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Abstract

This thesis presents a combination of experimental and theoretical results on the
physicochemical properties of iron sillenite. It is considered a promising candidate for
wastewater treatment and/or photodegradation of pollutants and dyes. In addition, we
explore the aluminium substitution and the effect of triaxial deformation on the
physicochemical properties of BizsFeOso0 using experimental and theoretical methods,
respectively. Experimentally, we successfully synthesized new BizsFe1xAlxO4o sillenite
compounds (x = 0.00, 0.20, and x = 0.50) at 750°C using the solid state route. Next, we
prove the structural stability of BizsFeOso and BizsFeo.80Alo.20040. The pure compound
exhibits a structural transition from a cubic-centred phase to a monoclinic (y—a) phase
at high temperatures. This phenomenon was observed by HT-XRD and confirmed by DSC
analyses and dielectric measurements. Moreover, this anomaly is also found for x = 0.20
and 0.50. Magnetic measurements revealed the antiferromagnetic behavior of BizsFeOao
and Bi2sFeo0.80Alo.20040 below Tn. On the other hand, a paramagnetic behavior is observed
for BizsFeo.s0Alo.50040. The optical properties make these materials suitable candidates for
photocatalysis and photovoltaic applications. Moreover, the theoretical study based on
DFT, and MCs confirms the obtained magnetic and optical results. Theoretically, we prove
that Bi2sFeO40 can also be used for hydrogen production in a basic solution with a pH
higher than 11. To evaluate the effect of triaxial deformation on the structural, magnetic,
electronic, and electrical properties, we perform a theoretical study using DFT. This
allows us to predict the decrease of the electronic bandgap energy, electrical, and thermal
conductivities under a compression effect of -3%. On the contrary, the electrical resistivity

increases under a traction effect of +3%.

Keywords: Aluminum/Iron Sillenite; Solid-State reaction; Neel temperature; AFM; HT-
XRD; FTIR; Raman; DSC; Dielectric; Photodegradation; Hz production; DFT; MCs; Triaxial

strain.
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Résumé

Cette these présente une combinaison de résultats expérimentaux et théoriques sur
les propriétés physicochimiques de la sillénite de fer. Elle est considérée comme un
candidat prometteur pour le traitement des eaux usées et/ou la photo-dégradation des
polluants et des colorants. En outre, nous explorons la substitution de I'aluminium et
l'effet de la déformation triaxiale sur les propriétés physicochimiques de BizsFeOso en
utilisant des méthodes expérimentales et théoriques, respectivement.
Expérimentalement, nous avons synthétisé avec succes de nouveaux composés de sillénite
BizsFe1xAlxO40 (x = 0,00, 0,20, et x = 0,50) a 750°C en utilisant la voie de 1'état solide.
Ensuite, nous prouvons la stabilité structurelle de BizsFeOso0 et BizsFeo.soAlo.20040. Le
composé pur présente une transition structurelle d'une phase cubique centrée a une
phase monoclinique (y—a) a haute température. Ce phénomene a été observé par XRD-
HT et confirmé par des analyses DSC et des mesures diélectriques. En outre, cette
anomalie est également constatée pour x = 0,20 et 0,50. Les mesures magnétiques ont
révélé le comportement antiferromagnétique de Bi2sFeOso et BizsFeo.soAlo.20040 sous Tn.
D'autre part, un comportement paramagnétique est observé pour BizsFeo.s0Alo.50040. Les
propriétés optiques font de ces matériaux des candidats appropriés pour la photocatalyse
et les applications photovoltaiques. De plus, I'étude théorique basée sur la DFT et les MCs
confirme les résultats magnétiques et optiques obtenus. Théoriquement, nous
démontrons que BizsFeO40 peut également étre utilisé pour la production d'hydrogéne
dans une solution basique avec un pH supérieur a 11. Afin d'évaluer l'effet de la
déformation triaxiale sur les propriétés structurelles, magnétiques, électroniques et
électriques, nous réalisons une étude théorique a l'aide de la DFT. Ceci nous permet de
prédire la diminution de gap énergétique électronique, du conductivité électrique et
thermique sous un effet de compression de -3%. Au contraire, la résistivité électrique

augmente sous un effet de traction de +3%.

