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ABSTRACT

his study aimed to explore the potential uses of new double perovskite oxides, which
T show promise as functional materials for high-density storage and optoelectronic
applications. Our approach involved using first-principle calculations to examine the
physical properties of these materials and gain a deeper understanding of their potential
applications. Specifically, we focused on double perovskites based on rare earths, such
as Ba,RERuOg (RE= Er, Tm, Gd) and investigated their physical properties, including
magnetic, structural, electronic, magneto-optical, and optical properties. To analyze
these properties, we utilized the density functional theory (DFT) concept and employed
the full-potential linearized augmented plane wave method (FP-LAPW). Initially, the
optimized unit cell structure of three compounds shows a ferromagnetic cubic form with
a space group of Fm3m. The electronic findings of Ba,GdRuOg for GGA and GGA+U
indicate a semiconductor nature. The high magnetism associated with the 4f of rare
earth elements and the 4d of transition metals gives rise to the ferrimagnetic phase.
Moreover, the optical properties of Ba;GdRuOg exhibit ideal optical conductivity and an
efficient absorption coefficient within the visible and ultraviolet range of electromagnetic
radiation. The potential of this newly created material as a candidate for optoelectronic
devices is promising. In the case of the second set of compounds, the (GGA + U)
calculation showed that Ba;TmRuOyg is a half-metallic compound, while BasErRuOg
is a semiconductor compound. For BasErRuOg and Ba;TmRuOg, the magneto-optical
findings show giant peaks of the Kerr effect (MOKE) displayed at angles around 17.7°
and 5.6°, respectively, approximately 0.2 eV. Respectively, these results indicate their

potential applications in the infrared and UV regions.

il



RESUME

L'objectif de cette étude était d'explorer les utilisations potentielles des nouveaux oxydes de double
perovskite, qui offrent des perspectives prometteuses en tant que matériaux fonctionnels pour le
stockage a haute densité et les applications optoélectroniques. Nous avons adopté une approche basée
sur des calculs de premiers principes pour étudier les propriétés physiques de ces matériaux. Nous nous
sommes concentrés sur les double perovskites a base de terres rares Ba,RERuOg (RE = Er, Tm, Gd) et
avons exploré leurs propriétés structurelles, magnétiques, électroniques, optiques et magnéto-optiques
en utilisant la méthode de plan d'onde augmentée linéarisée (FP-LAPW) dans le cadre de la théorie de
la fonctionnelle de la densité (DFT). Les propriétés magnéto-optiques, y compris les effets spin-orbite
attribuables aux électrons Ru-4d et RE-4f, ont été calculées en utilisant les approximations du gradient
généralisé (GGA) et du GGA+U.

La structure optimisée de la maille cristalline de trois composés présente une forme cubique
ferrimagnétique avec un groupe d'espace Fm-3m. Les résultats électroniques de Ba.GdRuOg obtenus
avec les méthodes GGA et GGA+U indiquent une nature semi-conducteur. De plus, les propriétés
optiques de Ba,GdRuOs ont montré une conductivité optique idéale et un coefficient d'absorption
efficace dans la région du rayonnement électromagnétique visible et ultraviolet.

Dans le cas du deuxieme ensemble de composés, le calcul (GGA+U) a montré que Ba,TmRuOs était
semi-métallique, tandis que Ba,ErRuQs était un semi-conducteur avec une énergie de bande interdite
directe pour les deux composés. L'effet Kerr magnéto-optique (MOKE) a révélé des pics a des angles
d'environ 17.7° et 5.6° autour de 0.2 eV pour Ba;ErRuOg et Ba,TmRuOs, respectivement, indiquant leur
potentiel d'application dans les régions infrarouge et UV.

En résumé, notre recherche offre des perspectives précieuses sur les applications potentielles des
oxydes de double pérovskite et souligne I'importance de comprendre leurs propriétés physiques grace a

des calculs de premiere-principes.

v
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GENERAL INTRODUCTION 2

ouble perovskite oxides have recently demonstrated significant potential for various
D industrial and technical applications due to their distinctive physical and chem-
ical properties. Examples of these applications include photovoltaic devices, spintronic
devices, and magneto-optical devices [1-12]. The challenge of meeting the demand for
clean energy is a pressing issue in contemporary times. Solar energy, a crucial power
source in photovoltaic devices, has driven researchers to explore novel materials that are
cost-effective, environmentally friendly, and possess superior optical properties. In this
context, perovskite materials have emerged as a promising area of investigation [13—15].
Recent research has delved into double perovskite oxides comprising both transition met-
als (TM) and rare earth (RE) elements. The incorporation of lanthanide elements (Eu,
Dy, Tm, Yb) in perovskite materials as photo-absorbing compounds holds significant
promise in solar cells, as evidenced by predicted band gap values ranging between 2.0
and 3.2 eV. Pazoki et al. conducted a study on the electronic structures of various organo-
metallic perovskites based on rare earths. Additionally, the notable visible-range features
of Ay)NiMnOg (A = La, Sm) make it an excellent candidate for use in solar cells and pho-
tocatalyst applications [16-18]. Double perovskite materials, such as Ca;BB'Og (with B
=Y, Gd, La and B’ = Nb, Sb, Ta) and Ba,GdB'Og¢ (with B’ = Nb, Sb), have been iden-

tified as luminescent materials with potential applications in white light-emitting devices.

Moreover, it is widely recognized that these compounds possess unique characteristics
of interest due to their structural and physical properties being highly sensitive to mi-
nor modifications in their chemical composition. For instance, the substitution of A
and B cations can result in different crystal structures, as evidenced by the investiga-
tion of A, REMOg materials (where A= Sr, Ba, and Ca) containing rare earth (RE)
and transition metal element (M) [19-21]. The double perovskites with Ba as the A-
cation have been noted to assume face-centred cubic (FCC) lattices with the space group
(Fm=3m) [22, 23]. The double perovskite material, known as A;GdRuOg, possesses a
monoclinic crystal symmetry with a space group of (P21/n) [24]. However, the struc-
ture of this compound is slightly distorted from its ideal form due to the mismatch in
ionic radii between the A cation and the average B cation. This distortion can be at-

tributed to the larger ionic radius of Ba cations compared to Sr cations, as observed in
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SroRuHoOg [25]. To determine the crystal structure of A,GdRuOg compounds, X-ray
diffraction analysis was conducted. The results showed that the double perovskite com-
pound with barium (Ba) had a cubic crystal structure, whereas the crystal structure of
SroGdRuOg was monoclinic [26]. The structural composition of double perovskites can be
altered in response to changes in pressure and temperature, resulting in diverse charac-
teristics such as metallic, insulating, half-metallic (HM), or semiconducting [27-31]. The
category of half-metallic materials (HM) displays distinct characteristics, demonstrating
properties that lie between those of metals and semiconductors in both spin-up and spin-
down channels. This exceptional characteristic is defined by a resilient spin polarization
that can achieve percentages as elevated as 100%. [32]. Numerous oxides comprising rare
earth (RE) elements with 4f orbitals and transition metals (TM) with 4d or 5d orbitals
exhibit the characteristic of being HM. These materials are considered to possess consis-
tent magnetic orderings, facilitating the formation of diverse magnetic phases. Kumar
et al. [33] have reported that Ba,YbTaOg exhibits a half-metallic ferromagnetic charac-
ter with significant optical properties. Theoretical studies have also been conducted on
BayLnTaOg (Er, Tm) to demonstrate their half-metallic paramagnetic nature [34]. Haid
et al. [22, 23] have investigated the effect of U potential on the half-metallic ferromagnetic
material of Ba;REReOg (RE= Ho, Er) through theoretical analysis [29].

The phenomenon of the rotation of reflected light from a magnetized surface is commonly
referred to as the magneto-optical Kerr effect (MOKE) [35]. The search for materials
exhibiting a Kerr rotation greater than or equal to 0.2°, considered valuable in MO
storage devices, remains an active area of research.For example, Sr2FeWW O6 exhibits Kerr
rotation values of 3.87° at 1.55 eV [4], while Ba;NiOsOg4 demonstrates a Kerr rotation of
6° at 3.2eV [7]. In the case of the ferromagnetic perovskite BiNiOj3, the Kerr rotation is
1.28° at 1.87¢eV [36]. Recently, Zu et al. [37] reported the use of Sro BB Og (B = Cr, Mo;
B’ = W, Re, Os) and found that the Kerr effect value reaches —5.02° in the infrared to

the visible light spectrum.

Density Functional Theory (DFT) is a cost-effective method that can be utilized to predict
the properties of a new compound, surpassing the need for experimental procedures. In
essence, the DFT approach serves as a primary means of determining the characteristics

of materials [38].
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The research we present in our thesis centers around the double perovskites BasRERuOg.
Despite their theoretical significance, these materials have received scant attention in
existing literature. To address this gap, we have conducted first-principle calculations to

determine their structural, electronic, magnetic, optical, and magneto-optical properties

for the RE elements Gd, Er, and Tm.
The present thesis manuscript is organized as follows:

» The introductory chapter provides a comprehensive overview of double perovskite

materials.

» The second chapter comprises two initial sections. The first section provides a brief
explanation of the first principle calculation, namely Density Functional Theory (DFT).
The second section delves into the primary method employed in this thesis, namely the

Full Potential Linearized Augmented Plane Wave (FP-LAPW) method.
» The third chapter presents the outcomes of the discussion.

» The final section of this study presents a comprehensive summary of the most note-

worthy findings, thereby highlighting the overall conclusion.



Chapter 1

DOUBLE PEROVSKITE OXIDES
MATERIALS

» An Overview of the Perovskite Family.
» Double perovskite materials and their properties.

» Some application of double perovskite.



CHAPTER 1: LITERATURE REVIEW o

1.1 Introduction

Perovskites are a group of crystalline oxides that can be classified in many different ways,
as shown in Figure (1.1). The mineral CaTiO3 was discovered by Russian mineralogist G.
Rose in 1839, and was named "Perovskite" after Russian mineralogist V. Perovski. The
general chemical structure of these minerals is represented as ABX3, where A cations can
be alkaline earth or rare earth, B cations are transition metals of varying sizes, and X
denotes anions such as O?>~, F'~, 8?7, or halogen elements. Depending on the nature of
the cations A and B, various combinations are possible, as illustrated in Equation (1.1.1).
This principle guides the identification of different materials based on the valence states

of these cations [1].

Qa+0Qp=—3Qx (1.1.1)

Where the combinations of perovskite depends on the oxidation states of each ion[39]:

> Qa=1;Q=2;Qx =—1; KMgF3, KZnF3, and AgM gF3[40]

> Qa=2;Qp=4; Qx = —2; AMSs; A = (Ba, Ca, Sr); M = (Hf, Sn) [41]
> Qi=1; Q=5 Qx = —2; KNbO3, NaNbOs [42]

> Qi =4; Qp =05 Qx = —3; LaReN3, LaW N3, and Y ReN3[43]

105‘! Predicted
Explored
104
10
2
1075
10 +
1 ) ) T T T L T L L] T L 1 T ) T L) L L L
0% 507, 0P O G OP O 001010 08 00 08,00, 08, Ok, 0808, O0x OF
A B I A A T I N R R w0 L
LI S S O R AR AL ARATATATS EAK AR <
Y » V’"' kol bl ‘,,a, Y;\, w Y..", ?';\, V”"’ Y"ﬂ' T

Figure 1.1: Various compositional forms of perovskite structures[l1].
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1.2 Single perovskite structure

The perovskite oxide family is renowned for its characteristic crystallographic structure.
This distinctive feature is a result of the arrangement of atoms in a cubic unit cell, with a
central cation surrounded by six octahedrally coordinated anions. This unique structure
has piqued the interest of researchers due to its potential applications in a wide range
of fields, including electronics, energy storage, and catalysis. A thorough understanding
of the crystallographic properties of perovskite oxides is crucial for the development of
new materials and the optimization of existing ones. The ideal structure of the material
is cubic with a symmetry group of Pm=3m (221) as illustrated in Figure (1.2-(a)) using
Miller representation forms [44]. In crystal structures, A cations are typically found at
the corners of a cube, with coordinates (0, 0, 0), surrounded by twelve anions (X) in an
octahedral coordination. Conversely, B cations usually occupy the centre of the cube,
with coordinates (0.5, 0.5, 0.5), surrounded by six anions. In addition, the X anions are
located at the centre of each face of the cube, with coordinates (0.5, 0.5, 0), surrounded
by 2B cations and 4A cations. When the cubic structure is replicated, it produces a
network that is similar to the one shown in the second form of the Miller representation.
In this configuration, the A cation is placed at the centre of the cube with coordinates
(0.5,0.5,0.5), and the B cation is located at the corners of the cube at coordinates (0, 0, 0).
The X anions are positioned in the middle of the edges of the cube and have coordinates

(0.5,0,0). This arrangement is visually represented in Figure (1.2)-(b) [45].

