is desirable for thermoelectric devices.

The increase in k. is the cause of the decline in the values of ZT in the majority-spin band.
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Figure 4.9: Seebeck coefficient (S) versus the temperature for (a) spin-up and (b) spin-
down channels.
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4.2.2 Study of SroACoO¢ (A = Ti, Dy, Ho, Er, or Tm)

4.2.2.1 Crystallographic structure

Our initial compound is double perovskite oxide SryTiC0oOg (STCO). The STCO
exhibits a cubic structure and belongs to the space group Fm-3m (N° = 225). According
o [156, 157, 158], the lattice constant in experiment is a = 7.894A. In that order, the
locations of the Sr, Ti, Co, and O are as follows: (0.25, 0.25, 0.25), (0.5, 0.5, 0.55), (0,
0, 0), and (0.25, 0, 0). We swapped out the Ti atom in SryTiC0Og (STCO) with Dy,
Ho, Er, or Tm atoms, leaving Sr, Ti, Co, and O atom positions unchanged. Figure 4.13
displays the crystalline structures SryTiC0Og and SroREC00¢ (where RE might be Dy,
Ho, Er, or Tm).
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Figure 4.13: Crystal structure of double perovskites in the cubic phase of a) SroTiC0Og
and b) SraREC00g (RE = Dy, Ho, Er, or Tm).
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4.2.2.2 Computational Detail and structural optimization

We have computed the exchange-correlation function by applying the GGA-WC ap-
proximation. GGA-WC generally underestimates the bandgap of materials, so we used
the GGA+U potential. U = 1eV, 7eV, 6eV, 5eV, and 4eV represented corresponding
Hubbard values for the d-Co, {-Dy, f-Ho, f-Er, and {-Tm orbitals. We further have inves-
tigated the impact of spin-orbit coupling (SOC) [147] on the electronic properties of our
investigated compounds. To prevent the spheres from overlapping, we chose values for
the Muffin-tin radii or average radius of the atomic spheres (Ry7). For Sr, Ti, Co, RE,
and O atoms, these values correspond to 2.5, 1.88, 1.93, 1.97, and 1.66 u.a., respectively.
An energy of -6.0Ry is maintained as the separation between the valence states and the
core.We have used 10 x 10 x 10 mesh in the irreducible Brillouin zone (IBZ), which turns

out to be sufficient for convergence.

As the development of the subsequent computations relies on the optimized crystal pa-
rameter, determining the structural properties of materials is the most crucial step toward
comprehending and forecasting their many physical properties. The optimal values of the
crystal lattice characterizing our materials SACO (A = Ti, Dy, Ho, Er, or Tm) are com-
puted by applying GGA approximations. The equilibrium volume (V;), and consequently
the mesh parameter a, the compressibility modulus (By), and the first derivative of the
compressibility modulus By, correspond to the minimum total energy (Ey). To determine
the more stable structure, we plot the energy against volume using the Murnaghan equa-
tion of state [121]. Figure 4.14, below, represents the total energies versus volume for
SACO compounds. Our results for the equilibrium structural parameters appear in Table
4.5. Our first compound STCO results are still in reasonable accord with the earlier data
[159, 160, 161].

The tolerance factor is stable in cubic structure for t=0.78-1.05[162]. Our compounds
SraTiC0o0g (STCO), SreDyCoOg (SDYCO), SraHoCoOg (SHOCO), SroErCoOg (SERCO),
and SroTmCo0Og(STMCO) have calculated tolerance factors of 0.876, 0.84, 0.88, 0.88, and

0.88, respectively, indicating that the cubic structure is stable.
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Figure 4.14: Total energy versus volume of a) SryTiCoOg, b) SroDyCoOg, c)

SroHoC00g, d) SreErCoOg, and ) SreTmCo0s.

STCO | SDYCO | SHOCO | SERCO | STMCO
a=b=c(d) | 7.722 8.095 8.114 8.114 8.114

Vola-u.)? 779429 | 894.224 | 893.158 | 887.864 | 890.689

Bo(GPa) 168.782 | 130.621 | 129.380 | 127.852 | 128.334
B 4599 4534 4534 5.907 4651

Table 4.5: Optimized parameters (a), (By) Bulk Modulus and (By) its Pressure derivative
of SryAC00¢ (A = Ti, Dy, Ho, Er, or Tm).

73



4.2.2.3 Electronic and magnetic properties

The spin-polarized total DOS and Partial DOS of the STCO compound appear in Fig-
ure 4.15 by applying WC-GGA, SOC, and GGA+U. From Figure 4.15, the DOS shows
asymmetrical between majority and minority-spin bands, together with high polarization
around the Fermi level, suggesting that our compound is half-metallic. The channel of the
majority-spins shows the semiconductor character, while the minority-spins band displays
the metallic nature under all approximations. These results correspond well with the the-
oretical DFT calculations [164]. The band gap values of the material STCO by applying
WC-GGA, GGA+U, and SOC are 0.49¢V, 0.77e¢V, and 0.34eV. The GGA+U enhances
the band gap of STCO compared to other approximations. The 3d-Co and 2p-O orbitals
make up the minority-spins band. The Co atom is the source of magnetism. It indicates
the robust p-d hybridization between p-O and d-Co orbitals. Thus, the STCO com-
pound exhibits a ferromagnetic half-metallic behavior. The half-metallic behavior proved
appropriate and suited for several technical applications, such as Spintronic, magnetic
recording, high-efficiency magnetic sensors, and computational manipulation [138, 139].
STCO has a total magnetic moment equal 1. The magnetic moment results for Co,
Ti, and O are in Table 4.6. The Co atom contributes significantly to the overall magnetic

moment.
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Figure 4.15: Spin-polarized Total DOS and Partial DOS of SryTiC0oOg by applying a)
WC-GGA, b) GGA+U, and ¢) SOC.

Compounds | Ey(eV) | mu(us) ma(ps) mco(/in) mo(tis)
STCO 0.77/0.34 | 1/0.99 | -0.027/-0.026 | 0.64/0.68 | 0.056/0.049
SDYCO 1.28/0.76 | 7/6.9 5.16/5.13 0.88/0.91 | 0.13/0.12
SHOCO 1.45/0.7 | 6/5.87 415/4.08 0.77/0.84 | 0.15/0.13
SERCO 1.28/0.76 | 5/4.81 3.08/2.97 | 0.84/0.89 | 0.15/0.13
STMCO 0.89/0 47379 1.96,1.86 1.06/1.07 | 1.14/0.12

Table 4.6: Outcomes of band gap F,, total and local magnetic moment m;, ma, mc, and
mo of SraAC00s (A= Ti, or RE) by applying the GGA+U/SOC.

By substituting an RE (=Dy, Ho, Er, or Tm) ion into the Ti position in the host mate-
rial SrTiC'0oOg, we obtain the following structures Sro DyC'oQOg, SroHoC0Og, St ErCo0g,
and SroT'mCoQOg. Figures 4.16, 4.17, 4.18, and 4.19 display the DOS versus energy by ap-
plying the WC-GGA and GGA+U approaches. New states were observed near the Fermi
level after replacing the Ti with rare earth elements. The 4f orbitals of the atoms of Dy,

Ho, Er, and Tm are responsible for these novel states. Electrons are easily stimulated to
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the conduction band when their energy levels are at the highest part of the band gap.
Asymmetric states between the spin-up band, which has a semiconductor nature, and
the spin-down band, which has a metallic nature, support the ferromagnetic character
structures. The primary orbitals forming the spin-minority channel are RE-f and Co-d.
Consequently, ferromagnetism comes via the p-f hybridization among the O-2p, RE-4f,
and Co-3d orbitals. The bandgap value differs between WC-GGA and GGA+U, although
both exhibit half-metallic ferromagnetic. The magnetic properties of SryTiC0Oq4 are also
enhanced. The total magnetic moment of SryT1C0Og is changed from 1ug to Tug, 6ug,
Sup, and 4up for SroDyCoOg, SroHoC00g, SroErCo0g, and SroT'mCoOg, respectively.
Table 4.6 shows the local moments of the RE, Ti, Co, and O atoms. The RE atoms give
most of the magnetic moment, with Co and O making smaller contributions. Thus, the

features of these compounds are suitable for spintronic applications.
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Figure 4.16: Total DOS and Partial DOS of Sr,DyCoOg by applying a) WC-GGA, and
b) GGA+U.
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Figure 4.17: Total DOS and Partial DOS of SryHoC0Og by applying a) WC-GGA, and
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Figure 4.18: Total DOS and Partial DOS of SryErCoOg by applying a) WC-GGA, and
b) GGA+U.
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Figure 4.19: Total DOS and Partial DOS of SryTmCoOg by applying a) WC-GGA, and
b) GGA+U.