Mots clés : Sillénite de Fer/Aluminium ; Réaction a 1'état solide ; Température de Néel ;
AFM; HT-XRD; FT-IR ; Raman ; DSC; diélectrique ; photo-dégradation ; production de Hz;

DFT ; MCs ; déformation triaxiale.
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Résumé détaillé

Les résultats présentés dans ce manuscrit de thése font partie d'un projet de
recherche consacré al'étude théorique et expérimentale des propriétés physicochimiques
de la sillénite de fer. Expérimentalement, I'effet de la substitution de I'aluminium sur les
propriétés structurelles, thermiques, diélectriques, magnétiques et optiques de la sillénite
de fer a été étudié. Théoriquement, nous explorons les propriétés pertinentes de BizsFeO4o
et l'effet de la déformation triaxiale sur leurs propriétés structurelles, magnétiques,

électroniques et électriques.

De nouveaux composés de sillénite Bi2sFe1-xAlxO40 (x = 0.00, 0.20, et x = 0.50) ont
été synthétisés en utilisant la voie de réaction a 1'état solide. L'analyse de diffraction des
rayons X (XRD) indique que tous les matériaux élaborés ont une structure cubique centrée
avec le groupe d’espace 123, et l'augmentation des parametres de maille avec la
concentration de I'aluminium est mise en évidence. La morphologie des échantillons est
étudiées par microscopie électronique a balayage. L'effet du dopage a l'aluminium a

également été étudié par spectroscopie Raman et infrarouge.

Les diagrammes de diffraction des rayons X a haute température (HT-XRD) ont
montré que la phase mere présente une transition structurelle d'une phase cubique
centrée (y-Bi2sFeO40) a une phase monoclinique (a-BizsFeO40) a des températures élevées
(au-dela de 700 K). Ce phénomene a également été constaté par I'analyse calorimétrie
différentielle a balayage (DSC) et mesures diélectriques a 671 K. De plus, cette transition
est également observée pour x = 0.20 et 0.50 a 682 et 679 K, respectivement, ce qui est

di a I'apparition d'une relaxation activée thermiquement.

Les mesures magnétiques ont révélé le comportement antiferromagnétique de
Bi2sFeOas0 et BizsFeosoAlo.20040 au-dessous des températures de Néel d'environ 268 et
265K, respectivement. Par ailleurs, un comportement paramagnétique est observé pour
Biz2sFeo50Alo.50040. Les bandes d'absorption élevées dans le spectre visible et les énergies

directes de la bande interdite comprises entre 2,02 et 2,11 eV.

D’autre part, nous avons exploré les propriétés physiques du sillénite de fer

Bi2sFeO40, & l'aide des calculs ab-initio en se basant sur la théorie de la densité
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fonctionnelle (DFT) et la simulation de Monte-Carlo (MC). On a prouvé que BizsFeOao est
un semi-conducteur d’'une bande interdite directe de 2,38 eV. Les propriétés optiques du
composé étudié mettent en évidence une absorption significative de la lumiére dans les
régions des longueurs d'onde ultraviolettes et visibles. En plus de son application photo-
catalytique pour la dégradation des polluants et des colorants, le matériau BizsFeO4o0 peut
également étre utilisé pour la production d'hydrogene dans une solution basique dont le
pH est supérieur a 11. Ce matériau présente des propriétés électriques importantes et un
comportement antiferromagnétique a également été démontré au-dessous de 255 K, qui

est en bon accord avec les résultats expérimentaux.

L'effet de la déformation triaxiale sur les propriétés structurelles, magnétiques,
électroniques et électriques de BizsFeO4o a été aussi examiné a I'aide de la DFT. Cette étude
a été réalisé pour évaluer la stabilité de la phase mere Bi2sFeOs0 sous contrainte de
traction et de compression. Aprés une déformation compressive de -3% le long de I'axe x,
un changement dans le mécanisme d'hybridation s-p entre les orbitales Bi-6s et 6p et les
orbitales O-2s et 2p se produit. Cela permet de réduire la valeur énergétique de la bande
interdite électronique jusqu’a 1,38 eV. Ceci est dii au changement de la longueur des
liaisons entre Bi-Bi, Bi-O1, Bi-02(i), Bi-O2(ii), Bi-O2(iii) et Bi-O3 sous l'effet de la

déformation le long du méme axe.