1.2.1 The Tolerance Factor

In 1928, Goldschmidt conducted a study on the stability of perovskite structures. He
used geometric criteria to determine whether perovskite materials will have a cubic or
distorted structure. This method is still used today. Goldschmidt established a dimen-
sional parameter called the tolerance factor (t) by considering the ratios of ionic radii.

This factor helps to estimate the degree of distortion in the crystal structure.

The tolerance factor is calculated based on the ionic radii ratios and serves as an indicator

of the deviation from the ideal cubic structure. In the ideal cubic arrangement, the
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distance between ions B and O is denoted as 5. Simultaneously, the distance between
ions A and O is \% units, establishing a specific relationship between the A and B radii,
as expressed by the Goldschmidt factor in the following equation:
(ra+rx)

\/E(T‘B + Tx)

t= (1.2.1)

Here, 74, rg, and ry represent the ionic radii of A, B, and X, respectively. The perovskite
structure remains stable within the specified range of 0.78 < t < 1.05. The cubic form is
favoured when the tolerance factor falls between 0.95 and 1.05. Additionally, this factor

provides insights into the vast array of substitutions observed at sites A and B.

» If ¢t < 1, a small cation radius at the A site minimizes A-O distances, inducing coordi-

nation reduction and BOg octahedral tilting.

» If t > 1, the cuboctahedral cavity of the octahedron is filled by the excessively massive
A cation. The ideal perovskite’s octahedral shape distorts when the cation at site B

moves away from the centre of the cavity.

Figure 1.2: Two different ways to represent the cubic ABXj3 perovskite structure. (a): unit

cubic cell perovskite ABX3, (b): BXg octahedral in perovskite crystal structure.
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Figure 1.3: Diagram of the temperature and pressure effects on BaTiO3 perovskite structure

[1].

1.3 Types of Distortions in Perovskite Structure

1.3.1 Displacement from B Site

The displacement from the B site is measured as the distance in various directions from
the centre (0, 0, 0) of the BOg octahedra, as illustrated in Figure (1.4). If the cations
occupying the B site are notably smaller than the ideal size for a perovskite structure, the
lattice undergoes modification. This alteration occurs when the B-site ion moves away
from the centre of a BOg octahedra. Notably, it is essential to recognize that the degree

of displacement in different directions may not be consistent [1, 2, 25].

Identifying the most probable space group for a structure is a reasonably straightforward
process. This is because of the distinct positions of the A and B cations, which enable
the determination of displacement directions. The displacement of cations can be altered

by fluctuations in temperature and pressure, which can cause octahedra distortion.
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Figure (1.3) illustrates three distinct space groups of the BaTiO3 perovskite at different
temperatures. The displacements of the 7Ti** ion in various directions determine the
phases at specific temperatures. The structures transform rhombohedral to orthorhombic

at 183K, from orthorhombic to tetragonal at around 263K, and from tetragonal to cubic

at 393K[46].
(a) % %E% (0) %%

Cubic [001] Tetragonal

[011] Orthorhombic [111] Rhombohedral

Figure 1.4: B cation displacements along three directions of BaTiO5 [1, 2] .

1.3.2 Octahedral Tilting

At elevated temperatures, the cubic structure is known to exhibit the highest degree of
symmetry. However, in perovskite materials, deviations from this ideal structure can
be observed due to variations in the size of the A-site ions, which can either be smaller
or larger. These deviations are accommodated within the crystal structure through the

process of octahedral tilting. Glazer (1972)[47, 48] introduced 23 distinct tilt systems
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based on component tilts around axes called "pseudo-cubic," advocating for the concept
of octahedral tilting. Table (1.1) presents the tilt systems and corresponding space groups
of single and double perovskites. An example is the system labeled a’a’c™, which is shown
in Figure (1.5). The letters a, b, and ¢ denote rotation angles around the three axes. If
the tilt is equal for two axes, the letter is repeated. The superscript zero indicates no
tilt along an axis, while the superscript + means a rotation along the z-axis, resulting
in two layers of octahedra with identical relative orientations. On the other hand, the
superscript — implies a rotation in the opposite direction, as seen in the tilt system

a’a’c™. The ideal cubic structure is referred to as the no tilt system a®a’a®[1].

Table 1.1: Some Glazer’s notations of single and double perovskite structures with their respec-

tive space groups[49, 50].

TiLT SPACE GROUP MATERIAL

a’a’a® Fm3m (Pm3m) Ba,CaReOg (BiGaOs)
a®a’c™ I4/m (I4/mcm) Sr,CuWOyq (StMoO3)
a’a’ct P4/mnc (P4/mbm) BayPrIrOg (MgSiO3)
a®b= b~ 12/m(Imma) Ba,CaWOg4 (PbRuOs3)

ath b~ P2;/n (Pnma) SroZnWOg (YFeOs)
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a‘a*a’ a'b*b’ a’a’c da’c” a’ba— aaa
Im3 [4/mmm| |P4/mbm| |I4/mcm Imma R3c
atbct atatc a’btc abb~ a’bc~ a b b~
I'mmm P4, [nmc Cmem Pnma C2/m C2/c
ab ¢ abc”
P,im Pl

Figure 1.6: 15 Tilt Systems of Double Perovskite[51].

Howard and Stokes [51] expanded upon Glazer’s work, presenting 15 tilt systems as

depicted in Figure (1.6). However, they opted to exclude the eight additional tilt systems,

asserting that each system exhibited a higher level of symmetry than required for the

corresponding space group.
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1.3.3 Jahn-Teller Effect (JT)

The Jahn-Teller effect, as proposed by Jahn and Teller in 1937, explains that molecules
with non-linear structures can undergo geometric distortions, known as Jahn-Teller (JT)
distortions, even if they have a degenerate electronic ground state. This phenomenon is
exclusive to specific electronic configurations determined by the number of electrons and

their respective spin states.

In the molecular orbital theory, specifically Crystal Field Theory, electrostatic interactions
explain how electrons are distributed in d or f orbitals of the central atom or ion within
various symmetrical environments. Under the influence of the octahedral crystal field
(Acr), the d-atomic orbitals split into two sets with equal energy levels: ¢y, and e,.
The t9, shells, situated at a lower energy level, split into three subshells (d,,, ds., and
dy.), while the higher energy e, shells split into two sub-shells (d,2_,2 and d,2). The
illustration in Figure 1.7 demonstrates the increase in degeneracy of the d orbitals due
to the Jahn-Teller effect and the octahedral crystal field. These distortions effectively
eliminate degeneracy by lowering energy and symmetry through the distortion process.
In octahedral complexes, when the e, states, possessing double degeneracy, are partially
occupied by one electron, the occupied e, state undergoes a reduction in energy while
the unoccupied state shifts to higher energy levels. JT distortion commonly manifests,

causing axial bonds to either lengthen or shorten compared to equatorial bonds.
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Figure 1.7: The effects of JT distortion and crystal field on the d orbitals of octahedral com-

plexes.

1.4 The double perovskite structure

Perovskite materials are commonly found in various sulfides, halides, and complex oxides|1].
The classification of double perovskite oxides is based on the structure of the single per-
ovskite ABOs, resulting from substitutions at the cation sites A and B. This leads to
two distinct forms: AA’BOg or A;BB’Og[52]. Here, A can represent divalent elements
of alkaline earth metals such as (Ba®", Sr*") or Ca®", while B signifies trivalent rare
earth cations like La®**, Sm®*, Dy**, Ho*", Gd*t, Er**, or Tm®' [34, 53]. The transition
pentavalent cation may occupy the B’ site, which can be Re®", Ta’", Mn®", Fe’t, or

Ru5+

The same crystallographic form characterizes the perovskite oxide family (refer to Figure
1.2-a). Typically, the A-site cation is occupied by rare alkaline or rare earth elements,
while transition metals occupy the B-site cation. A cation is centrally located within
the cube at coordinates (0.5,0.5,0.5). Furthermore, the B-site cations reside at the
corners (0, 0,0) and are surrounded by six oxygen atoms (0.5, 0, 0), forming an octahedral

coordination polyhedron BOy.
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The tolerance factor for the double perovskite structure exhibits similarities to that of
the simple perovskite structure, as indicated in equation 1.2.1. In this equation, the ionic

T+

radii rp are distributed between the B and B’ sites, averaging —;

1.5 RE-double perovskite oxide materials and their prop-

erties

1.5.1 Structural and Electronic Properties

The formation of a double perovskite involves substituting half of the BOg octahedra in a
perovskite structure ABO; with suitable B'Og octahedra. Ion positions in a double per-
ovskite can result in various orderings, such as rock salt, columns, or layers, as depicted in
Figure (1.10)[54]. The prevalent arrangement often involves placing two distinct cations,
B and B/, in a chessboard-like pattern, commonly known as rock-salt (NaCl) ordering.
This arrangement isolates OB and OB’ octahedra alternately, resembling a form of zero-
dimensional ordering. Additionally, B cations can be arranged in one or two-dimensional

orderings, referred to as layered or columnar, respectively.

Rare earth elements (RE) can be located in either A or B positions in the crystal structure
of A;BB’Og. When pentavalent transition metal ions (M°T) are used as the B’ cation and
alkaline earth elements are incorporated in the A sites, trivalent rare earth ions (RE?")
can integrate into the B sites. This results in a variety of configurations. The rare earth
elements are composed of 15 lanthanides (La-Lu), each having either filled or partially
filled 4f shells. The exception is La, which has an electron configuration of [Xe]5d'6s?.
This group also includes yttrium (Y) and scandium (Sc), with electron configurations of
[Kr]4d! 5s? and [Ar]4s?3d!, respectively. Figure (2.3) highlights the rare earth elements
in red. Incorporating a lanthanide atom (Ln) at the B position is expected to introduce

various electronic and magnetic characteristics.
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Figure 1.8: Double perovskite structure.
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Figure 1.9: The organization of Rare Earth Elements in the Periodic table [55].
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Figure 1.10: Three types of arrangement of B sites in double perovskite: (a) rock salt, (b)

columnar, (c) layered.[2].

1.5.2 Magnetic Interactions in Double Perovskites

Double perovskites have been the focus of many investigations due to their favorable mag-
netic properties. These properties are primarily attributed to the presence of incompletely
filled d or f shells at the B’ or B” sites, which are typically occupied by transition metals
and lanthanides. The magnetic characteristics of rare earth materials exhibit significant
variability due to the high angular momentum of the f electrons. This leads to diverse
states resulting from inter-atomic interactions that depend on the electron count. Gener-
ally, double perovskites tend to display antiferromagnetic ordering at low temperatures,
which is in contrast to ferromagnetic ordering, owing to interactions between different
atoms. At elevated temperatures, these materials commonly exhibit paramagnetic be-
havior, which may be influenced by temperature-dependent magnetic susceptibility as

described by the Curie-Weiss law[56].

Magnetism originates from the rotational motion of electrons and their interactions. It
is important to note that most forms of matter exhibit magnetic properties, although to
varying degrees. The crucial difference lies in the need for collective interaction among

atomic magnetic moments in some materials. In contrast, in others, there is a significantly
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stronger interaction, as depicted in Figure 1.11.

Antiferromagnetic behavior manifests when the magnetic moments of nearest neighbors
are arranged in opposite directions. Conversely, materials exhibiting ferromagnetism fea-
ture magnetic moments aligned in parallel within the crystalline structure. The strength
of magnetization is notably pronounced when the temperature drops below a specific
threshold, known as the FM Curie temperature T. (Figure 1.11). Ferrimagnetic ma-
terials showcase a similar arrangement to antiferromagnetic substances (Figure 1.11),
although the magnetizations of the sublattices are not entirely nullified. Consequently, a

noticeable residual magnetization persists below the Neel temperature.