In this part, we have discussed the effect of spin-orbit coupling (SOC), as seen in Figure
4.20. Usually, only the magnetic electron spin is considered, with the magnetic orbital
being ignored. SOC is responsible for introducing the magnetic moment of an atomic
orbit. When atoms become heavier, their orbital magnetic moment becomes significant
and cannot be disregarded. From Figure 4.20, Sro DyC'0oOg, SroHoC00g, and SryErCoOq
maintain their intense spin-polarization close to the Fermi level in the minority-spins
band, thus maintaining their half-metallicity character. The band gap value drops when
the majority-spins band peaks approach the Fermi level when the SOC is applied (See
Table 4.6). The band gap narrows with the application of SOC with robust hybridization
between the RE-4f and Co-3d. The compound SroT'mCoOg is metallic due to the absence
of a band gap in majority-spin and minority-spin-channels. Table 4.6 lists the overall and
partial magnetic moments of Sro REC00Og obtained by applying the SOC. We can notice
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that the magnetic moments of SroREC00g are lower than those obtained via GGA+U.
Thus,GGA+U approach offers the best description for the magnetic and electronic of
SRECO.
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Figure 4.20: Total DOS and Partial DOS of a) SreDyCoOg, b) SroHoCo0Og, c)
SroErCo0g, and d) SroTmCo0Og compounds by applying SOC.

4.2.2.4 Optical properties

The discipline of spintronics coupled with optoelectronics is a promising area for new
research projects. We have investigated the optical characteristics employing the GGA+U
approach. Figure 4.21 shows the evolution of the real e1(w) and imaginary e9(w) compo-
nents of dielectric function for double perovskites SroTiC0Og, SToDyCoOg, SreHoC 00,
SroErCoOg, and SroT'mCoOg versus photon energy. As shown in Figure 4.21(a), we
can see that the principal peaks in e5(w) appear in the IR region.The peaks in 9(w) are
caused by electrons moving from above the valence band to below the conduction band
through interband transitions. By substituting RE atoms, the intensity of the peaks in
the visible and infrared is improved, increasing the amount of absorption. The existence
of specific impurity energy levels around the Fermi level can serve to explain this, leading

to an enhanced chance of the electron transition. £1(0) (w ~ 0) (static dielectric constant)
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is the essential value for the €1 (w). From Figure 4.21(b), the £1(0) values of SryTiC 00O,
SroDyCoQOgq, SroHoC00g, SToErCo0g, and SreTmCoOg are 24.66, 60.4, 39.98, 114.8,
and 111.98, respectively. These elevated values indicate a greater capacity for polariza-
tion. e1(w) curves decrease with increasing energy photons and eventually tend to zero
at higher energies. £;(w) curves become negative in specific energy ranges. The optical
medium attenuates the incident photon beam at these energies. When £(w) = 0, our

compounds do not react to incident light.
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Figure 4.21: Variation of (a) the imaginary e;(w) and (b) real &;(w) components of di-
electric function of SraACoOg (A= Ti, Dy, Ho, Er, or Tm) against photon energy by
applying GGA+U.

Figure 4.22 displays the result of the absorption coefficient a(w) spectra of SACO
versus photon energy. We can notice that the SRECO compounds exhibit significant
absorption compared to STCO in the IR and visible regions. Photovoltaic and solar cell

applications demand a significant absorption quantity, especially in the visible spectrum.

Absorption (10* cm™)

6 12
Energy (eV)

Figure 4.22: Spectra of the absorption coefficient a(w) of SroAC0O¢ (A= Ti, Dy, Ho, Er,
or Tm) against photon energy by applying GGA+U.
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The wavelength of the incident light beam determines the refractive index n(w), which
explains how light behaves in a material. Figure 4.23(a) shows the variation of n(w) of the
SACO compounds versus the incident photon energy. The principal peaks appear at zero
photon energy. At zero energy, the n(0) values of SryDyCoOg, SroHoC0Og, SroErCo0g,
and SroTmCoQOg, and SroTiCoOg are 5.05, 8.16, 6.44, 11.25, and 11.03, in that order.
The principal peak on all n(w) curves occurs by resonance-approaching frequencies and is
associated with electrons migrating via the valence band to the conduction band. Figure
4.23(b) shows the loss function curves L(w) against photon energy. Electron excitations,
resulting from rapid electron passage through a material, are the origin of the L(w). As
input photon energy increases, this increases energy loss. The extinction coefficient curves
k(w) vs photon energy appear in Figure 4.23(c). From the k(w) curves, we can observe
several peaks at different photon energies. Every peak in the k(w) spectra corresponds to a
peak in e5(w). Figure 4.23(d) displays the reflectivity spectra R(w) against photon energy.
From the spectrum analysis, the reflectivity parameter values R(0) at zero frequency are
46%, 64%, 55%, 72%, and T1% of SroTiCoOg, SreDyCoOg, SreHoC0Og, SreErCo0g,
and SroTmCo0g, respectively. The cause for the increased R(w) value is the interband

transition of electrons [165].
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Figure 4.23: Spectra of the (a) refractive index n(w), (b) loss function L(w), (c) extinction
coefficient k(w) and (d) reflectivity R(w) of SroAC00¢ (A= Ti, Dy, Ho, Er, or Tm) against
photon energy by applying GGA+U.

4.2.2.5 Thermoelectric properties

The electronic thermal conductivity (k.), Seebeck coefficient (S), figure of merit (ZT),
and electrical conductivity (o) have all been computed over a range of temperatures from

300 to 900 K. We have applied the GGA+U approximation to determine these properties.

Figure 4.24 illustrates the electrical conductivity (o) versus temperature. In the spin-
up channel, the o values rise with increasing temperature. In the low temperature, the
o values are minimal. When the temperature rises, the spin-down band for SryTiC00Og,
SraErCoOg, and SroTmCoOg exhibits a progressive reduction of o, which shows maxi-
mum values at 300 K. At 300K in spin-down band, the ¢ values are 1.38 x 105, 8.36 x 10°,
1.02 x 10%, 1.16 x 10°, and 9.47 x 10°(Qm)~* for SroTiC00g, SroDyCoQg, SroHoC00s,
SraErCoOg, and SroTmCoOg, respectively. The large values of ¢ made the Sry AC0Oq

compounds very interesting in microelectronics and photovoltaics. Figure 4.25 shows the
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change in electron thermal conductivity (k.) with temperature. From these results, we
can see that the k. values increase with increasing temperature. The material heats up
to a point where atomic vibrations increase to the point where they transfer energy as
kinetic energy, which accounts for the increase in k.. Figure 4.26 compiles the findings
of the Seebeck coefficient (S) versus the temperature. We find that for all of our com-
pounds, the S values in the spin-up channel are positive across the whole temperature
range, suggesting that our compounds are p-type and that the holes function as charge
carriers. SroT'mCoOg has negative values of S and electrons function as charge carriers
in the spin-down band. The figure of merit (ZT) defines the efficiency of thermoelectric
devices. From the results obtained for the three transport properties (S, o, and k), we
calculated the ZT (See Figure 4.27). Our materials have a maximum ZT factor equal to
1 in low-temperature ranges in the spin-up channel. These features are suitable for the

development of thermoelectric devices.
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Figure 4.24: Electrical conductivity (o) versus temperature of SroAC0oOg (A= Ti, Dy,
Ho, Er, or Tm) for a) spin-up and b) spin-down by applying GGA+U.
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Figure 4.25: Electronic thermal conductivity (k.) versus temperature of SroAC0Og (A=
Ti, Dy, Ho, Er, or Tm) for a) spin-up and b) spin-down by applying GGA+U.