Les conductivités électrique et thermique se comportent de maniére similaire sous
traction et compression, avec une amélioration sous compression de -3%. En revanche, la
résistivité électrique a diminué sous l'effet de la traction de +3 %. Le signe positif du
coefficient Seebeck suggere une conduction du matériau a travers des porteurs des
charges positive, ce qui permet au BizsFeO4o d’étre un semi-conducteur de type P avec et
sans effet de déformation. Ceci révele que la déformation le long des axes x, y et z de -3%
a +3% n'a pas d'impact sur le mécanisme de conduction de BizsFeOao, ainsi que sur les
propriétés magnétiques, qui restent inchangées sous déformation de traction et de

compression.

Les résultats obtenus font des matériaux étudiés des candidats potentiels pour les
cellules solaires a colorant (DSSC), ainsi que des photo-catalyseurs prometteurs pour la
photo-dégradation des colorants et des polluants, qui peuvent étre facilement recyclés et

collectés par séparation magnétique.
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General introduction

Due to increasing environmental problems and energy deficiencies around the
world, the demand for clean and reliable energy conversion technologies has generated
great interest worldwide [1,2]. In addition, human and aquatic life has been dangerously
affected by wastewater that contains toxic organic dyes from several types of pollutants,
such as paint, textiles, cosmetics, and printing [3]. Furthermore, many antibiotics cannot
be completely metabolized by human or animal organisms and may be released into
wastewater through urinary excretion [4,5]. Additionally, common wastewater treatment
methods such as biodegradation, adsorption, flocculation, and coagulation ... represent a
secondary source of pollutants [6]. The most cost-effective method used for this issue is

the photocatalysis process consisting in splitting water using sunlight [5,7].

Semiconductor photocatalysts has shown promise as a technology for removing
toxic organic contaminants from water [8]. However, they are applied in powder form,
which makes separation and recycling after treatment extremely difficult. This not only
results in the loss of the photocatalyst, but also in secondary pollution by photocatalyst
particles. The introduction of various magnetic nanoparticles such as magnetite,
maghemite, ferrites, and sillenites, etc. into the photocatalyst matrix has recently become
an area of intense research, as it allows for easy separation of the photocatalyst from the
treated water using an external magnetic field [5,9,10]. Further, this process requires
semiconductors with narrow bandgap energy, redshift absorption, and appropriate CB

and VB edge positions for the reduction and oxidation reactions [11].

Sillenite materials, with the general formula Bi12M020 (M=Ge, Ti, Ga, Fe, Bi, V, etc.),
as new photocatalysts with a high photocatalytic activity, are receiving increasing
attention [12]. So far, sillenites such as Bi12TiOzo0, Bi12SiO20 [13], Bi24Ga2039 [14], and
Bi24Al039 [15] have reported high photocatalytic properties due to the Bi-O polyhedra in
Bi12MO2o crystals. The BiO7 polyhedron results in a dipole moment of 0.174 Debye, which
is believed to eliminate electron-hole pair recombination and greatly facilitate the

photocatalytic activity of the catalysts.
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Among sillenite materials, iron-sillenite BizsFeO4o has attracted much interest due to
its physical/chemical properties and technological applications such as gas sensing,
digital memory, piezoelectric, photorefractive, photoconductive, and electro-optic
properties [16,17]. BizsFeOaso is similar to y-Bi203 formed by doping y-Bi20O3 with iron
metal oxides; y-Fe203 [16]. It is considered as an efficient photocatalyst due to its structure
with M = BiosFeos, which includes a lot of oxygen and ionic vacancies [18], allowing the
reduction of the recombination of electron-hole pairs. Consequently, Fe-doping leads to
hybridization of energy levels and modification of the electronic structure, which is
responsible for extending the photo-absorptivity to the visible light region (<623 nm) and
enhancement of the photocatalytic activity of Fe-doped Bi203, knowing that Bi203 has a
bandgap energy tends to 2.78 eV [19]. Iron-sillenite has a wide variety of applications,
including sensors [20], batteries [21], electrocatalysis for nitrogen fixation via the NRR
process (N2 Reduction reaction) [22], Dye-Sensitized Solar Cells applications (DSSC)
[23,24], Hz production [25], and for environmental pollution remediation, wastewater,
and/or water treatment, degradation of pollutants, and dyes using the photocatalysis

process (PC) [5,26-38].