The interactions with Ru®* ions, which have 4d3 electron configuration, are expected to be
antiferromagnetic due to the involvement of the half-filled t., orbitals. Double perovskite
materials that have transition metals and lanthanide elements in their B’ and B” positions
exhibit superexchange interactions due to the weak overlapping of RE-M orbitals [25, 57].
The magnetic behavior of A,LnRuOg double perovskites varies depending on the type of
Ln element present and the size of the A cation. If the Ln ions are magnetic and have
higher Neel temperatures, the compound will exhibit different behavior than if the Ln
ions are nonmagnetic. Moreover, the size of the A cation, specifically the transition from
Ca to Sr and Ba, affects the type of antiferromagnetic ordering (I, II, or III)[2]. If a
double perovskite has only one magnetic cation, its magnetic properties can be compared
to those of a simple perovskite. Most Ba,LnRuOg materials, especially those containing
Tm, Yb, and Pr, exhibit antiferromagnetic ordering type 1. However, if La®* ions are
in the B’ position, the antiferromagnetic ordering shows type III due to the presence of

nonmagnetic La*" ions at low temperatures[29, 58].
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Figure 1.11: (a): antiferromagnetic arrangement, (b): the ferromagnetic arrangement, (c): fer-

rimagnetic arrangement.

1.5.3 Magneto-Optical Effects

Magneto-optics (MO) is a field that studies the interaction between light and matter in
the presence of a magnetic field. Interestingly, magneto-optical effects can occur even
without an external magnetic field. The MO Kerr effect (MOKE), which was discovered
by physicist S. J. Kerr in 1888, is a significant magneto-optical effect that occurs in the
reflection geometry. There are three fundamental configurations of MOKE, namely polar,
longitudinal, and transversal geometries. These configurations are determined by the
magnetization direction concerning the planes of incidence (M) and reflection. Figure 1.12
illustrates these configurations. In the Polar Magneto-Optical Kerr Effect (P-MOKE)
configuration, the magnetization vector and the plane of incidence are perpendicular to
the reflecting surface. These results in a rotation of the polarization state, inducing
slight ellipticity. The optical phenomenon is characterized by two parameters: the angle
of rotation of the polarization plane (6;) and the angle quantifying the ellipticity of the
reflected light (e = arctan (g), where a and b represent the major and minor axes of the
resulting ellipse). The dispersion of the optical conductivity tensor is described by the
frequency-dependent equation [59]:
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Tap(W) = —

m Lk mm/ Wmm/ (W — W + 1’7)

p B o« 1
27:‘2/ 353 f(Emi) = [(Emr) T M (1.5.1)

B

mm’)

The optical dipolar matrix factor, denoted as [T, and [] is influenced by the Fermi
function f(F,.k), where E, and FE,, represent the Kohn-Sham energies at positions k
for the two bands m’ and m. The difference between these energies, fw,, ., is equal to

E. — E, and the parameter v represents the lifetime.

The non-diagonal imaginary components of the conductivity tensor characterize magneto-
optical absorption. Precisely, in the polar Kerr effect, the magnetization aligns parallel
to the z-axis and perpendicular to the sample surface, representing the dielectric tensor

as a matrix:

€ox  €xy U
—€ry €z 0 (1.5.2)
0 0 e,
In the dielectric tensor, the diagonal element is denoted as ¢,,, while the off-diagonal

components are represented by €, and ¢,,.

This dielectric tensor plays a crucial role in the formation of the conductivity tensor
OB = 0(11/8 +aiﬁ, where the absorptive elements are associated with the absorption of left-
handed circularly polarized (LCP) and right-handed circularly polarized (RCP) light [60].
The equations describing the polar Kerr effect (P-MOKE) for linear polarization can be
found in the study by Kahn et al. [61]:

Where the polar Kerr rotation and Kerr ellipticity are represented by the integers 6, and

€x, respectively. This may be stated simply as:

O + i€, = (154)

Expressing the off-diagonal and diagonal components of the optical conductivity as oy,

and o,,, respectively.



CHAPTER 1: LITERATURE REVIEW 21

polar Kerr effect longitudinal Kerr effect transverse Kerr effect

Figure 1.12: The three distinct modes of light reflection on a magnetic surface, known as

Magneto-Optical Kerr Effect (MOKE) [62].

1.6 Applications and Utilization of Perovskite Materials

In contemporary electronics, several auspicious materials have emerged as integral com-
ponents, with perovskite structures playing a pivotal role due to their inherent flexibility
and diverse compositions. The following examples highlight the practical applications of

double perovskites in various contexts.

1.6.1 Photovoltaic (PV) Devices

In recent years, there has been increasing interest in photovoltaic (PV) systems capable of
directly converting sunlight into electrical energy. These systems are recognized as vital
solutions to address escalating energy needs, harnessing abundant solar resources [52].
While materials like silicon (Si) and gallium arsenide (GaAs) have been traditional choices
for solar cells, halide perovskites, with superior photovoltaic characteristics, have gained
attention [63]. However, their vulnerability to environmental conditions impedes practical
integration. In contrast, oxide perovskites and their derivatives, known for more excellent

stability, find broader use in photovoltaic technologies [52, 64—66].

1.6.2 Spintronic Devices

Conventional electronics rely on utilizing electric charges to process information. Spin-
tronics, an emerging field, integrates electronics and magnetism by leveraging the intrinsic

magnetic moment of electrons, known as spin [67]. In spintronics, manipulating both the
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charge and spin properties of electrons is crucial for information transfer. Applications in-
clude spintronic heads in hard drives and non-volatile devices [68]. Recent focus involves
exploring novel half-metallic magnetic materials for spintronics, including ferrimagnetic

double perovskites like SroCrReOg [69-72].

1.6.3 Solid Oxide Fuel Cells (SOFC)

Fuel cells are a promising solution to address environmental problems, especially global
warming caused by greenhouse gas emissions. Ba2LnBOG6 double perovskites exhibit
potential as anode materials in solid oxide fuel cells, which are designed for stationary
use at high temperatures of up to 1000°C. These fuel cells, known as combined heat and
power systems, can achieve impressive efficiencies, reaching up to 70% as reported by

studies [73, 74].
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2.1 The equation of Schrodinger and problem of several

particles

In order to comprehend the characteristics of condensed matter, it is necessary to examine
a system comprised of electrons and nuclei that interact with one another. According
to the principles of quantum mechanics, the behavior of this system is dictated by the
many-body Schrodinger equation, which encompasses all of the interactions within the
system. This equation was first formulated by E. Schrodinger in 1926 [75, 76], and can

be expressed in the following manner:

Hi = By (2.1.1)

Where the Hamiltonian H is a set of variables representing multiple physical interac-
tions within the system, including kinetic energy, potential energy, and interactions with

electromagnetic fields.

The Hamiltonian function for a solid with N particles is defined as:

A

H=T,+Vy+Ty+Vs+Vauy (2.1.2)

» T.;: the electron kinetic energy.
> Vel: the electron-electron interaction.
» T, the nucleus kinetic energy.
> VZ is the interaction nucleus-nucleus.

» V,,_ is the interaction between electrons and nucleus.

Then

. h? VZ  R? V?% 1 ez, 1 ez, 7. 1 e?

g--Erh Peth 15 th Ly ZA2 o
2 5 ma 25 M, 4Teo f | Ry — T | 87€0  Zm | Ry — Ry | 87r60n7ém|rn Trm

(2.1.3)
The Hamiltonian operator, which accounts for the motion and interactions of all atoms

within a solid, presents a challenge when applied to systems with multiple bodies. To
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address this issue, the equation can be simplified by breaking it down into a set of
individual equations that describe the motion of each particle. This process necessitates
the development of approximations. The first simplification is achieved by adopting the

Born-Oppenheimer approximation [77].

2.1.1 Born-Oppenheimer approximation (1927)

The resolution of the Schrodinger equation in crystal systems is a complex task due to the
multitude of interactions depicted in equation (3.3.1). M. Born and J.R. Oppenheimer|[77]
proposed that nuclei can be considered fixed, while the electrons are much lighter than
the nuclei. As a result, the momentum of the nuclei becomes slower. This assumption
results in the nuclei having zero kinetic energy (T = 0)[78]. Leading to a separation of
the electronic and nuclear wave functions, this allows for the independent calculation of

the levels of electronic energy and wave functions of a molecule from the nuclei.

The Hamiltonian is reduced as follows:

A

H = Tel + ‘A/el—el + ‘A/e:vt (214)

The wave function of a crystal is influenced by both electrons and nuclei, and can be
divided into two components based on their respective contributions (¥, ®z). The
kinetic energy of the electron gas in a solid can be described as the energy resulting from
the interaction between two electrons, which creates a potential energy represented by

A, A

V._ei- The external potential of positively charged nuclei is denoted by V..

U(7 s BO) = W (55 s RY) D 1 (R2) (2.1.5)

The wave function of electrons, represented by V., depends on the positions of the
electrons (7, where i = 1...n) and the fixed nuclei (R°). The nuclear wave function is

denoted as ®.

In order to obtain a solution for the Schrodinger equation, a set of fixed nucleus locations is

utilized as parameters. The resolution of the equation requires solving a set of equations:

I:[ewel = Eelwel (216)
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Then

2
! Z *e Z” ]wel = Eelwel (217)

—rm| 47T€0n7m|Rn—Fm|

P
2

St st S

Mgy 87T€0
E.; represents the energy of electrons that move in the field created by the fixed nucleus

(Eel(Rg))'

It is important to acknowledge that the motion of nuclei is governed by a distinct wave
function, denoted as @Z(ﬁL ,,,,, ). Subsequently, we undertake the task of resolving the

given equation:

H,®, = Ed, (2.1.8)
A —_ 2 2 A —
Hy0, = ( @ 4 Vy+E(.,Ry,.)) P, = EDy (2.1.9)

2M,

67

The nuclear wave function ® 5 describes the average value of electron motion.

The Born-Oppenheimer approximation exhibits several notable deficiencies, a few of

which are outlined below:

» The Born-Oppenheimer approximation may prove inadequate in cases where electronic
and vibrational motions are closely intertwined, despite its assumption to the contrary.

This can result in non-adiabatic consequences.

» Due to the potential variability of nuclear coordinates, it cannot be assumed that the
electronic wave function will remain constant, which leads to electronic relaxation. This

phenomenon is not accounted for by the Born-Oppenheimer approximation.

» The Born-Oppenheimer assumption becomes unreliable when subjected to high pres-
sure or temperatures because it assumes that the nuclei are stationary at their equilibrium

positions. However, at such conditions, the nuclei can experience significant displacement.

» The Born-Oppenheimer methodology relies on the concept of isolating the ground state
of the electron from its excited states. However, this hypothesis proves inadequate when

illustrating electronic states that are significantly elevated.

At this level, there exist multiple approaches to address equation 2.1.5,the initial ones
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being the Hartree and Hartree-Fock methods, which rely on the assumption of free elec-

trons [79, 80].

2.1.2 Hartree and Hartree-Fock approximation (1928-1930)

The Hartree approach, based on the independent electron approximation [81, 82], employs
the Jellium model to simplify the problem of solving a system of single-particle differential
equations. This model assumes that electrons in a material behave like a homogeneous
electron gas, thereby simplifying the problem. The Hartree approximation neglects the
interactions between electrons and spin states, but it accounts for the mean field potential.
The overall wave function is obtained by separating it into the wave functions of individual

—

particles ()

P (F) = L) 2 () 3 (7)™ (Fy) (2.1.10)

The equation (2.1.10) mentioned above lacks asymmetry when two electrons are per-
muted, indicating that these electrons are classified as fermions. As such, the electron
spin and Pauli exclusion principle are not disregarded, necessitating the alteration of ¢’s
sign upon the permutation of two electrons. The total wave function must therefore be

asymmetric and expressed in the following format:

V(] Ty, ) = =T (7], Ty, o TN (2.1.11)
Hence. Fock suggested adopting a linear combination of independent electron wave func-
tions in a solitary Slater determinant configuration to express the wave function of a
system with N electrons [83]. This configuration is expressed in the following form [84]:
) PA0) o N ()

1/, 2(, N (.=
szF(ﬁ,rg,...r;):L 4 @ v (.T) Y @ (2.1.12)

Where ¥ (r7}): is the one-electron wave function that depends on the local coordination

of the electron spin and vector r7.
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The normalization factor, denoted as \/17, is used in the context of the determinant

of Slater, which exhibits anti-symmetry. Pierre Hohenberg and Walter Kohn’s seminal
paper on the symmetry principle and exchange effects yielded highly satisfactory results.
However, the Hartree-Fock wave function fails to account for the electronic correlation

term of the system.