0,0025
i (&

0,0020

GA+U

@ up

0,0015
3 g
> S
o 00010 n

0,0005

0,0000

300 400 500 600 700 800 90(
TIK]
(a)

6,0x10°

4,0x10°

GGA+U

o o

2,0x10°
00
-2,0x107
300 400 500 600 700 800 900
TIK]
(b)

Figure 4.26: Seebeck coefficient (S) versus temperature of SroAC00s (A= Ti, Dy, Ho,
Er, or Tm) for a) spin-up and b) spin-down by applying GGA+U.
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Figure 4.27: Figure of merit (ZT) versus temperature of SraAC0Og (A= Ti, Dy, Ho, Er,
or Tm) for a) spin-up and b) spin-down by applying GGA+U.

4.3 Study of Half-metallic Antiferromagntic Double
Perovskite SryT'cReOg

As we have already seen, double perovskite ferromagnetic materials have interesting
properties in different fields, such as Spintronics, optoelectronics, photovoltaic cells, and
thermoelectrics. Double perovskites have a relatively high magnetic transition tempera-
ture (7.), which implies that conduction electrons are more spin-polarized. Among these,
SroCrReOg has a Curie temperature of T, = 635K [14, 15]. Given that half-metallic
antiferromagnetics (HM-AFMs) exhibit high spin polarization around the Fermi level,
have zero magnetic moments, and lose less energy if employed in spintronic devices, mul-
tiple investigations have shown that double perovskites may be a promising option for
HM-AFM materials [166]. Van Leukenet al. [167] provided the first half-metallic anti-
ferromagnetics using the Heusler compound (VzMnFegSbsIn), and the first suggestion
of HM-AFM in perovskite oxides was made by Pickett [168, 169].Since the current in
HM-AFM is entirely spin polarization and produced by electrons near the Fermi level, it
does not generate a magnetic field. Thus, the electrons responsible for magnetism do not
participate in electronic conduction. Spin-Polarized Scanning Tunnel Microscopy (SP-
STM) is one experiment that benefits from these features. The presence of a persistent
magnetic tip that is roughly located on the (magnetic) surface that one wants to study is
the foundation of SP-STM [167].

In this section, we have used FP-LAPW to study the structure electronic, magnetic,
optical, and thermoelectric characteristics of the antiferromagnetic material SryTcReOg,

which comes from the ferrimagnetic double perovskite oxide SroCrReOg within the GGA-
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PBEsol [149] and GGA+U [43] approaches.

4.3.1 Calculation details

We performed semi-relativistic computations, ignoring the spin-orbit effect. The GGA-
PBEsol and PBEsol+U approaches provide a foundation for discussing the exchange and
correlation potential. The number of particular points used for the mesh of the first
Brillouin zone is set at 1000, resulting in a 10 x 10 x 10 grid. The process of self-consistency
occurs when the energy difference between iterations converges to 107°Ry. The charge
density of AQ = 107 % is selected to enhance the precision of the computations with spin-
polarized, while the forces decrease to 0.1mRy/au. Separating the valence state from the
core state requires a cut-off energy of -6.5Ry. The optimal muffin-tin radii values for Sr,
Cr, Re, Tc, and O atoms are 2.5, 1.92, 1.93, 1.78, and 1.66 Bohr, respectively. Plane-wave
functions Ry;r X Knax are limited to equal 7.0. We applied the GGA+ U technique to
investigate the correlation on a site at the 3d-5d transition metal level. In the Hubbard
Hamiltonian, U is the parameter for electrostatic repulsion. Using the U parameter in
SCRO and STRO, the orbitals of Cr-3d, Re-5d, and Tc-4d are chosen to have U = 3eV,
1eV, and 2eV.

4.3.2 Structural properties

The structure of our first double perovskite SroCrReOg (SCRO is tetragonal and be-
longs to space group I4/mmm (N° = 139). a = b = 5.52A and ¢ = 7.824 are the lattice
constants in the experiment [14]. In SryCrReOg, the five atoms Sr, Cr, Re, O1, and
02 occupy the following positions: 4d(1/2, 0, 1/4), 2a(0, 0, 0), 2b(0, 0, 1/2), 8h(0.249,
0.249, 1/2), and 4e(0, 0, 0.254), respectively. For SryT'cReOg (STRO), we have replaced
the Cr with a Tc atoms while maintaining the identical Wyckoff locations of the SCRO
atoms. The representation of the crystal structures of the compounds SCRO and STRO

are shown in Figure 4.28.

To determine the parameters of the equilibrium mesh and to find how the total energy
varies against these parameters, we performed structural optimizations on the SCRO and
STRO compounds. We used the GGA approximation to perform the calculation. Mini-
mizing the total energy versus volume V is the structural optimization method. Repetition
of the optimization cycle continues until convergence remains achieved. The total energy
against volume is designated by E(V), which is adjusted by the Murnaghan equation
[121], which leads to the determination of the structural parameters.The grouping of the
optimal parameters, a and c, for SCRO and STRO is displayed in Table 4.7. Our results
agree with published experimental and theoretical investigations. It confirms the success

of GGA function in predicting the structural properties of solids. Figure 4.28 shows the
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variations in total energy versus volume.

The tolerance factor governs the stability in the tetragonal structure, given by the

following expression:
Tsr + 7o

V() o

Where 7g,, 70, Tr/Te, and r¢, are the ionic radius of Sr, O, Re/Tc, and Cr atoms [170, 171].

(4.2)

It turns out that these compounds in tetragonal form are stable for t= 0.81-1.11 [163].
For SCRO and STRO, the t value is 0.877.
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Figure 4.28: Structure crystallin and energy optimization versus volume of a) SroCrReOg

(SCRO) and b) SraT'cReOg (STRO).

SCRO STRO
Exp|38 a=>5.520, ¢=7.820 -
Ref. |47 a=5.513, ¢=7.795 -
Ref.[48 a=5.530, c=7.835 -
Present work PBE-GGA | a=5.530, ¢=7.835 | a=5.590, ¢=7.930

o o

Table 4.7: Equilibrium network parameters a(A) and ¢(A) of SCRO and STRO com-
pounds by applying PBE-GGA.

4.3.3 Electronic and magnetic properties

It is feasible to determine if a compound is semiconductor, conductive, or insulating
by analyzing its electronic structures. Indeed, there is a clear connection between most

physical and electronic properties. We have determined the density of electronic states
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(DOS) of SCRO and STRO by applying GGA-PBEsol and GGA+U to describe the elec-

tronic structure.

The DOS reflects an asymmetry among the majority- and minority-spin bands, shown
in Figures 4.29 and 4.30, resulting in high spin polarization near the Fermi level using
both approximations GGA-PBEsol and GGA+U. These results indicate that our com-
pounds STRO and SCRO display a half-metallic character. The spin-up band in both
compounds SCRO and STRO confirms a semiconductor characteristic (presence of forbid-
den band), and the structure of spin-up (majority) bands has intersections at the Fermi
level, which shows the metallic properties. The band gap values calculated for the com-
pounds studied SCRO and STRO utilizing GGA-PBEsol/GGA+U are 1.020eV/2.108¢V
and 0.418eV/1.146eV, respectively. Using PBEsol+U improves the energy band gap. The
Hubbard U can improve the energy of the bandgap, thanks to the spin-up gap widening
as the Tc-4d, Re-5d and Cr-3d bands shift farther from the Fermi level. The theoretical
findings from DFT [174, 175] and the experimental data [176, 177, 178] agree well with
our computations of the DOS of SCRO.