The present work is articulated around two main parts, namely a first part devoted
to the presentation of an overview of the basic concepts, comprising two chapters. The
first one is a generalization of the different notions necessary to understand and interpret
the results obtained. The second chapter concerns the description of the various
experimental techniques and theoretical methods used in this manuscript. The second
part is assigned to the experimental and theoretical obtained results and includes three
chapters. Chapter III deals with the synthesis and the study of the structural, vibrational,
thermal, dielectric, magnetic, and optical properties of novel sillenite materials BizsFe1-
xAlxO40. Chapter IV focuses on the theoretical studies of the pristine compound
(Bi2sFeO40), synthesised, and characterised in the previous chapter. Moreover, the last
chapter presents the theoretical investigation of the triaxial strain effect on the structural,

magnetic, electronic, and electrical properties of iron-sillenite Bi2sFeOao.

Finally, a general conclusion will summarize the main results of the work presented

in this thesis and establish the perspectives that will be realized in the next step.
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This chapter presents generalities and basic concepts, allowing the reader to fully
understand the various notions represented and discussed in this manuscript. In the first
section, we focus on the description of sillenite-like materials. Then, we introduce an
overview of the iron-sillenite Bi2sFeOa4o, specifying its structure, synthesis method,
properties, and different applications, which will be outlined in the second section. The

last one is devoted to the presentation of the basic knowledge on the magnetic states.
1. Bibliography of sillenite materials

1.1.Introduction

Currently, a lot of research is focused on the study of multifunctional materials, in
which several properties can be potentially exploited. Sillenites are known as
multifunctional materials because they are applicable in different fields. This type of
material is currently attracting considerable interest due to its numerous properties such
as photorefraction, photoconduction [39-42]. These properties have potential
applications in electro-optics, acoustics, and piezotechnics [39-42]. They are also well
known for their physicochemical properties and their technological applications in the
fields of sensing and data storage, as well as in other applications related to environmental
issues [42-46]. Among the sillenite-based materials, we will focus in this manuscript on

the study of the iron-sillenite materials because of their diverse properties.
1.2.Sillenite materials

1.2.1. Introduction

Sillenite is a mineral with the chemical formula of Bi1i2MOz0, where, M = Si, Ga, Ge,
Mn, Fe [13,42,47,48]. This family of structures is named after the Swedish chemist Lars
Gunnar Sillén, who studied it for the first time in 1937. They are found in Australia, Europe,
China, Japan, Mexico, and Mozambique. Sillenites refer to a class of bismuth compounds
that are isostructural to Bi12Si020, whose parent structure is y-Bi203, a metastable form of
bismuth oxide Bi203 [49]. According to M. Devalette et al. the sillenites can be described

by the following formula; Bi1zxMxOz20+s, Bi12(Bia/s-nxMgs D%_(S_n)x)019.2+nx, and/or

Bi12(Bia/s-nxMEF )019.24nx, where M = Group II-VIII elements [13,50]. In addition, V. M.

Skorikov et al. reported that sillenites exist only in systems comprising bismuth oxide [50].
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1.2.2. Structural description

Based on the phase equilibrium studies of Bi203-MxOy systems, the sillenite phases
can be formed at M = Rb, Mg, Zn, Cd, B, Al, Ga, In, T}, Si, Ge, Ti, Pb, P, V, As, Nb, Cr, Mo, W,
Mn, Fe, Co, Ni, Ry, and Ir and their stability depends on the stoichiometry of the regents
[50]. Approximately, 60 sillenites compounds with the formula of Bi12xMx020+s, have been
synthesised. The Mr+ cations of Bi12xMx020+s could take various oxidation degree; 2+
(Cd2*, Co?*, and Zn?4, ...), 3+ (Ga3+, Fe3+, and Cr3+, ...), 4+ (Si*t, Ti*t, and Mn#+, ...), and
5+ (V>+, As>+, and P54, ...) [51-63].