By utilizing the variational method to minimize the Hamiltonian operator, the average

electronic energy F,. can be determined:

(T H ")
(YHF|HE)

The field of calculus of variations demonstrates that the wave function %% () for each

(H) = (2.1.13)

system must minimize the average energy (H). The wave functions are obtained as
solutions of a second-order differential equation, which is analogous to Schrodinger’s
equation for a single particle. In order to account for electronic correlations, several
techniques have been developed that surpass the Hartree-Fock method. These techniques

rely on density functional theory (DFT) [85-87].

Density functional theory (DFT)

The Density Functional Theory (DFT) is a reformulation of the N-body quantum problem
that focuses solely on the electron density. The original idea of this theory was developed
by Thomas and Fermi in 192788, 89]. In their initial work, Thomas and Fermi neglected
electron-electron interactions and treated the system as a homogeneous gas, with the
kinetic energy being a function of the local density [90]. They did not account for the
effects of exchange and correlation between electrons, but Dirac addressed this deficiency

in 1930 [91] when he introduced the local exchange approximation [91].

This concept depends on the electronic density and replaces the Schrodinger equation
with a set of self-consistent equations. Upon solving these equations, the energy and

electron density of the entire system can be obtained:
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N 2 2

h 1
=3 —%VerVex(ri) +§Zz—1N Z

(2.1.14)

i=1 j=1,5%i |rz ;]
The Hamiltonian consists of the kinetic energy of the electron and the Coulomb inter-
actions. However, the computational complexity of evaluating this equation for systems
with a large number of electrons is a persistent challenge. Density Functional Theory

(DFT) has emerged as a valuable tool to address this issue.

In this context, the electronic density (p(r)) serves as the primary variable for describing
the energy of the system. The electronic density functional E[p] is used to represent
the energy of the system, while the exchange-correlation functional E,.[p] relates the
electronic density to the external potential V.., and the electron-electron interactions.

Consequently, the energy of the system can be expressed as a function of these variables.

B = Tulp] + / Voo (1) plr)dr + E,o[p] (2.1.15)

The functional T[p| represents the density of kinetic energy for the non-interacting elec-
tron gas. By minimizing the total energy with respect to the electronic density, one can

determine both the electronic density and the V,,;.

The importance of Density Functional Theory (DFT) lies in its relative simplicity com-
pared to Schrodinger’s equation. By utilizing the equations developed by Hohenberg[92],

Kohn, and Sham|[93, 94|, it becomes possible to solve the self-consistent equations.

2.2 Hohenberg-Kohn theorems

According to the Hohenberg-Kohn theorems. [92], the electron density is the sole deter-

minant of a system’s electronic properties.

1. In the context of an electron gas, the HK theorem demonstrates that the system’s
fundamental state and associated charge density are governed by the external potential
acting on these particles. Therefore, the energy functional E[p] is expressed using the

formula for p(r).

Elp] = (9lH|6) = Glol + [ Veu(rs)o(dr) (2:2.1)
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The HK universal functional is G[p][92, 95], This combines all the variables that are
independent of the external potential V., including the XC interaction and electron

kinetic energy:

Glp) = (WITe + Ue—elt)) (2.2.2)

2. The minimal functional of the total energy E[p(r)], for any multi-particle system,

which corresponds to the ground state density[92] is described as:

dE[p(r)] —0 (2.2.3)

op(r)

The second theorem, which utilizes the variational principle, aims to calculate the density
of the ground state for a given external potential V... The objective is to determine
the two unknown variables in equation (2.2.2), namely T.[p] and U._.[p]. However, the
Hohenberg-Kohn theorem does not provide any information regarding the G[p] term.
Therefore, it becomes necessary to employ approximations that are consistent with the

Kohn and Sham[96] equations.

2.3 Kohn-Sham equations

The concept of the Kohn-Sham (KS) method is based on representing a system of N in-
teracting fermions in an external potential V,,; as a fictitious system of N non-interacting
electrons that move in an effective potential Vs [96, 97]. This approach establishes a
direct relationship between the electron density and the energy of the ground state of
the non-interacting fermions in the effective potential V,¢;. Consequently, the electron

density functional can be expressed using the following equation [98]:

Glo(r)] = Tlp(r)] + Unlp(r)] 4 Veelp(r)] + Vea[p(r)] (2.3.1)
Where, T' is the kinetic energy of the fictitious system:
> Tlp(r)]=S [ 07 (r) =5 di(r).

» Uy is the Hartree potential: Uy [p(r)}:% J f_—(?dr

» V.. is the term that includes the XC effects: V,.[p(r)] = %&ﬁgm.
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» V.. is the external potential.

The solution to the Schrodinger equations is obtained through a set of three separate

equations, commonly known as the Kohn-Sham equations [93]:

1. The first equation represents the effective potential:

p(r) = Vesp(r) = Un + Vae(r) + Ve (1) (2.3.2)

2. the second equation is the Kohn-Sham approach’s Schrodinger equation H*® has the

following form:
2

H 4y = ( 5 Lt Vi )i(r) = el%(r) (2.3.3)

Where the Kohn-Sham Hamiltonian, the energy eigenvalues X9 (i = 1,2, ...N), and ()

i

are the specific wave functions of an electron.

3. The third one defines the electronic density:

bi(r) = p(r) = Z [i(r)[? (2.3.4)

2.4 equations resolution

The resolution of the KS equations involves finding the eigenvalues and eigenfunctions
that correspond to the system’s fundamental state. This requires solving self consis-
tently [96]. The solution process comprises several stages, starting with an initial as-
sumption for the electronic density. The potential V,s¢(r) is then calculated using equa-
tion (2.3.2) in order to solve equation (2.3.3) for v;(r). This solution provides a new
density for equation (2.3.4) in order to update the potential. The updated potential is
then used to solve the KS equations again, and the process is repeated until convergence
is achieved. At convergence, the electron density and potential reach a self-consistent

solution, as depicted in the diagram below (2.1).
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Input: p;,(r) as function of 1 ¢

{-----

Calculate effective potential Vg

{-----

Kohn-Sham equations solver

{-----

Determine new electronic density pou:(r)

| |
| |
n
| |
| |
v
not
Check convergence -
| |
| |
' yes
| |
v

Calculate total energy F

{-----

Output: pow(r), E

Figure 2.1: The auto-coherent Kohn-Sham diagram.
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2.5 The exchange correlation functional

Within the framework of Density Functional Theory (DFT), the exchange-correlation
functional plays a crucial role in calculating the total energy. This functional can be
divided into two components, namely the exchange functional, which accounts for the
electron-electron interaction, and the correlation functional, which describes the cor-
relation between electrons. Despite its significance, the precise form of the exchange-
correlation functional, denoted as V.., remains uncertain. To approximate this functional,
various exchange-correlation functionals, such as the local density approximation (LDA),
have been proposed. The V. functional is defined as a function of the electron density,
which is based on the concept of Bloch, who postulated that the exchange-correlation

could be expressed using the Fermi statistics of a uniform electron gas. [99-105]

2.6 The local density approximation (LDA)

Kohn and Sham formulated the local density approximation (LDA)[96, 103] by postulat-
ing that the exchange-correlation energy (F,.) for a given density can be determined by
dividing the matter into small volumes with uniform density. Each volume contributes
an amount to the overall F,. that is equivalent to that of a volume of the same size
containing a homogeneous electron gas with the same total density as the material of

origin. As a result, the exchange-correlation energy can be expressed as:

EEPAp(r)] = [ p(r)esclo(r)ldr? (2.6.1)

€zc[p(r)] in a system of homogeneous electrons with the density p(r), is the exchange
correlation energy contribution made by each electron [106]. Additionally, €,. could

potentially be divided into two terms: €, and €., which stand for exchange and correlation,

respectively:
exMp(r)] = exlp(r)] + eclp(r)] (2.6.2)
The correlation term could be writing as: €,[p(r)] = — 47f’rs (%)%: it is coming out of the

Dirac exchange functional[91].
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The equation (2.6.1) can be readily utilized for the analysis of spin-polarized magnetic
systems. Zunger[107] proposed the Local Spin Density Approximation (LSDA) that ac-
counts for both electron density and spin density by estimating them as functions of the
exchange-correlation energy at all points in space 7. The spin density, as expressed in the
subsequent equation, characterizes the distribution of magnetic moments of electrons in

space.

EzPp(r)] = /(Pr(?“) + py(r))eaelpr(r), py(r)ldr? (2.6.3)

To address the limitations of the local density approximation (LDA), advanced density
functionals have been developed that incorporate additional information beyond the local
electron density. Perdew (1986) aptly references the Generalized Gradient Theory (GGA)
[108], which integrates information on the gradient of the electron density to enhance

accuracy.

2.7 Generalized gradients approximation(GGA)

The generalized gradient approximation (GGA) is a method that improves upon the local
density approximation (LDA) for calculating the exchange-correlation energy in electronic
structure calculations. This is achieved by taking into account both the electron density
and its gradient, denoted as Vp(r)[108]. The GGA approximation can be expressed

mathematically as follows:

BEMp(n)] = [ p(r)eaclo(r) [ Vo(r)Jdr (2.71)
Where €,.[p(r)|Vp(r)|][109] represents the exchange-correlation energy per electron in a
system of mutually interacted electrons of inhomogeneous density. In other hand, the
GGAs[110] approximation with spin polarization could be described in the following

equation:
Eg A o(r)] = / (p1(r) + py(r))esclpr(r), pu(r), Vap(r)r, Vip(r)Jdr? (2.7.2)

The GGAs exhibited superior performance compared to LSDA. It is widely acknowledged
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that LSDA underestimates the equilibrium lattice constant by 1-3% [110]. In 1986,
Perdew et al. developed an estimation technique, known as PW86[111], to address the
correlation term. This approach has been documented in literature, including PW91[112]
by Perdew and Wang, and PBE[113], a reformulation of PW91 by Perdew, Burke, and
Enzerhof[114-116]. These approximations are widely recognized in the field.

2.8 DFT+U approximation

In systems with highly localized d or f shells, the main idea of DFT+U is to introduce a
significant intra-site effective Coulomb repulsion among localized electrons. The reason
for this is that the LDA and GGA methods are inadequate for predicting the properties
of excited states. These methods underestimate the gap between semiconductors and
insulators, which is also known as the Hubbard term, U. We utilized a modified version
of the DFT+U approach developed by Dudarev et al.[117], which involves combining the
DFT approach (LDA or GGA with spin polarization) with a Hubbard Hamiltonian. The
Hamiltonian is expressed in a Hamiltonian of a particular form

citesouidietude,anisimov1991band:

H =

v |

Z ﬁmgﬁm’ya_l—(/v;J Z 7A7‘ma7ﬁlm’,a (281)

m,m’,o m,m’,o

At a particular point, n,,, is the operator that determines the number of electrons occu-

pying a state with magnetic quantum number m (m') and spin o (o).

The spherically averaged Hubbard parameter, denoted as U [118], measures the energy
required to add an additional electron to a specific site. The Stoner exchange parameter
can be approximated by J. Meanwhile, U and J are used to describe the intra-site

Coulomb repulsion.

Moreover, the role of U and J is not individual, but instead they contribute through their
disparity(Uess = U —J). The value of the U coefficient is typically derived from literature

computations or experimental work[117, 119]. In our work, we used this method.
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2.9 Spin-orbit coupling (SOC)

The inclusion of the spin-orbit (SOC) term, which is often disregarded in the relativis-
tic approximation. This phenomenon arises from the interplay between the spin of an
electron and the magnetic field produced by the electron’s orbital motion within a fluc-
tuating electrostatic potential surrounding the nucleus. The SOC plays a crucial role in
accurately determining the magneto-optical properties of materials that consist of heavy

elements or exhibit magnetic behavior[120].