For SCRO, the total magnetic moment of 15 accords with the values obtained the-
oretically [15, 179] and the experimental result of 0.9ug. The partial moments of the Re
and Cr atoms appear in Table 4.8. The outcomes demonstrate an anti-parallel interac-
tion caused by the positive and negative partial moments of Cr and Re. We found that
the Re and Cr generate the most of the total magnetic moment. The calculated Cr and
Re moments agree rather well with values measured empirically and previously reported
[180]. Re-5d orbitals are the main cause of half-metallic ferrimagnetism (HM-FiM), while
Cr-3d orbitals have no contribution (Figure 4.29). The octahedral crystal field splits the
Cr-3d and Re-5d atoms into t54 and e, states, which are the primary orbitals contributing
to DOS. There are d,y, d,., and d,. orbitals in the states ta, and d,2_,2 and d,2 orbitals
in the states e;. The ¢y, orbitals have a lower energy level than e, orbitals. In the spin-
minority band, the Re—ty, orbitals are partially occupied and have two electron (5d :
2 ]). The ty; — Cr in spin-up channel are occupied, while the to;, — Cr orbitals in the
minority-spin band are empty. They have three electrons (3d : to, 3 7). We can find the
electronic configuration d* on Re®" and d® on Cr3*. Re and C'r — t,, states can hybridize
with one another, allowing an electron in spin-down jumps from the Re®" sites to the
Or37T sites via O-2p orbitals. As a result, we may deduce that the O-2p atoms aid in the
charge transfer among the Re-5d and Cr-3d electrons. The mechanism that controls the

ferromagnetism in the SCRO compound is the Zener double exchange.

The anti-parallel alignment of the two magnetic moments produces the total magnetic

moment of Oup in the STRO compound. The magnetic moment of the Re is negative,
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while that of Tc is positive, as indicated in Table 4.8. The STRO compound displays
the half-metallic antiferromagnetic behavior. Since this compound STRO does not alter
the magnetic characteristics of the material surface, it seems to have great potential as a
spin-polarized STM tip. From Figure 4.30, the T'c — ¢, states are occupied in the spin-
up band, while the minority-spin band shows the empty states. It has three electrons
Tc** (4d? : to, 31). In the majority spin band, the ¢y, — Re states are empty, but the
minority-spin band has some partial filling. It contains 3 electrons Re**(5d® : t5, 3]). The
minority-spin band, made up of 5d-Re and 2p-O- states, is traversed by the Fermi level.
The p-d hybridization can explain the antiferromagnetism in STRO. This study suggests
that half-metallic antiferromagnets find suitable conditions in the double perovskite group
of compounds. More experimental validation for these possible HM-AFM candidates will

come in the future.
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Figure 4.29: Spin-polarized Total DOS and Partial DOS of SCRO by applying a) GGA-
PBEsol and b) GGA+U.
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Figure 4.30: Spin-polarized Total DOS and Partial DOS of STRO by applying a) GGA-
PBEsol and b) GGA+U.
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SraCrReOg SroTcReOg
Er(Ry) -49138.824/-49138.643 | -55607.868/-55607.690
E,(eV) 1.020/2.108 0.418/1.146
me(pg) 1/1 0/0
mer(1B) 2.086/2.373 -
mre(pB) -0.821/-0.992 -0.871/-1.155
mo1(ps) -0.019/-0.026 -0.001/-0.003
mos(ps) -0.026/-0.032 -0.010/-0.016

Table 4.8: Results of total energies, total and partial magnetic moments, and band gap
energy of SCRO and STRO by applying GGA-PBEsol/GGA+U.

4.3.4 Optical properties

In this part, we have investigated the optical characteristics of half-metal ferrimag-
netic and antiferromagnetic compounds versus photon energy. The spectra of the e;(w)
against energy of the electromagnetic radiation is presented in Figures 4.31a and 4.32a
using PBEsol4+-U and PBEsol-GGA. We can note the maximum intensity peak of e5(w) for
STRO and SCRO at 0.52¢V/0.69¢V and 1.66eV/2.45¢V using PBEsol-GGA /PBEsol+U,
respectively. The peaks in the e9(w) define the interband transitions of electrons. Op-
tical transitions occur above the valence band (VBM) and below the conduction band
(CBM). When compared to PBEsol-GGA, PBEsol+U increased absorption in the visible
spectrum, whereas the peaks in the infrared spectrum for STRO and SCRO moved into
the visible spectrum. Figures 4.31b and 4.32b show the evolution of ¢;(w) versus photon
energy. The constants £1(0), static dielectric, show high values at zero photon energy, as a
shown in Table 4.9. The ¢;(w) significant values suggest a higher polarization ability. The
materials display metallic behavior because the €1 (w) remains negative at certain places,
indicating complete reflection of the input electromagnetic waves. The €1 (w) tends to zero

at high energy, which may reflect the appearance of oscillations of the plasmonic kind.
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Figure 4.31: Variation of the (a) imaginary e5(w) and (b) real €1 (w) parts of the dielectric
function of SCRO and STRO by applying GGA-PBEsol.
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Figure 4.32: Variation of the (a) imaginary e5(w) and (b) real €1 (w) parts of the dielectric
function of SCRO and STRO by applying GGA+U.

SroCrReOg SryTcReOg
e1(0) | 15.62/13.61 | 42.03/25.18
n(0) | 3.98/3.71 6.54/5.04

R(0) | 36.41/33.82 | 54.61/45.16

Table 4.9: Results of the optical parameters at zero photon energy of STRO and SCRO
by applying GGA-PBEsol/GGA+U

Moreover, we investigated the absorption coefficient a(w) of the STRO and SCRO by

applying GGA-PBEsol and GGA-GGA, as shown in Figure 4.33. The quantities a(w)

and e9(w) are closely linked. These two parameters explain the attenuation of the incident
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beam of light. We can see that these compounds can absorb light in several regions (IR,
visible, and UV). The STRO material has a significant amount of absorption compared
to SCRO. These results show that our compounds, as best absorbers, are suitable for

optoelectronic and photovoltaic devices.
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Figure 4.33: Spectra of the absorption coefficient a(w) of STRO and SCRO by applying
a) GGA-PBEsol and b) GGA+U.

'
0 2 4

Figures 4.34a and 4.35a show the evolution of the refractive index n(w) against photon
energy by applying PBEsol4+-U and PBEsol-GGA. The n(w) spectra present a maximum
at low photon energy (IR region) for STRO and SCRO using both GGA+U and GGA-
PBEsol approach. The static values at zero photon energy n(0) of STRO and SCRO
appear in Table 4.9. We find the same findings from n(0) = 1/£1(0). The optical dispersion
of light causes the n(w) values to drop as photon energy increases. The spectra of the
loss function, L(w), of STRO and SCRO, is illustrated in Figures 4.34b and 4.35b using
PBEsol4+U and PBEsol-GGA. We note that the energy loss is considerably high in visible
areas. Losses of energy happen by excitations of electrons. Using PBEsol+U and PBEsol-
GGA, the reflectivity spectra R(w) for the STRO and SCRO are displayed in Figures
4.34c and 4.35¢. These Figures make it quite evident that, for both compounds, the R(w)
curves increase at low photon energy. The R(0) values at zero photon energy appear
in Table 4.9. These maxima of R(w) result from interband transitions. The extinction
coefficient evolution k(w) against photon energy is displayed in Figures 4.34d and 4.35d
using PBEsol+U and PBEsol-GGA. The maximum peaks in k(w) spectra appear in the IR
range for STRO at 1.27¢V/0.64eV and in the visible region for SCRO at 1.78¢V/2.11eV by
applying PBEsol-GGA /PBEsol+U. Every peak in the k(w) represents a high percentage
of light absorption.
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Figure 4.34: Spectra of the (a) refractive index n(w), (b) loss function L(w), (c) reflectivity
R(w), and (d) extinction coefficient k(w) of SCRO and STRO by applying GGA-PBEsol.

92



: T 0,6 . .
— |GGA+U (a) ——SCRO . GGA+U (b) ——SCRO
i —
3
B S
o k]
g 2
&
2 S
0 2 4 6 8 10 12 "o 2 6 8 10 12
Energy (eV) Energy (eV)
(a) (b)
.:EGA+U (c) —SCRO ——— [GGA*U| (d) —__SCRO
i E
0,4 : o
- S
> ! £
] ! -]
= 1 [=]
= ! a9
3 ! s
[) ) =
0,2 : £
! =
| 1]
0,0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Energy (eV) Energy (eV)
(c) (d)

Figure 4.35: Spectra of the (a) refractive index n(w), (b) loss function L(w), (c) reflectivity
R(w), and (d) extinction coefficient k(w) of SCRO and STRO by applying GGA+U.