The crystallin structure of Bi1z2M020 (M = Bi or other metal cations) can be described
as MO4 tetrahedra separated by bismuth oxygen structures, that occupy the octahedral
sites and compose a centred-cubic lattice, with the space group of 123 (N0.197). As shown
in Figure 1.1, the tetrahedral sites can be occupied in position 2a by cations with four
oxidation states (e.g., Mn#*, Si*+, Ge**t, Ti*t, ...) composing ideal tetrahedral bonds via
oxygen. It can be also occupied by other elements with oxidation states different from four,
which can be incorporated into the tetrahedral sites via oxygen vacancies, partial

occupation of the 2a sites by Bi3* or Bi>+ ions, to achieve a charge balance [13,18].

0(le) a

03} ’ 0(1a)
/8 opn

od) @@= Bi
y 9
Q) & .

0(3) . 0i2a)

o o . 03}

0O(1b)

Figure I.1: The crystallin structure of sillenite material; (Octahedral sites occupied by the
bismuth oxides and the tetrahedral one occupied with M oxides) [64].

The phase diagram presented in Figure 1.2, shows possible combinations between
Bi203 and Fe203[13,65,66]. The stoichiometry of Fe3+ and Bi3*+ must be exact and precise.
A slight excess of Bi3+ will result in the production of bismuth oxide, Bi;Os3, or the very
similar sillenite, BizsFeO39 / BizsFeO40. On the other hand, a surplus of Fe3* will initiate the

formation of iron-rich phases such as mullite BizFe409. Although these secondary phases
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are supposed to have little or no impact on the stoichiometry [67]. In the following section,

we will make a brief description of the Bi2sFeO4o structure.

1100 . ' " T . T T
1000 | .
/ ”951'”(3
— 933°C
O aarl w233,
< 900 } Q25'C ]
E ; -} |
5 793°C 3 "
© B 0 -0~ == 825°C
o 800 luofH oL .
[= N iu..u-il-l‘a (e N+ )
E Y|777°C
[+H]
2 1
700 ['[2%Cp I 1
'*- & ®) 'I:IJ‘
u_'#; ﬁ b,
600 @ L i 1 -m 1 EI_D 1 i
0 20 40 60 80 100
Bi,O, Mole % Fe,O, Fe,0s

Figure [.2: Diagramme des phases des ferrites de bismuth [64].

2. Iron-sillenite semi-conductor
2.1.Iron-sillenite structure

BizsFeOa40 is a sillenite semiconductor, crystallized in a centred-cubic structure,
where Fe atoms occupy the tetrahedral site with a 2a-Wyckoff position, while the
octahedral sites are filled by Bi atoms with a 24f-Wyckoff position [68]. Iron-sillenite has

a lattice parameter of about 10.18 A and the atomic positions presented in Table 1.1
[16,68].

Table I.1: Atomic positions of iron-sillenite BizsFeO4o [68].

X Y z Wykoff positions
Bi 0.17635 0.31796  0.01409 24f
Fe 0 0 0 2a
0O1 0.6346 0.7521 0.9887 24f
02 0.6885  0.6885 0.6885 8c
03 0.8926  0.8926 0.8926 8c

Overall, an ideal sillenite is characterized by the tetravalence of M atoms, as in Mn#*+

and Fe#** forming ideal sillenites, such as Bi12Fe0O20 and Bi12MnO20 [39,47]. Furthermore,
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Valant et al. [69] developed the general formula of sillenite materials,
Bi12(Bi4/5-nxMn+5x)019.24+nx, describing the possible homogeneity area, depends on the
charge of the tetrahedral M+ cations. According to Infante et al. [68] iron-sillenite exhibit
two possible chemical formulas; BizsFeOs0 and BizsFeO3so. Contrariwise, Devalette et al.
[13] and Craig et al. [18] revealed that one Bi cation per unit cell exists in the 5+ oxidation
state following the formula Bi3} (Bi5*Fe3+)0s0. Moreover, the octahedral sites are
occupied by the Bi3* creating BiOsE-polyhedrons (E = 6s? inert electron pair). The

tetrahedral sites are shared by Bi>* and Fe3+ cations [18].

Bi,O,-Fe, O, 30%(mol.)