Augmented and Linearized Plane Wave Method (FP-L/APW)

2.10 The method (APW)

There are several computational codes that are used to solve the band structure prob-
lem using DFT. Researchers have developed methods that utilize theoretical concepts
known as first-principle methods, including FP-LAPW/[121], LMTO[122], PP-PW[123],
FPLO[124], and KKR [125]. These methods are commonly employed in density functional
theory (DFT) research.

The augmented plane wave (APW)[126] approach, created by Slater in 1937[127-129],
was improved upon by the LAPW method, which integrates the Full potential (FP). This
method operates on the principle that the potential and wave functions near the atomic
nucleus take the form of a "Muffin-Tin" (MT) within a sphere of radius r,. They exhibit
spherical symmetry within this region. Two areas consist of the division of the unit cell:
the MT region, and in contrast to the potential and wave functions in the interstitial
area among atoms, which may be roughly described as flat, the potential in the MT
area exhibits spherical symmetry[130]. Therefore, the wave functions of the crystal are
computed using with various basis. Additionally, the Schrodinger equation has radial
solutions inside the MT spheres, while outside the sphere region, the solutions are plane

waves, as illustrated in the figure bellow (2.2).
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Interstitial region (I)

Figure 2.2: Muffin-Tin potential

The crystal potential is constant in the space between the cores. When the wave function

¢(r) is written in the form of[131]:

1 L i(GHRF 2
r>.aCae ( ,rel
o ee (2.10.1)
Sim A Ui(r, EYYy (1), 7€ MT,

The MT, represents the MT sphere «, k is the Bloch vector, r, is the radius of the vector
position of the MT sphere. The symbols G and Q respectively represent the reciprocal
lattice vector and the primitive volume. Cgz and Ay, are the coefficients in the spherical

harmonics Y},,. The variable r represents the position in polar coordinates within the

sphere.

The Schrodinger equation solution U;(r, E) for radial part is given as:

{ @14+

P 2 tVe- Ez} rUi(r) =0 (2.10.2)

Where V() represents the Muffin-Tin (MT) potential and E; represents the linear energy.
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The radial functions U; are orthogonal in every proper state of the core. When the MT
sphere reaches its boundaries, this orthogonality vanishes [132], as shown by the following
equation:

d*U, d*U,

(Eg — El)TUlUQ = UQW - Ul d2r

(2.10.3)

U, and U, are the radial solutions corresponding the energies Ey, Ey[131].

To ensure the functionality of the surface of the MT sphere, the coefficients A;,, can be

generated using the existing C¢ plane wave coefficients found in the interstitial region:

4qri! L s o =
> Cali(|K + G| Ra) Yo (K + @) (2.10.4)

- QU(R,) 5

Im

Ji represents the Bessel function of order 1 [133].

The computation of Ay, coefficients is reliant on the imposition of continuity on Uj(r, E)
and the corresponding plane wave on the muffin-tin sphere. Slater justified the specific
choice of these functions by noting that plane waves provide solutions to the Schrodinger
equation if the potential is constant, while radial functions are solutions in a spherical
potential when E; is equal to an eigenvalue. This approximation is highly accurate
for materials with cubic face-centered structures, but becomes less satisfactory as the

symmetry of the material decreases.

The main problem caused by this method is the discontinuity of the function ¥(7, E)
at the surface of the MT sphere. In order to ensure continuity at this boundary, the
coefficients A,,; must be expanded in terms of the coefficients Cz. In this expansion, if
the radial part Uj(r, E') becomes zero for a certain value of E, there will be no continuity.
To overcome this, several modifications of the method have been proposed by Koelling

and Andersen[134, 135].

2.11 FP-LAPW method

The full potential linearized augmented plane-wave (FP-LAPW) variational expansion

approach is used to solve the DFT equations [121, 136]. This method utilizes basis
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functions that are formed by linearly combining radial functions Uj(r)Y},(r) and their

energy derivatives within the MT spheres[137].

The LAPW method employs plane waves as functions solely within the interstitial re-
gion, similar to the APW method[134, 135]. However, within the spheres, the functions
are augmented by linear plane waves that offer greater variational freedom. The radial

dU,(r,E
dE

function U; can be described in terms of its derivative U, = )| E=E,, Where L is a

fixed value:

> I+ (1+1) :

{_d2,r+ 2 + V., —Ep rU(r) =rUf(r) (2.11.1)
The values and derivatives of plane waves on the boundaries of the sphere in the context
of the non-relativistic case correspond to the functions. These plane waves are enhanced

and become the LAPW basis functions, also known as LAPWs[131]. Consequently, the

wave functions are shown in terms of:

o(r) = ** (2.11.2)
Elm(AlmUl(ra El) + BlmUl(ra EO))YEmOn)a FE MTa

The By, coefficients represent the derivative of energy and are similar to the A, co-

efficients. The coefficients A;,, and By, are determined in such a way that each basis

function and its derivative are continuous at the interface between Muffin-Tin spheres

and the interstitial region.

Ulr,E) = Ufr,E) + (E — E)U(r, E)) + O((E — E})? (2.11.3)

The error introduced in the calculation of the wave function and band energy is of the
order of O((E — E;)? and (E — E;)* [135], respectively. However, despite this order of
error, the linearly augmented plane waves (LAPW) form a good basis that allows for the
treatment of all valence bands within a large energy range using a single value of E;. In
cases where this is not possible, the energy window can generally be divided into two
parts, which is a significant simplification compared to the APW method. In general, if

the U, is null at the surface of the sphere then, its derivative U; # 0 , then the problem
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of continuity of the wave function at the MT sphere surface does not arise in the LAPW

method.

2.12 DModification of FP-LAPW

The primary challenge confronting the LAPW technique pertains to the inadequacy of a
single set of Ej to effectively account for all valence bands, particularly in materials that
contain 4f orbitals [138, 139]. The situation is commonly referred to as the semi-core
state, which indicates an intermediate state that exists between the valence and core
states. To address this issue, the initial approach involved dividing the energy levels into

multiple windows or developing local orbitals.

2.12.1 Multiple energy windows

In this window-based treatment, a distinction is made between the valence state and the
semi-core state, where a set of El is chosen for each window to handle the corresponding
states. This entails performing two independent LAPW calculations, albeit with the
same potential, as shown in figure bellow (2.3)[140, 141]:

I i Valance
i

Semi-core

Figure 2.3: exemple of multiple energy windows.
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2.12.2 Locales orbitals

The LAPW method was devised as a means of obviating the necessity for multiple energy
windows by modifying the local orbitals of its basis. The objective of this technique is
to address all energy bands using a single energy window, which can be achieved by
designating the semi-core state. Various suggestions have been put forward by Takeda
et al. [142-144]. Singh [145] has recently proposed a method that involves combining
two radial functions with different energies in a linear manner and deriving one of these
functions:

G1o(7) = D (AU, 1) + BinUy(r', Br) + CiomUi(r, Er)) Yy (') (2.12.1)

Ilm

To obtain the coefficients A, By, and Cj,,, we need to satisfy two conditions for the

function ¢,.

2.12.3 The concept of FP-LAPW

In the linearized augmented plane wave with the full potential (FP-LAPW) method[121],
no approximations are made for the shape of the potential or charge density. Instead,
they are preferably expanded in terms of lattice harmonics within each atomic sphere
and Fourier series in the interstitial regions. This ensures the continuity of the potential
at the surface of the muffin-tin sphere and it is developed in the following form:

Z pkeikTa T > Tq
plry =4 " (2.12.2)

Zlm le(T)Ylm(T), T <Tq

2.13 WIENZ2k code

The package of software called WIEN2k consists of set of programs, is commonly utilized
to calculate the properties of matters. Wien2K has advanced features like the ability to
perform calculations with spin-orbit coupling and model effects of strong electron correla-

tions using the FP-LAPW method. It is only compatible with UNIX (LINUX) operating
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systems and was developed in FORTRAN90. It was created at Vienna University of Tech-
nology in Austria by Karlheinz Schwarz and Peter Blaha [146] The code was initially made
available in 1990 under the name WIEN90, and has subsequently received modifications
in the form of WIEN93, WIEN95, WIEN97, and, most recently, WIEN2K [147]. With

each successive release, additional features and enhancements were introduced.

2.13.1 Initialization (Computational Detail)

The first stage of initialization is creating an input file named Case.struct that provides
details about the structure, such as the network type, space group, cell parameters (a,
b and ¢ in Bohr or (A)), and atom positions inside the cell. The next step is to do
initialization after inputting the parameters or data of any material into the structGen
page. Once the case.struct file is generated, the initialization can be completed using
the ”"init — lapw” command line, which requires starting a number of minimal auxiliary

processes that will create inputs for the main programs.[147]:
» NN:

the file case.struct determines the atomic coordination of specific cell. To make sure the
atomic spheres don’t overlap, use a separation between the nearest neighbors within a
certain distance (usually set to 2). Following that, the distances between these closest

neighbors are recorded in a different file called case.outputnn.

» LSTART: By integrating the atomic densities and figuring out how to handle various
orbitals in band structure calculations, the charge density of the crystal is produced. It
also needs a cutoff energy level, commonly set at -6.0 Ry, to discriminate between core

states and valence states.

» SYMMETRY: By utilizing the details available including lattice type and atomic
positions, the generation of symmetry operations for the spatial group, corresponding
to individual atomic sites, and calculates the matrices representing the corresponding

rotation operations.

» KGEN: Produce unique mesh of K-points within the irreducible part of the first Bril-

louin zone (BZ).
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» DSTART: Create a initial density for the self-consistent cycle (SCF cycle) of the atomic
densities overlapped that produced in LSTART.

2.13.2 Self-consistent cycle (SCF)

The following program is for calculating SCF cycle, which is the process lunched and it

stops until the solution converges:

» LAPWO: Computing the potential as sum of the Coulomb potential V> and the
Ve [147].

» LAPW1: responsible for determining the eigenvalues, and eigenvectors, with the results

being saved in the case.vector file[147].

» LAPW2: calculation of the valence charge density, which are made up of the electron

densities within each MT sphere[147].
» LCORE: calculate core states and densities[147].
» MIXER: mixes input and output densities[147].

The diagram below (2.4) shows the steps necessary to process the file.struct using Wien2K

code.
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Figure 2.4: Wien2k structure[147].
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2.14 The structure of Prediction Diagnostic Software (SPuDs)

2.14.1 Initialization

The computational tool SPuDS, developed by M. Lufaso[148], can predict the crystal
structures of perovskites, including those that have undergone distortion due to BOg
tilting. The software can be installed and operated on Windows operating systems. The
interface of SPuDS allows users to specify a given composition and initiate calculations
that can optimize the structure in ten different Glazer tilt systems for simple perovskites
and seven systems for double perovskites, as discussed in Chapter (1), to determine the
optimal structure based on the user’s input and composition. The following steps explain

the procedure for using the program:
» Entering each ion of the prdicted atom in each site.
» Clicking the calculate icon that shows.

» The findings will appear in two files "gii.txt" and "output.txt', the first one illustrate
the instability index based on every Glazer tilting, and output.txt file includes the basic
information about structure as , lattice canstant, positions, bond valence, space group,

and other data.
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3.1 Introduction

The prediction for new materials has the potential to enhance and advance technological
applications. By utilizing simulations with various codes and algorithms, we can gain
valuable insights into the physical properties of materials and obtain results that closely

correspond to experimental data.

The chapter is structured into two distinct sections, categorized according to the elec-
tronic properties of the materials under investigation. The initial section delves into the
physical attributes of Ba,GdRuOg materials, which display advantageous optoelectronic
characteristics. The subsequent section centers its attention on the BasRERuOg (RE=

Er, and Tm) material, which exhibits noteworthy magneto-optical properties.