4.3.5 Thermoelectric properties

An option for solving the energy crisis is thermoelectric materials (TE), which convert
heat into electricity. Because this class of materials manages energy efficiently and in an
environmentally benign manner, research into them is currently proceeding more quickly

than with other technologically significant materials [154, 181].

Figure 4.36 displays the electrical conductivity (¢/7) curves against temperature for
the materials STRO and SCRO. For STRO, o/t increases with temperature rise. The
o/7 values of SCRO are small compared to STRO. The modest value of o/7 at low
temperatures indicates the lack of carriers. Increased electrical conductivity and the
creation of electron-hole pairs are outcomes of electrons receiving high thermal energy to
jump to the conduction band when the temperature rises. Considering that the electronic
component of thermal conductivity, k., depends on the relaxation time, 7, we obtain k. /7

in the current calculations. Figure 4.37 shows the electronic thermal conductivity (k./7)
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against temperature. The STRO compound shows high values of k., when temperature
rises compared to SCRO. Higher temperatures enhance the density of charge via electronic
vibrations. Quantifying the link between the electrical potential and the thermal potential
is made feasible by the Seebeck coefficient. A positive Seebeck reflects a p-type of carriers
(holes), while a negative Seebeck reflects an n-type of carriers (electrons). Figure 4.38
represents the Seebeck coefficient variation against temperature for SCRO and STRO.
Negative values of S suggest the conduction of the material by electrons, which increase
with temperature rise. SCRO and STRO are n-type materials in both approximations
GGA-PBEsol and GGA+U. The figure of merit (ZT) defines the thermoelectric efficacy.
Figure 4.39 displays the merit factor (ZT) curves versus the temperature of the SCRO
and STRO compounds. The ZT values are 0.86/0.99 for SCRO and 0.97/1.01 for STRO
using PBEsol-GGA /PBEsol+U at 300K. For thermoelectric devices, materials having a
ZT around or over unity are generally suitable choices [182]. These materials STRO and
SCRO exhibit exceptional performance, making them viable options for thermoelectric

devices in the alternative energy sector.
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Figure 4.36: Electrical conductivity (o/7) against temperature of STRO and SCRO by
applying (a) GGA-PBEsol and (b) GGA+U.
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Figure 4.37: Electronic thermal conductivity (k./7) against temperature of STRO and
SCRO by applying (a) GGA-PBEsol and (b) GGA+U.
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Figure 4.38: Seebeck coefficient (S) against temperature of STRO and SCRO by applying
(a) GGA-PBEsol and (b) GGA+U.
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Figure 4.39: Figure of merit (ZT) against temperature of STRO and SCRO by applying
(a) GGA-PBEsol and (b) GGA+U.

4.4 Conclusion

To conclude, we presented the results of the electronic, structural, magnetic, optical,
and thermoelectric characteristics of Ferromagnetic and Antiferromagnetic Double per-
ovskites using for this the functional density theory based on the FP-LAPW method. We
have applied various approximations in this chapter, such as GGA, GGA+U, YS-PBEO,
GGA+mBJ, and SOC. The substitution by the best choice of the impurity in our initial
double perovskites can improve the physical properties. All compounds in this study dis-
play the half-metallic behavior when replaced by transition metals or rare-earth elements.
These features are suitable for Spintronic applications. These compounds can function
as light absorbers in solar cells because they can absorb light in the visible, UV, and
infrared photon energy areas. We found intriguing room-temperature findings for these
antiferromagnetic and ferrimagnetic materials, including a near unity figure of merit and a
very high optimum Seebeck coefficient. These encouraging characteristics imply that the

investigated compounds might make suitable thermoelectric and photovoltaic materials.
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Introduction

Two-dimensional (2D) materials have garnered a great deal of attention since the dis-
covery of graphene because of their exceptional optical and electrical capabilities. The
initial discovery of graphene in 2004 [23], a substance with extraordinarily high conduc-
tivity, and its integration with several other materials marked the beginning of the 2D
study. Graphene is a material composed of hexagon-shaped sp? hybridized carbon atoms
that are atomically thick. It stands out by its extreme qualities, including exceptional
conductivity, high thermal conductivity, and durable chemical and mechanical resistance.
Despite its extraordinary qualities, graphene is not appropriate for many device applica-
tions because of the absence of bandgap [183]. One method to overcome this graphene
limitation is to open the graphene bandgap or use a different 2D material with electrical
properties similar to graphene but a limited bandgap [184, 185, 186]. Research has shown
that nanosheets are one of the most significant challenges in current studies, as is evident
by the number of publications on the subject. Zinc oxide (ZnO) is a highly promising
2D nanosheet in technology due to its large direct band gap and outstanding efficacy in
fields like spintronics and optoelectronic devices [187, 188]. Similar to graphene, ZnO
nanosheets crystallize in a planar honeycomb shape [189] in contrast to bulk ZnO, which
forms crystals in a wurtzite structure. Because of this structural modification and the
quantum confinement effect, 2D-ZnO exhibits several unique features. Compared to the
ZnO bulk, which has a band gap of 3.4eV [190], 2D-ZnO has a band gap ranging from 3.54
to 4.0eV [189]. Various techniques are currently employed to alter the magnetic and elec-
tronic characteristics of 2D-ZnO, such as external strain [191] and doping [192, 193, 194].
One of the best strategies is doping. By doping ZnO nanosheets (ZnONSs) with for-
eign atoms, it has recently become possible to efficiently manufacture 2D nanostructures,
namely single-layer (SL) graphite-like ZnO nanosheets [195]. It allows for obtaining half-
metallic (HM) ferromagnetic (FM) characteristics.

We investigated in this chapter the structure electronic, magnetic, optical, and ther-
moelectric properties of metal transitions TM(=Fe, Co, Ni, or Cu) doped ZnO nanosheets
through the FP-LAPW method by applying the PBEsol-GGA approach. Our results show
the half-metallic behavior when doped ZnO nanosheet by TM doping. Our findings may
guide the development of ferromagnetic ZnO nanosheets utilized in optoelectronic and

spintronic devices and provide a basic understanding of these materials.

5.1 Calculation details

All computations are performed with the WIEN2k package [196], which relies on DET
[1, 2] and employs the FP-LAPW method [197]. We have applied the PBEsol-GGA
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approach [149] to characterize the exchange and correlation function. The process of self-
consistency occurs when the energy difference between iterations converges to 107°Ry.
The charge density of AQ = 107 %¢ is selected to enhance the precision of the computations
with spin-polarized, while the forces decrease to 0.lmRy/au. To specify the distance
between the core and the valence states, a cut-off energy of -6.5Ry is used. The muffin-tin
(MT) spheres radius are 1.89, 1.63, and 1.89 Bohr for Zn, O, and TM atoms, respectively.
We have used the 200 k-point meshes using the Monkhorst-Pack grid [198] to acquire the
optical characteristics and DOS.

5.2 Crystal structure

In Figure 5.1, a TM-3d atom has been used instead of one Zn atom represented in the
3x3x1 supercell. Some theoretical studies examined the total energy against band gap for
various nanosheet configurations by altering the spacing between 54 and 154 to analyze
the interaction between neighboring ZnONS sheets. The findings demonstrate that the
energy of the bandgap and total energy becomes constant beyond 1021, indicating that at
spacings above 10121, the contact between nanosheets becomes extremely negligible, and
the nanosheet is considered isolated [199]. A vacuum space of 15A in this work is applied
along the z-axis perpendicular to the ZnONS sheets and positioned on the x-y plane to
prevent interactions among adjacent ZnO sheets. The computed bond length (Zn-O) of
1.8942A in the ZnO nanosheet (ZnONS) accords with the experimental value of 1.9A4
[200] and the earlier theoretical findings of 1.86A [201, 202]. The Zn-O bond shrinks in
the nanosheet because the sp? hybridization of the bond length is stronger than the sp?
bonding in bulk, which is 1.984 [199, 203]. The structure of the optimized pure ZnONS
is akin to that of honeycomb structures [204, 205], as shown in Figure 5.1. The atoms
of zinc and oxygen make 120° angles. The honeycomb structures of silicon carbon (SiC),

graphene, and boron nitride exhibit a like pattern [205].
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Figure 5.1: Crystal structure of a) pure ZnO nanosheet and b) ZnO nanosheet doped
with TM placed on the x—y plane.