730 °C

Exo. Flow (a.u.)

b

/S 1
’ 930 °C

800 » 920 °C
825 °C . a
500 600 700 800 900 1000

T(°C)
Figure 1.3: DSC experiments measured in air, for the possible phase transition of (a)
BiFeOs powder, (b) Biz03 powder, (c) Bi2sFeO40 powder and (d)Biz03-Fe203 30 mol%
mixture [64].

Lu et al. and Harwig report from the DSC measurements (Figure 1.3) a phase
transition of iron-sillenite from monoclinic phase to the bcc structure at 1030 K (From a-
Bi2sFeO40 to y-BizsFeOs0) was observed under heating. As well as for Bi203, a phase
transition from monoclinic to face-centred cubic phase occurred at 1030 K (from a-Bi203
to 8-Bi203). Further, during cooling under the melting point, two types of phase transitions
can arise for Bi20s3 structure, producing two metastable intermediate phases with a slight

temperature difference of about 10 K; from 6-Bi203 to y-Bi203 at 939 K, then from y-Bi203
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to a-Bi203 at 904 K and/or from 6-Bi203 to (3-Bi203 at 950 K, then from (-Bi203 to a-Bi203
at 952 K [49,64].

2.2.Synthesis method of iron-sillenite; solid-state reaction (SSR)

The size, morphology, and properties of iron-sillenite is controlled by several
criteria: the method of elaboration, the precursors used, the calcination temperature as
well as the initial conditions of the synthesis. To optimise those parameters, various
synthetic routes were developed such us; solid-state reaction [70,71], sol-gel method [72],
hydrothermal method [42], combustion-like process [16], molten salt growth [45], and
co-precipitation method [46], allowing the production of Bi2sFeO4o0 with a particle size

ranging from 25 nm to 10 pum [17,73].

In this thesis, we synthesize Bi2sFeO4o via the solid-state reaction (SSR) process.
This technique presents a set of advantages such as the reduction of toxic waste quantities,
the ease of large-scale reproducibility, the reduction of costs, etc ... However, obtaining
homogeneous phases sometimes requires multiple thermal treatments at high

temperature and several intermediate grindings.
The solid-state synthesis protocol can be summarized in four main steps:

e Choice and preparation of precursors: in general, the choice of precursors depends on
the reaction conditions and the expected nature of the desired product. In some cases,
and before being weighed, the reagents must be carefully dried to remove moisture.

e Mixing of the precursors: this step allows the homogenization of the mixture, as well
as the reduction of the size of the grains, and the increase of their reactivity. Generally,
the grinding of powders is carried out either with a mortar or by using laboratory
mixing devices.

¢ Shaping: in some cases, and to promote the reactivity of the precursors, the powder is
shaped into granules. Uniaxial hydraulic presses are often used for this step.

e Thermal treatment: consists in putting the mixture through a thermal cycle under
controlled atmosphere. During this step, the reagents react by solid phase diffusion
phenomena to compose the desired phase. The thermal treatment depends essentially

on the form and the reactivity of the reagents.
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2.3. Applications of iron-sillenite semi-conductor

Iron sillenite Bi2sFeOso0 exhibits high absorption in the ultraviolet area (UV),
elsewhere in the visible range, with a direct band gap ranging from 1.78 eV to 2.81 eV [16],
[66]. These values of bandgap energy values are in good agreement with the criteria for
an efficient photocatalyst, which will be discussed in next section (2.4). Moreover,
Koferstein et al.,, Wu et al, and others have reported different magnetic behaviours of iron-
sillenite namely; paramagnetic, super-paramagnetic and spin glass state [7,16,74]. These
behaviours depend on the synthesis process and/or stoichiometry of this material.
Currently, this type of material is attracting great of interest due to the new perspectives
for industrial applications it offers. They presents a wide variety of applications, including
sensors [20], batteries [21], electrocatalysis for nitrogen fixation via the NRR process (N2
Reduction reaction) [22], Dye-Sensitized Solar Cells applications (DSSC) [23,24], Hz
production [25], and for environmental pollution remediation, wastewater, and/or water
treatment, pollutant and dye degradation using the photocatalysis process [5,26-38].
Recently, many studies have been conducted to investigate the potential properties of
Bi2sFeO40 as a promising photocatalyst, that can be simply recycled and collected by

magnetic separation, washed, centrifugated, and dried [30,75-77].