3.2 Computational details

First-principle (DFT) analysis was used to examine the structural, electronic, magneto-
optical, magnetic, and optical properties of BasRERuOg(RE=Gd, Er, and Tm) com-
pounds. Moreover, we used the method of FP-LAPW and were handled by the code
of WIEN2k[147]. The correlation and exchange functionals were described using the
general gradient method (GGA) [114, 115]. Additionally, the Hubbard Coulomb-site
correction[118] (GGA+U) was utilized for modifying 4f and 4d localized shells in order
to provide a more efficient electronic property description. The U values of each atom
were chosen from literature as follows: (4f)—(6 eV) for Er and Tm, also (4f)-(7.07 eV) for
Gd, and (4d)—(3 V) for Ru [21, 149]. We have also added the spin-orbit coupling (SOC)
to perform magneto-optical calculations. Several parameters were checked to complete
the calculation. We have restricted the propagation of plane waves to (RMT) kmax= 7
(cutoff parameter), and RMT-Gmax= 12 for the charge density. The maximum angular
momentum for the expansion of the wave function in the muffin-tin sphere was restricted
to a specific value l,,,,, = 10. The cutoff energy was set at -6.0 Ry, and the criterion for
the total energy convergence was about 0.0001 Ry. In order to sample the first Brillouin

zone (BZ), a total of 3000 and 5000 points, which is equivalent to 244 points, in the
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reciprocal space of the Brillouin zone, were determined. In comparison, a dense mesh of
405 points was chosen for the calculation of magneto-optical and optical properties, which
is necessary to achieve convergence of the total energy in the self-consistent calculation.

This corresponds to a mesh size of 14 x 14 x 14, and 17 x 17 x 17.

3.3 Structural properties of BARERuOg (Gd, Er and Tm)

In their ideal form, double perovskite materials display a cubic structure; nevertheless,
this cubic system can distort owing to a number of factors, as discussed in the first
chapter. In this investigation, we used Goldschmidt’s tolerance factor to quantify the
degree to which the deformed cubic structure diverges from the original, as well as to
calculate the possibility of double perovskites octahedral distortion. It referred to be "t',

as exemplified by the following [50]:

(rpa +170)
V(e o)
Each atom has r ionic radii as follows [25]: 7g,(Ru®")= 0.57 A, rqq(Gd®t)=0.938 A,
e (Er3t)= 0.89 A, rp, (Tm?H)= 0.88 A, | rp.(Ba*") = 1.61 A and ro(0?7)= 1.40 A.
The t factor result for these compounds are t = 0.999 for Ba,ErRuOg, ¢t = 1.001 for

t =

(3.3.1)

Ba;TmRuOg and ¢t = 0.99 for Ba;GdRuOg. In general, the t factor for the stability of
the double perovskite structure ranges from 0.78 < ¢ < 1.05 [148].

As a consequence, the crystal structure of BaoGdRuOg, BasErRuOg and BasTmRuOg
compounds belongs to a face centered cubic Fm3m (no; 225), witha=b =c, a = =

v = 90° [29, 150] with no octahedra tilting (a’a’a’).

Table 3.1: The electronic configuration of each element as follow

Ba:[Xe6s? Ru:[Kr]4d75s! 0: 1s22s?2p*

Gd:[Xe]4f™5d'6s* | Er: [Xe|4f'?6s* | Tm:[Xe]4f136s>

The atomic positions for the three materials are shown in the table (3.2).
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The stability of the magnetic phase

: In order to accurately characterize the physical properties of double perovskite com-
pounds using the FP-LAPW method, it is imperative to ascertain the fundamental energy
state, which represents the minimum energy of the system. To determine the total en-
ergy with respect to the volume of the individual crystal unit, we employed auto-coherent
computations to solve the Kohn-Sham equations. The figures (3.1, 3.2, and 3.3) show
the optimal structure for each material depends on the minimum ground state energy for

each: antiferromagnetic(AFM), ferromagnetic (FM), nonmagnetic (NM) orderings.

In the context of antiferromagnetic (AFM), the order of (RE 1, Ru |) is considered,
where the material’s magnetic moment is zero. Furthermore, in the ferrimagnetic phase
(FiM), the spins of the two atoms are oriented in opposite directions and have different
magnitudes, resulting in a non-zero net magnetic moment for the material. In the ferro-
magnetic configuration (FM), the atoms are oriented parallel in the same direction (RE
1, Ru 1), as shown in figure (3.4). For nonmagnetic (NM) phases, the material’s total
magnetic moment is equal to zero, because the spin magnetic moments of the atoms are
ignored. The spin of barium and oxygen is disregarded due to their significantly lower

magnetic moments compared to those of gadolinium, erbium, thulium and ruthenium.

According to the curves depicted in Figures (3.1, 3.2, and 3.3), it can be observed that
the energy of the ground state is at its minimum in the ferrimagnetic phase for the
materials Ba,ErRuOg, BaysGdRuOg, and Bay;TmRuOg. Therefore, these materials exhibit

ferrimagnetic properties (These materials exhibit non-zero total magnetic moments).

The data was fitted using the Birch-Murnaghan equation, employing the GGA method. [151,
152]:

2
Vo3

Yo —1]2+[6—4(V ik (3.3.2)

0B+ V(D)

930‘/0{[‘/0§ _
16 Vv

Wi

E(V) = Eo +

Vb, the volume at equilibrium, represents the equilibrium volume, while Ej represents
the corresponding total energy, which is the minimum total energy. B represents the

equilibrium compressibility modulus, and B’ represents its pressure derivative.

The estimated parameters of Ba,RERuOg (Gd, Er and Tm) compounds are presented
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in the table (3.3), including the lattice constant (a), total energy balance in the ground
state Ep, bulk modulus (B) and their derivative B'.
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Figure 3.1: Optimized structure of BaoGdRuOg double perovskites.
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Figure 3.2: Optimized structure of BaoTmRuOg double perovskites.
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Figure 3.3: Optimized structure of BagErRuOg double perovskites.

Table 3.2: Atomic positions of BagErRuOg(RE= Gd, Er, and Tm) perovskites.

BaysGdRuOg BasErRuOg BasTmRuOg
Atoms X y oz Atoms X y  z Atoms X y  z
Ba 0.25 0.250.25 Ba 0.25 0.250.25 Ba 0.25 0.250.25
Gd 0.5 05 05 Er 0.5 0.5 0.5 Tm 05 05 05
Ru 0 0 0 Ru 0 0 0 Ru 0 0 0
O 0.2688 0 O ) 0.236348 0 0 O 0.237061 0 0
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Table 3.3: Lattice Constant (ag), Volume (V'), Bulk modulus (B) and its derivative B’ and Ej
of BaaRERuOg (RE= Gd, Er and Tm), respecetivly [153, 154].

Parameters BaysGdRuOg BasErRuOg BasTmRuOg
GGA 8.47871154 '8 421201 8.4034['5%1 8.323[1501 8 3816173, 8.2878[*]
Qg (A)
SPuDs'8 85112 8.4678 8.4478
V (au.)? 1028.3141 1001.1976 993.3930
B (GPa) 134.4058 137.1875 138.5501
B’ 4.6130 4.3582 2.9357
FEy(Ry) -65086.3456 -68724.723 -69689.484

Figure 3.4: Magnetic configurations: (a) ferrimagnetic (FiM), (b) antiferromagnetic (AFM), (c)
ferromagnetic (FM).
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Section (1): electronic, magnetic and optical properties of

Ba,GdRuOg double perovskite

Until now, the optoelectronic device industry, such as solar cells, requires materials
with specific features. As an initial step, we will investigate the physical properties
of BayGdRuOg through first-principles simulation work. This section will explore the

potential of this material to display notable attributes in photovoltaic devices.

3.4 Electronic properties

The theory of electronic states is a crucial framework for comprehensively understanding
the chemical and physical properties of materials in their solid state. The investigation
of materials heavily relies on the behaviour of electrons, with the electronic population
state, band structure, and electron density serving as fundamental parameters for char-
acterizing their electronic properties. In this particular study, we aim to examine the
electronic properties of the compound, namely Ba,GdRuOg, under the condition of the
absence of octahedral distortion phenomena. It is worth noting that the crystal struc-
ture of these compounds exhibits symmetry solely in the form of Fm3m (No 225). The
computed total density of states (TDOS) and band structure of the double perovskite
compound BayGdRuOg are shown in Figure (3.5).

3.4.1 Density of states (DOS)

According to TDOS, the BaoGdRuOg material is a semiconductor in both spin channels.
The partial density of states (PDOS) offers information on the individual contributions
of every single atom in the structure. According to PDOS in figure ( 3.5-(a)), the Ru-4d
sub-shells (Dys,/ D.4) contributed to the minimal of the (VB) with the 2p-orbitals (O
atom) within the range of values of -6 to -4 eV for both spin channels. Additionally,
the 4f (Gd atom) shells at -2 eV made a considerable contribution to the PDOS band
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for spin-up states. The significant hybridization occurred at the Fermi level between the
Ru-Dys, and O-2p shells, besides the hybridization of the 4f (Gd atom) and the 2p (O
atom) shells.

The Hubbard potential U effects are visible in the PDOS obtained from the GGA+U
computation, as illustrated in figure (3.5-(b)); an; an observed phenomenon is the aug-
mentation of the localization bands of the 4f and 4d orbitals, which can be attributed
to the influence of the Hubbard potential U. Furthermore, the PDOS demonstrates that
the unoccupied 4f orbitals are displaced towards higher energy levels by approximately
6.5 eV in the spin-down state. Conversely, in the spin-up state, the Gd-4f and Ru-Dt2g
orbitals experience shifts towards -5.8 eV and 2 eV, respectively. Furthermore, it can be
observed that the energy gaps of the spin-up and spin-down states increase to 3.42 eV

and 1.316 eV, respectively.

3.4.2 Energy bands structure

The energy levels accessible to an electron are dictated by the manner in which energy
bands are represented in reciprocal space vector k. Moreover, the band structure profiles
determined from the GGA calculation in figure (3.6-(a)) have been calculated along high
symmetric lines in the Brillouin zone. Highlight the presence of two separate band gap
characteristics for both channels. Conduction band minimum and valence band maximum
differences in a spin-down channel imply a direct band gap nature, with a minimum VB
of about 0 eV and a maximum CB of about 2.46 eV in the Brillouin zone, resulting in
a band gap energy of 2.464 eV. On the other hand, there is an indirect band gap I'—=X
with a band gap energy of about 1.024 eV in the direction of the spin-up channel. We
performed a GGA+U calculation, which considers the electronic correlation between the
Gd(4f) and Ru(4d) electrons exclusively. In the figure (3.6-b), the information presented
depicts the computed band structure along the high-symmetry paths within the first

Brillouin zone using GGA+U. The results indicate differences in the band structure.

The BayGdRuOg compound exhibits an indirect (direct) semiconductor band gap along
the I-X (X) direction, with the valence band maximum located at the I" point and

the conduction band minimum at the X point in spin-down channels(spin up channels),
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respectively.

The figure (3.6-b) illustrates the displacement of the 4 f orbitals of the Gd atom, resulting
in the splitting of the sub-shell in both spin channels. The Hubbard potential also affects
the Ru-4d (Dy,) states, causing them to shift towards the conduction band (CB) in
the spin-up channels. The contribution of both the 4f (spin down channels) and the
4d orbitals significantly influences the conduction band and determines the magnetic

moments.

Table 3.4: A comparison of our work’s band gap with that of other semiconductors employed

in optoelectronic devices.

Materials E, (eV) Direct/ Indirect

1.024 13 2.464 | (GGAIH] I-X; X-X
Ba,GdRuOg

1.316 1; 3.42] (caa+u)[154]

CsyAgInBrg 1.427 (BSLYP)[159] (I-T)
CH3N H3Pbl; 1.6 (DFT)[156] /
C'syAgBiBrg 1.32 (GGAIST] (L-T)
MA,AgBiXe (I, Br) 1.64; 2.1 (EXP)E] /

C'soAgBiBrg 2.16 (EXP)[E] /
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Figure 3.5: TDOS and PDOS of BasGdRuOg material, within GGA and GGA+U

calculations.[154]
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calculations[154].
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3.5 Magnetic properties:

According to our information, there is no theoretical or empirical study indicating the
magnetic moment or magnetic phase of Ba;GdRuOg. Therefore, our magnetic results for
this material are predictions and can serve as data for further theoretical or experimental

studies in the future.