The formation energy (E;) was computed using the following formula to provide a
more comprehensive thermodynamic stability investigation of TM doped ZnO nanosheets
(192, 206]:

E; = Eznorm — Ezno + thzn — pirm (5.1)

Where Ez,0 and Ez,0.7a denote the total energies of the pure ZnO nanosheets and TM
doped ZnO nanosheets, respectively. The chemical potential is (X)) (where X = Zn/TM).
We get Ef values of 2.14, 2.063, 3.022, and 2.32eV for ZnONS doped with Fe, Co, Ni, and

Cu, respectively. For structures in experiments, lower E; values are preferable.

5.3 Electronic and magnetic properties

Figure 5.2(a) displays the TDOS and PDOS for pristine ZnONS by applying the
PBEsol-GGA approach. The DOS indicates that pure ZnO exhibits a semiconductor
nature and has a band gap of 1.615eV, which accords with earlier theoretical studies
[192, 199, 206]. The ZnONS pure seems to be a nonmagnetic material due to the perfect
symmetry between the spin-up/-down bands in the DOS. The O-2p orbitals constitute the
highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO)[207]. Figure 5.2(b) displays the band structure using the potential of PBEsol-
GGA. ZnONS pure has a direct band gap, meaning that the conduction band minimum
(CBM) and valence band maximum (VBM) are located at the same place I'.
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Figure 5.2: a) Total DOS and Partial DOS and b)band structure of pure ZnO nanosheet.

As seen in Figures 5.3-5.6, we used PBEsol-GGA to compute the Total DOS and
Partial DOS of the TM-doped ZnONS. This work will help further investigate the effects of
TM doping on the structure magnetic and electronic properties of pristine ZnO nanosheet.
Magnetic moments are present in the DOS because of spin-split close to the Fermi level.
It appears that the DOS of ZnONS doped with TM exhibits notable asymmetry. These
figures show the high spin polarisation around the Fermi level, indicating the presence of
half-metal character in all systems doped. From Figures 5.4, 5.5, and 5.6, the spin-down
band, composed of the O-2p, and Co, Ni, or Cu-3d orbitals, is crossed by the Fermi level.
It suggests significant p-d hybridization among 2p-O and 3d-Co/3d-Ni/3d-Cu states. We
can use the p-d hybridization to explain the ferromagnetism in systems doped. ZnO films
doped with C have also shown evidence of p-p interaction and p-d exchange hybridization
[208]. Furthermore, in Fe-; Co-, or Ni-doped ZnO nanosheets systems, we find that the
Fermi level rises to the conduction band, suggesting an n-type material that could exhibit
a low resistivity characteristic. While the Cu-doped ZnO nanosheet displays a p-type
system. Table 5.1 lists the computed total and partial magnetic moments by applying
PBEsol-GGA. The total magnetic moment of ZnO nanosheets doped with Fe-, Co, Ni,
and Cu show the net values of 4up, 3up, 2up, and 1ug, respectively. We find that the TM
atoms contribute primarily to the magnetic moments of the TM-doped ZnONS. The ZnO
nanosheets doped with TM are promising DMS for use in spintronic devices. One zinc
atom gets replaced with the TM atom, and an anion (O) receives two electrons from the
TM. Each of the four parallel-spin electrons can occupy the 3d orbital of Fe?". Similarly,
C'0?* has three parallel-spin electrons, Ni?* has two parallel-spin electrons, and Cu?* has

one parallel-spin electron.
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T™ | Eyg(eV) | me(up) | mru(ps) | mo(us)
Fe 0.364 4 3.357 -0.002
Co 0.292 3 2.370 0.0007
Ni 0.102 2 1.436 0.003
Cu 1.549 1 0.525 0.009

Table 5.1: Results of the band gap, the total and partial magnetic moments of ZnONS
doped with TM by applying PBEsol-GGA.

Spin-polarized band structures of doped ZnONS withFe, Co, Ni, or Cu atoms appear
in Figure 5.7. To indicate the spin of an electron, we used the symbols (1) / () for spin-
up/-down. The spin-up channel displays the semiconductor character. The new energy
levels, which come from the TM atom in the spin-down band, are visible around the Fermi
level. Thus, the electronic transition may become more active because of impurity energy
levels close to the Fermi level. The minority-spin band exhibits a metallic nature. The
hybridization of the 2p-O and 3d-TM orbitals is made possible by the existence of energy
levels around the Fermi level. The band gap nature is direct in all systems doped. The
presence of semiconductor character in the majority-spin band and metallic character in

the minority-spin band confirm the half-metallic behavior in TM-doped ZnONS.
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Figure 5.7: Spin-polarized band structure of ZnO nanosheets doped with (a, b) Fe, (c, d)
Co, (e, f) Ni, and (g, k) Cu for spin-up/-down.
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5.4 Optical properties

We discuss in this section the optical results in both directions of electric field polar-
izations parallel (E || X) and perpendicular (E || Z). The PBEsol-GGA approximation

framework becomes utilized to compute the optical characteristics.

Figures 5.8a and 5.8b report the variation of the imaginary part ez(w) in the energy
region [0-12] eV for the pure ZnONS and TM-doped ZnONS along the (E || X) and
(E || Z) polarization directions. It is possible to determine the sources of the e3(w)
peaks by analyzing the DOS and energy band structures. We can determine the various
inter-band transitions from these curves, which show the absorption of the material. The
study of these spectra reveals the existence of absorption peaks in the low photon energy
(IR and visible) compared to pristine ZnONS in the (E || X) polarization direction. It
takes 2.08eV to reach a transition for the pure ZnONS. We can see the peaks at 0.50eV,
1.37¢V, 1.93eV, and 0.17eV for ZnO nanosheets with Fe, Co, Ni, and Cu, respectively.
The peaks are a signature of the incident photon energy absorption. These peaks result
from the interband electronic transitions. The e5(w) in the IR and visible ranges becomes
zero, as shown in Figure 5.8b, making all these nanosheets highly transparent systems in
these ranges. The ¢;(w) quantifies the level to which a material can be polarized. A high
value of £1(w) indicates a high degree of polarization. Figures 5.8c and 5.8d represent the
spectra of 1 (w) against photon energy for the pure ZnONS and TM-doped ZnONS along
the (£ || X) and (E || Z) polarization directions. Table 5.2 lists the static values of €,(0)
at zero frequency in the (E || X) polarization direction. Increased e;(0) value with TM

atom incorporation in ZnO nanosheet indicates increased polarization capacity.
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Figure 5.8: Spectra of the imaginary e5(w) (a and b) and the real €;(w) (c and d) parts
of the dielectric function against photon energy of ZnO nanosheeet pure and TM-doped
ZnO nanosheets along (F || X) and (F || Z) polarization directions.

Zn0O Zni_,FeO Znq_,CoO Zni_,NiO Znq_,CuO
£1(0) 1.73 2.06 1.82 1.90 7.96
n(0) | 1.31 1.44 1.35 1.38 2.85

Table 5.2: Optical parameters at zero frequency of ZnO nanosheet pure and TM doped
ZnO nanosheets in the (E || X) polarization direction.

Figure 5.9 displays the absorption coefficient a(w) spectra for the ZnONS pure and
ZnONS doped with TM in (E || X) and (E || Z) polarization directions. Below 1.63eV,
the absorption starts from the low incident photon energy compared to the pristine ZnO
nanosheet in the (E || X) polarization direction. In the UV regions, we obtain a large
absorption band in (E || X) and (E || Z). The red-shift phenomenon occurs in (£ || X)
direction when the absorption edge moves to the low energy range in comparison to pure

Zn0O nanosheets. The ability to absorb incoming light with a frequency in the visible re-
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gion makes these doped systems potential candidates for the fabrication of optoelectronic

components and photovoltaic solar cells operating efficiently in this spectral region.
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Figure 5.9: Absorption coefficient «(w) against photon energy for pristine ZnONS and
TM-doped ZnONS along a) E || X and b) E || Z polarization directions.