The photocatalytic activity of BizsFeOs0 powders has been evaluated by multiple
method. As a results, it is considered as an effective compound for photodegradation of
rhodamine B (RhB) [25,44,45], for the removal of methylene blue (MB) [30,35,77].
Moreover, it considered as promising photocatalyst for the photodegradation of methyl
violet (MV) [33], decoloration of methyl orange (MO) [72,76]. Besides, iron-sillenite is a
promising photocatalyst for the degradation of ciprofloxacin (CIP) [35], 2,4-DCP [45], and
Acid Yellow (AY-17) [46]. In addition to photocatalytic activity for dye degradation,
Bi2sFeO40 reports an efficient photocatalyst for water treatment from various types of
pollutants such as: removal of phenol and p-chlorophenol [36], the tetracycline
hydrochloride (TCH) [28], the bisphenol A (BPA) [29], sulfamethoxazole (SMX) [5], the
tetracycline (TC) [30].

2.4.The mechanism and bases of photocatalytic water splitting

Photocatalytic performance depends on several parameters that act together to

enhance the photocatalytic response. Photocatalysis is an electrochemical process that
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consists of the movement of photogenerated electrons and holes between a

semiconductor and an electrolyte.

: Degraded <
=" roduc_tsb;‘-a:-:_~.

™

Pollutants

Figure 1.4: The photocatalytic mechanism of iron-sillenite BizsFeOso for colorants and
pollution photodegradation, such us ; RhB, CIP, and MB [35].

Figure [.4 illustrates the photocatalytic mechanism implemented in this manuscript;
the semiconductor is BizsFeO40, and the electrolyte can be a dye solution such as the RhB,

CIP, and/or MB or another pollutant.

[ron-sillenite particles are first distributed in the electrolyte solution (dye and/or
pollutant), then after irradiation under sunlight, the electrons in their valence band (VB)
are excited towards the conduction band (CB). This is due to the absorption of the visible
light by the electrons (e-—VB). Then the generation of holes (h*) in the BizsFe040-VB. In
general, an electrolyte in equilibrium possesses one or more redox couples with precise
redox potentials. If the potential of the photogenerated electrons of the semiconductor is
lower than one of these redox couples, the electrons penetrate in the electrolyte to carry
out the reduction of this couple. Similarly, if the photogenerated hole potential of the
semiconductor is higher than a redox couple, the holes enter the electrolyte to oxidize it.
The reduced and oxidized species can initiate the responsible reaction for degradation of

the electrolyte.
As an example, for RhB degradation, the photogenerated e~ react with the surface
area adsorbed O2 to create O3 (E82/05= -0.16 V vs. NHE), which will be an additional

reaction of RhB allowing the degradation. Thus, the photocreated h+ react with the OH-,

produced from ionized water molecules (H20) (EgH-/*OH= 2.38 V vs. NHE). Then, the
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produced OH- oxidize RhB. Hence, a photocatalyst must have a CBM lower than -0.16 V to
perform the first reaction and VBM greater than 2.38 V to properly conduct the second
one. Further, the photogenerated holes can only operate the second reaction [78]. The

photocatalytic mechanism of the studied compound for RhB degradation can be described

as follow:
BiysFeO,q + hv — BiysFeO, (h*) + BiysFeO,q (€7) (I.1)
h* + H,0 »* OH + H* (1.2)
*OH + RhB - H,0 + CO, (1.3)

Adding to the CBM and VBM levels of the photocatalyst, a lower optical band gap
energy, and the absorbance region of the solar light might enhance the PC activity.
Moreover, the smaller particle size and higher surface area increase the degradation
performance of PC [25,78]. The value of VBM and CBM energies of the photocatalyst can

be calculated using following equations:
EVB =X EO + 05Eg (14)
ECB = EVB —_ Eg (15)

where, Evs and Ecs are the valence band and the conduction band edge potentials,
respectively. y is the absolute electronegativity of a semiconductor, and Eo is the energy of
free electrons on the hydrogen scale (Eo = 4.5 eV) [25]. Otherwise, the relative effective
mass ratio (D) of photogenerated electrons and holes is a characteristic parameter that
can be used to evaluate the performance of a photocatalyst and estimate the charge

separation efficiency [11].