The GGA approximation is used to optimize the antiferromagnetic (AFM), nonmagnetic
(NM), and ferromagnetic (FM) orderings of the Ba;GdRuOg material to obtain the stable
magnetic phase (Figure 3.1). The table (3.5) contains the total, interstitial, and local
magnetic moments determined through the GGA and GGA+U approaches. For these
methods described, the total magnetic moment is approximately 3.9 pug. An increase
in the magnetic moment of both Gd and Ru within GGA+U without modifying the
magnetic alignment appeared from the local magnetic moment of each atom. In addition,
the total magnetic moment is produced by the atoms of gadolinium and ruthenium, which
contribute more to electronic transitions than barium and oxygen atoms (see Figure 3.5).
In addition, predicting the magnetic nature of materials based solely on the magnetic
nature of atoms is not advisable due to the potential for phase transitions. Furthermore,
as shown in Table 3.5, some magnetic moment values reported in the literature for the Gd
and Ru atoms are compared to our findings[21, 158-160]. The ferrimagnetic configuration
in which the spins of Ru and Gd are antiparallel is indicated by the negative value of
the interstitial magnetic moment. The negative values of the magnetic moment of the
Ru cations on-site B’ decrease the total magnetic moment and confirm that they are
aligned in an antiparallel manner with the cations. Additionally, the Weiss model [161]
justifies that alignment, stating that the orientation of antiparallel order results from
the ferromagnetic interaction of each sub-lattice with the ferrimagnetic arrangement of
the lattice, which indicates a long-range interaction Ru—O—Gd—O—Ru than the short-
range interaction Gd—O—Ru. Most likely as a result of the poor orbital mixing among

lanthanide and transition metal ions [25].
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Table 3.5: magnetic moments (up) of BaaGdRuOg material[154].

Myint mr MBa mad MRy mo
GGA -0.465  3.999 -0.012 6.817 -1.670 -0.109
—0.00241 192 6,726 [*!] 1.20 [169]
794 [163]
GGA+U  -0.446  3.999 -0.010 6.937 -1.833 -0.105

6.754 [21] 2.87 [163]

-1.873 [159]

3.6 Optical properties

Perovskites are currently the subject of extensive research due to their exceptional optical

properties, which make them highly desirable for applications in photovoltaics[57].

The complex dielectric function, which relies on the frequency w, is often used to char-

acterize the optical properties, which is described as [164]:
€(w) = €1 (w) +iea(w) (3.6.1)

The real part (¢1) and the imaginary part (e3) form the dielectric function. The magnitude
of polarization caused by an applied electric field is represented by €;. In contrast, the
quantity of photons absorbed by a material is represented by €5 and could be determined
using the momentum matrix element. €; can be calculated using the Kramers-Kronig
relations [21]. For a given frequency omega, the dielectric function components €; and €,

can be shown separately:

B 16me?

w?

€9 (w)

3" XO|7]s)26(w — 02) (3.6.2)

The matrix element (O|7]s) indicates the optical transition from valence (VB) to con-

duction (CB) states, X is the incoming light’s polarization vector, w is its frequency, and
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2 is the volume of the elementary cell [165].

B 2 < w'es(w) L
(W) =1+ 7Tp/o PO (3.6.3)

The Cauchy principal value integral, represented by p, relates a(w), k(w), n(w), and R(w),

which are absorption coefficient , extinction coefficient refractive index, and reflectivity,

respectively, to the dielectric function components [166, 167], where are provided as:

a(w) = = (—aw) +/dw) + Gw):? (3.6.4)
k(w):12(—61(w)—|— 2(w) + &(w))? (3.6.5)
1) = (alw) + /) + W) (3.66)

Rlw) = |V Lo (3.6.7)
Ve(w) +1

Based on the band structures, it is possible to confirm the nature of the optical gap for
BayGdRuOg in the spin-up channels. The figure (3.7) displays the real part € (w) and
imaginary part e;(w) of dielectric functions throughout the energy variation from 0 to 10
eV for each GGA and GGA+U calculations. The findings illustrate that the GGA and
GGA+U approximations provide distinct values for the dielectric constant’s real compo-
nent, € (0), with values of about 9.45 and 7.73, respectively. The imaginary component,
€2, is in charge of calculating the optical gap energy, which indicates the starting point
of material absorption and is determined to be 1.18eV for GGA and 1.6eV for GGA+U,
respectively. Additionally, negative €; values show that the material BaoGdRuOg appears
to have total reflection metallic characteristics in the energy range of 7.25 to 10 eV. The
observed negative values could potentially be ascribed to the presence of a substantial

reflection region.

The GGA and GGA+U calculations reveal that es(w) of BagGdRuOg has three notable
peaks with values of 9.05, 9.09, and 10.52 around 2.71eV (457.5 nm), 5.53eV (224.2 nm),
and 7.16eV (173.2 nm). These peaks, however, are displaced inside GGA+U to 2.95 eV
(8.17), 5.72 eV (10.31), and 6.73 eV (11.6). It would be more useful in applications in-

volving the ultraviolet and visible light spectra. According to the partial density of states
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(PDOS) in Figure (3.5), these peaks refer to the interband transitions. Figure 3.8 dis-
plays the absorption coefficient o(w) as a function of photon energy; this is proportionate
to the imaginary component es(w) as demonstrated in 1.5.4 equation. ez(w) and a(w)
have extremely similar forms. The reported optical band gap energies agreed with the
electronic band gap around 1.18eV and 1.6eV for GGA and GGA+U, respectively. The
absorption spectrum has three highest peaks: value of 4.3 10° em ™! around 2.86 €V, also,
9.6 10° around 5.66 €V, and 1.9 10% em ™! around 7.96 eV, these energies correspond to
(155.6 nm), (433.5 nm), and (218.9 nm), respectively. The absorption near the threshold
is primarily attributed to the significant contributions of the optical transition channels
between the RE-f/O-p orbitals and the Ru-d/O-p conduction bands orbitals. These high
absorption coefficients were remarkable in organic-inorganic hybrid perovskites, allowing
for the reduction in thickness of these materials, which this characteristic facilitates easy
fabrication and low cost[57]. These findings exhibit similarities to the results obtained
from lead and lead-free halide double perovskite materials, as presented in the table(3.6)

[168-171].

Figure 3.7: ¢;(w) the real component, and e2(w) imaginary Dielectric function for BaoGdRuOg

material[154].
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Figure 3.8: Coefficient of absorption for BaoGdRuOg compound[154].

The calculated o represents the optical conductivity of the Ba,GdRuOg material. There-
fore, it is illustrated in figure (3.9). The optical conductivity changes appear to be
approximately the same according to both approaches; however, it increases as photon
energies pass the energy gap of optical edge, reaching its highest at 2.735 eV (3.242.10%),
5.7 eV (6.883.10%), and at 7.269 eV (1.021.10*) Q~'.em™. As a consequence, this mate-

rial’s wavelength range occurs in both the visible and ultraviolet light spectrums.



CHAPTER 3: RESULTS 63

G
= 6000 -
)
o)
4000
2000
00 2

Figure 3.9: Optical conductivity of BagGdRuOg[154].

Figure (3.11-b) depicts the complex refractive index n(w) = n(w) + ik(w), where n(w)
denotes the real component, and k(w) denotes the imaginary part, also known as the
extinction coefficient. The relationship among 7 and « is shown in Figure (3.11-b), which
shows that as the refractive n(w) increases, the absorption a(w) decreases and vice versa.
The static refractive index for GGA and GGA+U, given as n(0) = /€1, are respectively
3.07 and 2.78, falling within the range of values for Si (3.42) [168]. The k(0) value remains
zero until it reaches the absorption edge, at which time it begins to increase, as seen in

Figure (3.11-c). It is essential to keep in mind that there is a relationship between k(w),
2wk (w)

a(w), and €(w), which may be written as a(w) = === [167], this explains why the three

spectra’s forms are similar.

Furthermore, in Figure (3.11-c), the reflectivity R(w) is displayed; it demonstrates how
much light is reflected when it comes into connection with a material surface. Surface
quality is shown by static reflectivity R(0) values of 25.7% (GGA) and 22% (GGA+U). At
higher energies, the Ba;GdRuOg compound has the greatest reflectivity values, reaching

48.5% (GGA) and 46.7% (GGA+U). Furthermore, the visible spectrum reflectivity values
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vary from 22% to 33%, demonstrating the material’s capacity to reflect incoming solar

energy.

Re

Figure 3.10: Represent the complex refractive index: n(w), and k(w) for BasGdRuOg
material[154].
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Figure 3.11: The reflectivity R(w) of the BagGdRuOg material[154].

Table 3.6: Comparing our BasGdRuOg material work’s optical properties to earlier theoretical

studies.

Materials e AN o BN Ry Qag(108)m™)
Ba,GdRuQg (GGAGEATU) 945 (7.73) 9.8 10%, (10%) 3.07, (2.78) 0.25

Ba,ErTaQg (PFTB4) / 6 103 6.8 0.14

Ba,ZnMoOg (TB-mBIITL 4 96 5.7 10° 2.05 0.12

CsyAgInBrg  (GGANT / / 2.09 /

Pb,ScBiOg (GG 7.1 9 10° 2.7 0.21

Ba,InTaOg  (GGAE] 4.04 2.01 0.11 0.21
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Section (2): electronic, magnetic and magneto-optical of

Ba;RERuQO¢ (RE= Er, Tm) double perovskite

3.7 Electronic properties

3.7.1 Hubbard potential of Ruthenium (Ru) element Computational

details:

Figure (3.12) illustrates the process of determining the Hubbard potential values for Ru
metal using the computational details described earlier. The figure (3.12) illustrates the
changes in the total magnetic moment and gap energy of the element Ru as the Hubbard
potential varies from 1 to 4 eV. The rare earth elements Erbium (Er) and Thulium (Tm)

are considered to have a value of 6 eV.

In materials that contain rare earth and transition metals, the Coulomb repulsion on site
is strong enough to localize the electrons [174, 175]. The GGA approximation, however,
is unable to anticipate the necessary splitting of f-states and d-states for such compounds
because it cannot accurately characterize the exchange potential. There are many other
methods used to correct this issue. In our research, we utilized the GGA+U[176] method
[176] to improve the electronic structure of these materials. The choice of using the
Hubbard potential for each state is based on the calculation of different U values. Figure
3.12 displays the magnetic moment and band gap energy of both compounds as a function
of U potential. The curves illustrate the values of magnetic moment and band structure
within the range of 1—4 eV. From the curves, we can observe that the magnetic moment
and band gap increase and then stabilize at 3 eV and 4 eV for both compounds. The
figures (3.13) and (3.14) represent the band structure and total density of states of both
compounds, Ba;TmRuOg and BasErRuOg. From the figures, the compounds exhibited
a transition from metallic to semiconductor behaviour for BasErRuOg and half-metallic
behaviour for Ba;TmRuOg¢ for U = 3 eV with band gap energy increases from 0 eV to
1.24 eV and 1.25 eV at U = 3 eV, for BagErRuOg and BayTmRuOg, respectively, the

results are shown in table (3.7). Based on these electronic results, we can conclude that
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U = 3 €V is the threshold value that causes this compound to transition from a metallic

nature to a half-metallic or semiconductor material. This value has been determined for

the Ru atom by other studies[5].

o
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o;\
1 15
o
g 1
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Figure 3.12: The total magnetic moment, and band gap energy of Ru vary as a function of the

Hubbard potential U for (a): BagErRuOg, (b):BagTmRuOg[153].
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Figure 3.13: band structure and density of states of BasErRuOg compound, for different U
potential (U= 1, 2, 3 and 4 V).
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Figure 3.14: TDOS and band structure of the compoundBasTmRuOg, for different U(Ru) po-
tential (U= 1, 2, 3 and 4 V).
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Table 3.7: The total magnetic moment and band gap energy of Ba,RERuOg (RE = Er, Tm) at
different Hubbard potential.

U (eV) 1 2 3 4
Ba,ErRuOg E,(eV) - - 1.24 1.37

My 0.36 0.05 6.00 6.00
Ba,TmRuOg E,(eV) - 1.089 1.25 1.41

My 0.756 0.91 1.00 1.00

3.7.2 Band structure and density of states (DOS):

The total (TDOS) and the partial density of state (PDOS), along with the band structure
results, are considered vital for the analysis of the electronic structure of the FiM phase

of these double perovskites BasRERuOg (RE = Er, and Tm) materials.