Figure 5.10 displays the energy loss function variation L(w) of pure ZnO nanosheets
and ZnO nanosheets doped with TM. It measures the energy loss of fast electrons moving
through a material. The complex dielectric function serves to calculate this function. The
plasmonic oscillations and optical transitions correspond to the L(w) peaks. The peaks in
L(w) spectra correspond to the new peaks in e5(w) for TM-doped ZnONS along (E || X)
polarization direction, as proven by the DOS compared to ZnONS pure. Generally speak-
ing, the maximum peaks in the L(w) spectra are identified as plasma peaks, indicating
collective excitations of the electronic charge density. Because of negligible absorption
along the (E || Z) in the IR and visible bands, the L(w) of both TM-doped ZnONS and
pure ZnONS shrinks to zero. Figure 5.11 displays the evolution of reflectivity R(w) spec-
tra versus photon energy for TM-doped ZnONS and pure ZnONS along the (F || X) and
(E || Z). The R(w) maximum values correspond to interband transitions. Figure 5.12 dis-
plays the refractive index n(w) spectra against photon energy for ZnONS doped with TM
and pure ZnONS along the (E || X) and (E || Z). The n(w) curves are similar to those of
e1(w). Table 5.2 lists the static n(0) value at zero frequency. We can find the same n(0)
values from n(0) = \/&W . The extinction coefficient k(w) serves to control the quantity
of light scattered. It describes how electromagnetic radiation becomes attenuated when it
passes through a substance. The variation of k(w) of TM-doped ZnONS and pure ZnONS
along the (E || X) and (E' || Z) polarization directions appears in Figure 5.13. A higher
amount of light absorbed is indicated by each k(w) peak. As a result, according to the

graphs of optical characteristics, all nanosheets show a significant level of anisotropy.
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Figure 5.10: Spectra of the loss function L(w) against photon energy for ZnO nanosheeet
pure and TM-doped ZnO nanosheets along a) F || X and b) E' || Z polarization directions.
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Figure 5.11: Spectra of reflectivity R(w) against photon energy for ZnO nanosheeet pure
and TM-doped ZnO nanosheets along a) F || X and b) F || Z polarization directions.
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Figure 5.13: Spectra of the extinction coefficient k(w) against photon energy for ZnO
nanosheeet pure and TM-doped ZnO nanosheets along a) E | X and b) E || Z polarization
directions.

5.5 Thermoelectric properties

Based on the semi-classical Boltzmann theory with constant relaxation time approx-
imation (7) [132, 133], we calculated the thermoelectric properties using the BolzTraP2
code [132]. Thermoelectric properties are calculated in the range of temperature of 100

to 900 K using PBEsol-GGA. The parameters o, k., and S can be expressed respectively

by:
of.(T,
0ap(T, 1) =0 /aa/g l f“é 8)] de (5.2)
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hon(T,10) = gy [ 7on(@) ¢ = | - 24T e 53)

g 8mkim*T <7T>3
3eh? 3n
With p, T, f, 0as(€), Q, kg, m*, e, h, n, and ¢ are the chemical potential, the absolute

(5.4)

temperature, the Fermi distribution function, the expected conductivity tensors of energy,
the volume, Boltzmann number, the effective mass, the electronic charge, the Planck
constant, the carrier concentration, the electron-band energies, respectively.

Along the x, y, and z axes, we can express three-dimensional tensors of o, S, and k. by:

1 1

o= gTr(a) = 5(0” + 0% 4 0%%) (5.5)
1 1

S = 3Tr(S) = 5 (57 + 5 + 5%) (5.6)
1 1

ke = gTr(ke) = g(k? + kY + k) (5.7)

In this investigation, we used a 154 separation along the z-axis between single sheets to
prevent interactions between successive nanosheets. We can consider nanosheets to be iso-
lated. Along the x-axis, we examined the parameters o, S, k., and PF (0% = g% S** =
SYW kT = kY and PF*® = PFY). The transport properties 0, S* k** and PF** for
half-metallic Zn,_,TM,O nanosheets are computed against the chemical potential (u).
The n-type and p-type doping correspond to the positive and negative chemical potentials

(u), respectively.

The electrical conductivity (o/7) against chemical potential (1) curves are shown in
Figures 5.14a, 5.15a, 5.16a, and 5.17a for ZnONS doped with Fe, Co, Ni, and Cu. These
Figures show the higher electrical conductivity in n-type doping compared to p-type
doping in our doped nanosheets. Because of the peaks in the o/7 that are close to the
Fermi level, more of the electrons can move from the valence band to the conduction band.
Figures 5.14b, 5.15b, 5.16b, and 5.17b represent the evolution of the Seebeck coefficient
(S) against chemical potentials (u) for TM-doped ZnO nanosheets. If S is positive, the
holes are the primary charge carriers; if S is negative, then electrons are the dominating
charge carriers. The maximum peaks of S are decreased when the temperature rises. The
Seebeck coefficient values are more sensitive to temperature than electrical conductivity.
S reaches its maximum value near the Fermi level at u = —0.02eV(1.57 x 1073V K1),
p = —0.02eV(1.56 x 103VK™), p = —0.03eV(1.58 x 10 3VK™1), u = 0.02eV(1.57 x
103V K1) for ZnONS doped with Fe, Co, Ni, and Cu, respectively. Figures 5.14c, 5.15c,
5.16¢, and 5.17c¢ show the variations of the electron thermal conductivity (k./7) versus

chemical potential (u). The k./7 gradually rises with temperature rise. We can see that
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the k./7 values are increasing depending on the temperature, this characteristic results

from the increase in the energy of the free electrons. The power factor (PF) is represented
versus chemical potential (u) in Figures 5.14d, 5.15d, 5.16d, and 5.17d. PF is a crucial

metric for assessing thermoelectric material efficiency. Seebeck coefficient and electrical

conductivity data can determine this factor (PF = ¢5?). The maximum values of PF
along the x-axis are 2.94 x 10!, 2.61 x 10!, 2.66 x 10! and 2.57 x 10! for ZnO anosheets
doped with Fe, Co, Ni, and Co at . = 0.16eV, 0.19eV, 0.12eV, and 1.14eV, respectively.
The PF increases gradually with temperature, suggesting a high potential of these doped

nanosheets for commercial thermoelectric applications at high temperatures.
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Figure 5.14: a) Electrical conductivity, b) Seebeck coefficient, c¢) Electron thermal con-
ductivity, and d) Power factor versus chemical potential for Fe-doped ZnONS along the

X-axis.
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Figure 5.16: a) Electrical conductivity, b) Seebeck coefficient, ¢) Electron thermal con-

ductivity, and d) Power factor versus chemical potential for Ni-doped ZnONS along the
X-axis.
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Figure 5.17: a) Electrical conductivity, b) Seebeck coefficient, c¢) Electron thermal con-
ductivity, and d) Power factor versus chemical potential for Cu-doped ZnONS along the
X-axis.

5.6 Conclusion

To summarize, the electronic, magnetic, thermoelectric, and optical characteristics of
ZnO nanosheets doped with TM (Fe, Co, Ni, or Cu) have been theoretically calculated
based on the DFT framework, which applies the FP-LAPW method by applying PBEsol-
GGA. The electronic structure of pure ZnONS displays the semiconductor character with
a direct band gap. Doping with TM atoms changes the symmetry of DOS of pristine
Zn0O nanosheets, allowing the formation of new energy levels close to the Fermi level.
Around the Fermi level, doped ZnO nanosheets with TM show high spin polarization and
half-metallic behavior. It is implied that the doping of TM atoms induces magnetization
by the asymmetry of DOSs between the spin-down/-up bands. The ferromagnetism in
doped ZnO nanosheets with Co-, Ni-, or Cu- originates from the hybridization p-d between
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the 2p-O and 3d-Co (or 3d-Ni, or 3d-Cu) orbitals. These features of TM-doped ZnO
nanosheets are suitable for Spintronic applications. Furthermore, at low energy regions
in the (E || X) polarization direction, there is a considerable rise in both the absorption
coefficient and the imaginary part of the dielectric function for nanosheets doped. The
red-shift phenomenon occurs in the (E || X)) direction when the absorption edge moves to
the low energy range in comparison to pure ZnO nanosheets, and the ZnO nanosheets with
TM doping also have enhanced optical characteristics in the infrared region. Theoretical
underpinnings for optoelectronic and photovoltaic solar cell device design and execution
in visible and infrared spectrums are provided by these studies. Superior thermoelectric
characteristics, including the power factor, electrical conductivity, and Seebeck coefficient,
were observed along the x-axis. These findings suggest that ZnO nanosheets doped with

TM are suitable for future thermoelectric applications.
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ABSTRACT

The electronic, magneto-optical, and thermoelectric properties of graphene-like Zn0 nanosheets doped with
transition-metal TM (= Fe, Co, Ni, or Cu} were analyeed using spin-polarized Arst-principles computations. When
a T™ atom substitution with the Zn atom, the resultant material exhibits significant spin-polarization around the
Fermi level and displays a half-metallic ferromagnet within the PBEsol-GGA, Deped Zn0 nanosheets by Fe-, Co-,
Mi-, and Cu-dopants generate the total magnetic moment of 4pg, 3pg, 2pE, and 1pg, respectively, which is pro-
duced primarily by the TM-3d atoms. The p-d hybridization explains the ferromagnetic interactions caused by
the robust coupling among Co-, Ni-, or Cu-3d and anion O-2p orbitals. We have investigated the optical char-
acteristics of TM-doped ZnO nanosheets in parallel (EIX) and perpendicular (EIZ) polarization directions. Our
analysis demonstrates that the Zny.,(TM),0 two-dimensional nanosheets can absorb visible sunlight in the (E1X)
polarization direction comparatively to pristine ZnONS. Along the x-axis, we studied the Secbheck coefficient,
electrical, electronic thermal conductivities, and power factor for various temperatures. All the TM-doped ZnO
(2D} nanosheets demonstrate superior electrical conductivity and high power factor in n-type doping than in p-
type doping. According to these findings, TM-doped Zn0 nanosheets could represent the next evolution in
Spintronic, photovoltaic cells, and thermoelectric technologies.
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General conclusion and perspectives

In this work, which is theoretical, we studied the structure electronic, magnetic, opti-
cal, and thermoelectric properties of Zn;_, T M,O nanosheets (TM= Fe, Co, Ni, and Cu),
Snq_9, Mn,A,Oy (A=Mo or Tc), and double perovskites oxides in DFT by the FP-LAPW
method executed in the WIEN2k package using many approaches such as GGA, GGA+U,
mBJ-GGA, GGA+SOC, and YS-PBEO, as well as the BoltzTrap code for calculating the

thermoelectric properties.

The first section addressed co-doped SnOs with Mn and A=Mo/Tc. The results were
checked for compliance with experimental data and with earlier theoretical investigations
of SnOy pure using the GGA-PBE. We determined the lattice parameter, the compress-
ibility modulus, and its pressure derivative to study equilibrium structural characteristics.
The acquired results are in accordance with the theoretical and experimental outcomes.
We use the formation energy calculation to confirm the stability of our materials SnO,
pure and SnO; co-doped with Mn and A=Mo/Tc. We calculated for the two co-doping the
total energy for the two parallel and antiparallel configurations between the spins of the
impurities. The Snq_9, Mn,Mo,Oy complex suggests that the ferromagnetic (FM) state
is more stable than the antiferromagnetic (AFM) state; in contrast, the Sny_o, Mn,Tc,Os
complex suggests that the AFM state is more stable than the FM state. On the one hand,
our calculation of the electronic structure indicates the presence of the half-metallic char-
acter with 100% spin-majority polarization close to the Fermi level in Snq_o, Mn,Tc,O,
and Sni_o,Mn,Mo,Os by applying mBJ-GGA and GGA-PBE. The origin of ferromag-
netism in Sny_o, Mn,Mo,Os and Sni_o, Mn,Tc, O, systems is explained by the double
Zener exchange and p-d hybridization, respectively. The total magnetic moments of all
co-doped materials are sufficiently large. This investigation demonstrates the effective-
ness of Mn and A=Mo/Tc in SnOy co-doping. It shows that the double impurity does
not distort the host semiconductor nature since the DOS displays the spins-up and spins-
down positioned in the band gap. These features are suitable for Spintronic. To study
the behavior of SnOy pure and SnOy co-doped with Mn and A=Mo/Tc materials under
sunlight, we calculated their optical characteristics like the dielectric function, absorption,
reflectivity, etc. The low-energy regions (visible and infrared) exhibit a discernible boost

in the optical absorption of Sni_o,Mn,Tc,Os and Sny_o,Mn,Mo,O5. It implies that
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technological applications like optoelectronics and photovoltaic solar cells may benefit
from these systems. By analyzing the thermoelectric properties, we found the best results
for Seebeck coefficient, power factor and electrical conductivity for Snq_o, Mn,Tc,Oy and
Sni_oxMn,Mo,Oy systems, which make these systems demonstrate good thermoelectric

performance.

The second section of this work examined ferromagnetic double perovskite oxides by
substitution with transition metals or rare-earth elements. We have used a variety of
approximations, including GGA, GGA+U, YS-PBEO, GGA+mBJ, and SOC. Due to the
substitution by magnetic atoms, all compounds C'asCrMnOg, StoREC00¢ (RE=Dy, Ho,
Er, or Tm) in this investigation exhibit a half-metallic character. Also, these compounds
CasCrMnQg, SroREC00g improve the magnetic properties in our initial compounds
CasTiMnQOg and SreTiC00g. CasCrMnOg and SroREC00g can absorb light in the
visible, ultraviolet, and infrared photon energy ranges, which enables them to serve as
light absorbers in solar cells. Next, we studied the thermoelectric characteristics of the
chosen substances. These materials show the best Seebeck coefficient and a figure of merit

close to unity, which makes it possible to use in thermoelectric applications.

The double perovskite SroCrReOg is given another desired magnetic characteristic
by replacing the Cr atom with Tc. It is the antiferromagnetic half-metal property. The
GGA+U calculation preserves the half-metallic character in SryTcReOg. The parame-
ter U considers the correlation between the electrons of the d orbitals. This compound
SroT'cReOg shows a high polarization close to the Fermi level with zero total magnetic
moment. These features serve a purpose in the fabrication of spin-polarized tunneling
microscopies. By analyzing the optical and thermoelectric properties of SroTcReOg, we
found that this material can absorb sunlight in various photon energies and convert heat
into electricity. These results suggest that the half-metallic antiferromagnetic material
SryTcReOg can be advantageous for thermoelectric, optoelectronic, and solar cell appli-

cations.

The third section focused on two-dimensional doped ZnO nanosheets with TM (=Fe,
Co, Ni, and Cu). The doped systems shows a half-metallic character using PBEsol-GGA.
The substitution by TM enhanced the magnetic properties of ZnO nanosheet pure. The
TM atoms are the primary source of most of the total magnetic moments. Ferromag-
netic interactions resulting from the strong coupling between the anion O-2p orbitals
and Co-, Ni-, or Cu-3d orbitals are explained by the p-d hybridization. Through par-
allel (E///X) and perpendicular (E//Z) electric field polarizations, we have examined
the optical properties of ZnO nanosheets doped with TM. Along the (F//X), the doped
nanosheets enhance the optical absorption in low-energy photon regions (IR and visi-

ble). The investigation of thermoelectric characteristics along the x-axis reveals excellent
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electrical conductivity, high power factor, and outstanding Seebeck coefficient. Thanks
to these characteristics, ZnO nanosheets doped with TM may be the future advances in

thermoelectric, spintronic, and solar cell devices.

In the end, this work has enabled the opening up of several perspectives. It would
seem intriguing to extend the research to study the electronic, magnetic, optical, and
thermoelectric properties of 2D nanosheets coupled with double impurities and compare
these properties with three-dimensional materials. Then, we propose to use other more

precise approximations, such as the meta-GGA and the HSE hybrid functions.
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