To begin, the figure (3.16)-(a, b) illustrates the TDOS, using both GGA and GGA+U
approximations. In GGA calculation, for both materials, the metallic behaviour is clearly
observed as a result of a significant overlap in their energy states near the Fermi level. We
could confirm from analysis of the PDOS and band structure as shown in figures (3.16),
(3.13-c), and (3.14-c). There is a vital contribution at the Fermi level E; of 4f-(RE atoms)
and 4d-Dt,, orbitals of ruthenium, and the overlap between the 4d Dt,,-2p, 4f (RE), and

2p-0 orbitals is what leads to metallic nature of these materials.
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Figure 3.15: TDOS and PDOS of BasErRuOg and BasTmRuOg using GGA method.



CHAPTER 3: RESULTS 74

o] N
\

DOS (states

-10 4

-15 st

-20 ———

0. LY.

DOS (states

-10 1

-151 st

-20

Figure 3.16: TDOS and PDOS of BasErRuOg and BagTmRuOg using GGA+U method.

The contribution of O(2p) and Ru(D.,, Dty,) orbitals, which are expanded in between -6
and -4 eV, is additionally apparent at the valence band (VB), which extends from -4 to -1
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eV. The majority of spin states are mainly composed of 4{-(RE atoms) and 2p-(O atoms)
electronic states, and due to being filled up of Er(Tm™*3)t. Meanwhile, the Ba orbitals
do not contribute to the VB. The contribution of Ru(D,,) in the conduction band (CB),

however, exhibits a noticeable peak at 3.5 eV at the top area of the CB.

The Ba-4d electrons have a contribution that lies between 5 and 8.5 eV. Furthermore, with
the GGA+U, the TDOS is illustrated in figure 3.16(c, d). The Hubbard potential has an
influence on the overall density of state by the electronic structure of the BasTmRuOgq
and BasErRuOg systems from metallic to half-metallic and semiconductor, respectively,
according to change the U potential value until correcting the localized 4f rare earth and
4d metal transition. We obtained the correct U Hubbard, which was 3 eV for Ru atoms
and 6 eV for Er and Tm.

The BasErRuOg compound’s crystalline structure clearly exhibits a semiconductor na-
ture, with both direct and indirect (I-X) band gaps in majority and minority spin states
with gap energy values equal to 3.089 eV and 1.249 eV, respectively, as illustrated in
figure (3.13-c). The structure’s nature of Ba;TmRuOg exhibits a semi-metallic character,
with a direct band gap (X) in majority-spin channels of 1,259 e¢V. From PDOS result, the
RE-4f and Ru-4d states have to shift away from their Fermi level positions, which the
field of the crystal dividing the 4f-(RE3") orbitals into three non-degenerate sub-levels
and the 4d-(Ru®*) orbitals into two sub-level groups (Dts,) and (D.,). The dominant
peak around the Fermi level, as depicted in figure 3.16-(c), is made up primarily of Dt2g-
(Ru) orbitals in majority spin states, with a weak hybridization of 2p-(O atoms) for the
BayErRuQOg. Furthermore, a compound in BayTmRuOg, the figure 3.16-(d) reveals that
the Fermi level is occupied by 4f(Tm atoms) orbitals in minority-spin channels, which are
in charge of the metallic behaviour. While 4f, 4d, and 2p orbitals hybridize in the energy
range of 1 to 6 eV in the VB, Er(Tm)-4f, Ru-4d, and O-2p orbitals peak in the CB at
2.5 eV and Ru(D.,) becomes conductive at roughly 3eV. The responsible states for the

electronic transitions in these materials are the RE-4f and Ru-4d orbitals.
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3.8 Magnetic properties

The magnetic properties provide us with specific information about the level of magnetism
in a material compared to another through the calculation of the magnetic moment, which
is a crucial indicator of magnetism. The spin magnetic moments, both total and local,
of these compounds are calculated using the GGA and GGA+U methods. The results
are presented in table (3.8). The above results demonstrate that our compounds exhibit
ferrimagnetic behaviour with a total magnetic moment of 2.30 (0.43) v (GGA) for
BasErRuOg and Bay;TmRuOg, respectively. This value is the sum of the partial moments
associated with each atom. The Ba and O atoms show a minimal contribution to the
total magnetic moment, with nearly negligible values, as indicated in the table (3.8). The
primary contributions to the total magnetic moment arise from the erbium and thulium
atoms, where their magnetic moment is 2.83 ug, 1.72 ugp (GGA), and 2.93 pup and 1.89
g (GGA+U) for BagErRuOg and Ba;TmRuOg respectively.

The negative values of the magnetic moment of the Ru atoms on the B site decrease the
total magnetic moment and confirm that they are aligned antiparallel to the RE cations.
The antiferromagnetic (ferrimagnetic) behaviour observed in BagRERuOg can be pri-
marily attributed to long-range superexchange interactions involving the RE-O-Ru-O-RE
pathways rather than the short-range RE-O-Ru interactions; this; this can be explained
by the weak orbital mixing between lanthanide and transition metals[25]. There exist
both FM (ferromagnetic) and AFM (antiferromagnetic) contributions to the exchange
coupling, which is contingent upon the magnitude of the local Coulomb interaction U.
The magnetic interactions are exceedingly responsive to even minor alterations in the
positions of the ligands. The introduction of U into the system leads to a slight reduction
in the equilibrium lattice constant and a 90-degree Er-O-Ru bond angle. Consequently,
it is reasonable to expect that the coupling constant may change sign, causing a reversal
in the magnetic configuration from ferromagnetic (FM) to antiferromagnetic (ferrimag-
netic) and vice versa. Furthermore, the utilization of the GGA+U method yields a more
significant magnetic moment compared to the GGA method. This can be attributed to

the fact that U promotes the localization of f and d-states and diminishes p-d hybridiza-
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tion, thereby increasing magnetic moments. The spin polarization P for the Ba;TmRuOg

compound at Fermi level is 100 % of GGA+U, is given with [59]:

Nuy — N,
| Ny + Ny |
Where the Fermi level density of states is represented by Ny and N, the 4f (Tm atoms)
and 4d-(Ru atoms) orbitals (see table 3.8) are primarily responsible for the magnetization

at the Fermi level.

Table 3.8: Total and local magnetic moments (up) for the double perovskites BaoRERuOg(Er,
Tm), within GGA and GGA+U methods.

Bas Er RuOg BasTmRuOg

Miot MBa Mgy MRu mo Mtot MBa mMTm MRu mo

2.30 -0.002 2.83  -0.42 -0.001 0.43 -0.004 1.72  -0.79 -0.046
GGA 0.0052%
0.062[>312.78177] 1.721177] 0.090177
2.981%
GGA +U 6.00 0.01 296 1.90 0.11 1.00 -0.01 1.89  -1.84 -0.07
0.006[>%12.961>31 2.87 [160]0.0024[*7] 1.700077 1,209 1500, 09[177]

4 43 [160] 1.91 [eolg 13 (1%

3.9 Magneto-Optical properties:

The Kerr effect can be examined from the figure (3.17). As we can see, for Kerr rotation
0k, the maximum points for the compounds BasErRuOg and Bay;TmRuOg are around
17.7° and 5.6° situated at 0.23 eV and 0.2 eV, respectively. A similar behaviour was

found in Co3Sn,S, ferromagnetic material with huge Kerr of 3.2° and Faraday rotation
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of 9.4° [178]. The topological electronic structure is thought to be responsible for these
enormous values in the infrared spectrum. In addition, we observe that the second peak
of Kerr rotation is located at 2.91 eV with 6° for BasErRuOg and at 2.78 eV with a
value equal to 2° for Ba;TmRuOg. To contrast with other theoretical calculations like
BasFeMOg (M = W, Re, and Mo), whereby the major amplitude of each compound’s
Kerr rotation is 1.7° at 2.83 eV, 1.51° at 1.54 eV, and 1.46° at 0.87 eV [4]. It is also
important to note how Kerr rotation varies with respect to Kerr ellipticity( €): at the
maximum of the Kerr rotation spectrum, the €, spectrum crosses the zero line, which
is consistent with the Kramers-Kronig relation [179]. The primary peaks of the Kerr

ellipticity is 11.09° (3.17 eV) for BagErRuOg and 2.9° (0.51 eV) for BayTmRuOg.

The optical diagonal and off-diagonal conductivity, which are connected to the inter-band
and intra-band transitions, have to be calculated in order to study the magneto-optical

Kerr effects [180].

1

1, and dispersive 02, parts in the energy range of

The optical conductivity, absorption o
0 to 10 eV are shown in the figure (3.18). The two compounds exhibit a modest peak in
the infrared region of about 0.15 eV, which is caused by intra-band transitions of d states
and inter-band transitions between p with d and f orbitals. The intra-band transition
at higher energies was missed because of its small amplitude [59, 181], while inter-band

transitions exclusively generate the other peaks in the 2 to 8.5 eV range. In figure 3.19,

the off-diagonal conductivity o, is displayed.

The values of 6, and Kerr ellipticity €, which are contrary to diagonal conductivity, are
proportional to off-diagonal conductivity (equation 1.5.4) [4, 60]. It becomes obvious that
the highest Kerr rotation, 6,4, corresponds to the maximum peak in oy, wo,,, (shown

in figures 3.19, 3.20) and to smaller diagonal conductivity o,
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Figure 3.17: Polar Kerr rotation 6, and Kerr ellipticity €, as a function of energy for

(a)BayErRuOg and (b) BayTmRuOg.
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Figure 3.18: Absorption real part o, and dispersive optical conductivity imaginary part o2,

of (a) BayErRuOg and (b) BayTmRuOg.
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Ba,ErRuOg and (b) BayTmRuOg.

Figure 3.19: Real J}Cy and imaginary o7, parts (off-diagonal conductivity tensor) for (a)
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Figure 3.20: Complex off-diagonal conductivity for

(a)BaysErRuOg and (b)Ba,TmRuOg.
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In the current thesis, a series of first-principle calculations were conducted. These
I calculations were performed using a Wien2K code. In our study, we employed the
(GGA) approximation to determine the most stable phase of each material and identify
the precise magnetic orders. We have discovered that Ba,GdRuOg, Ba,ErRuOg and
Ba,TmRuOg remain stable in the ferrimagnetic phase due to the total magnetic moments
is not equal to zero. The total magnetic moment of each compound is primarily attributed

to the magnetic moment of rare earth atoms and ruthenium.

Applying the generalized gradient approximation (GGA) reveals that Ba,GdRuOg pos-
sesses a semiconductor structure, while including GGA+U calculations results in an in-
creasing band gap compared to the GGA calculation. The obtained results demonstrate
that the optical properties of the double perovskite material (Ba;GdRuOg) are consistent
with those of other optoelectronic materials. This material exhibits a narrow band gap
of 1.024 (1.136) eV (for spin-up channels) for GGA (GGA+U) calculation, respectively,

with absorption coefficient peaks observed at wavelengths of 457.5 nm and 173.2 nm.

We performed calculations on the band structure and density of states for the electronic
properties. we employed the GGA+U approximation with U values of 6 eV for Er(Tm)-4f
and 3 eV for Ru-4d electrons. Our calculations revealed that the Ba,ErRuOg material ex-
hibits a Semiconductor behaviour with an indirect band gap in the minority-spin states.
In contrast, the Ba,TmRuOg material displays a half-metallic character with an indirect
band gap in the majority-spin states, with exhibits a polarization of 100%. These charac-
teristics suggest that both materials possess the potential for a significant magneto-optical
Kerr effect, with peak angles at 6, = 17.7°, 5.6° and ¢, = 11.09°, 2.9° for BayErRuOgq
and Ba,TmRuOyg, respectively. The two materials, Ba,ErRuOg and Ba,TmRuOg, ex-
hibit promising characteristics that render them excellent candidates for utilization in

spintronics, optical switching and other applications.

Ultimately, it is essential to note that the GGA+U method employed in this study for
Bas,ErRuOg and Bas,ErRuOg materials cannot accurately describe the dielectric tensor.
Therefore, to accurately address the excited state properties, it is necessary to employ
methods based on many-body perturbative schemes. It has been reported that these two

compounds have the potential for giant magneto-optical Kerr effects (MOKESs). This is
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the first time such potential has been observed in these compounds.

Regarding its optical properties, the compound Ba,GdRuOg shows potential as a novel
material for applications in renewable energy technologies, specifically within optoelec-
tronics. However, further research is required to explore its capabilities and challenges in

this field fully.
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