The relative ratio (D) is another parameter that allows the evaluation of the
photocatalytic activity. It plays a significant role in photocatalysis and evaluated using the
formula described in the equation (1.6). In general, a higher D value means a higher
probability of separation of photo-induced electron-hole pairs, and therefore a lower

recombination rate to stimulate the photocatalytic activity [79].

D = my(mg) / me(mo) (1.6)
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3. Magnetic states

To better understand and properly study the magnetic properties of sillenite
materials in this part, we will describe in this section the basic knowledge about magnetic

states.

As early as 1820, experiments conducted by the Danish physicist and chemist Hans
Christian Oersted demonstrated the correlation between magnetism and electrical
phenomena, by generating magnetic fields from an electric current [80]. The study of this
electricity-magnetism interaction was also carried out by other researchers such as M.
Faraday and N. Tesla, leading to the formulation of Maxwell's equations and representing
the basic postulates of electromagnetism [81]. However, the understanding of the
fundamental nature of magnetism and its origin was only obtained thanks to quantum
theory. Indeed, it has been revealed that the magnetic aspect of materials comes from
electrons and that the electronic configuration of the ions that compose the material is the
basis of its magnetic character. On the other hand, the electromagnetic interaction comes
from two sources of magnetism, namely the orbital magnetism due to the movement of
electrons around the nucleus producing the orbital magnetic moment and the intrinsic
magnetism due to the rotational movements of electrons on themselves inducing the spin

magnetic moment (Figure 1.5).

The magnetic contributions from these orbital (x.) and spin angular moments (us)

are expressed as follows [82]:

= — L .
s = -2 5 (1.8)

where g1 and gs are the orbital and spin gyromagnetic factors, respectively. LandS
are the orbital and spin angular momentum operators, respectively. us is the Bohr

magneton and 7 the reduced Planck constant.

In materials with one or more magnetic atoms, the direction and sometimes even
the modulus of the magnetic moments depend on several factors such as the nature and
environment of the magnetic ions, the temperature, and the applied magnetic field.

Materials can therefore be classified according to their response under the action of an
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external magnetic field. This response is evaluated by a quantity x known as magnetic

susceptibility [83] :
M= yH (L9)
where,
oM
= — 1.10
X=5q (1.10)

hence, M is the magnetization, H is the magnetic field, and x is the magnetic
susceptibility.

Electrons

Figure [.5: Schematic illustration of the atom.

In general, magnetic states are classified into disordered magnetic states
(diamagnetic, paramagnetic states) and ordered magnetic states (ferromagnetic,

antiferromagnetic and ferrimagnetic states).

3.1.Diamagnetic state

When all electrons in a material subjected to a magnetic field, they are oriented in
the opposite direction to the applied magnetic field (Figure 1.6). Diamagnetic materials
are materials that contain only non-magnetic atoms; the magnetization is induced by the
applied magnetic field and disappears when this field is no longer present. Since its origin
comes from the deformation of electronic orbitals under the action of an external
magnetic field. However, the diamagnetic component of magnetic materials is generally
small compared to the components of other magnetic orders. Moreover, the susceptibility

of diamagnetic materials is independent of temperature (Figure 1.7 (b)) [84,85].
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Figure 1.6: Magnetic field effect on diamagnetic materials, where the magnetization in the
opposite direction to the external magnetic field at H # 0.
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Figure 1.7: (a) Variation of the Magnetisation (M) as function of the external magnetic field
of diamagnetic materials (H). (b) Thermal evolution of the magnetic susceptibility x of
diamagnetic materials.

3.2.Paramagnetic state

In paramagnetic state, the atoms carry a magnetic moment whose orientation is
random. The inter-atomic or inter-molecular distances are larger enough that the
moments do not interact with each other. In the absence of an external magnetic field,
paramagnetic materials are only subjected to thermal agitation and the overall
magnetization is zero. Under the action of an external magnetic field and contrary to
diamagnetic materials, the magnetization of paramagnetic materials is oriented in the
same direction as the applied field, inducing an increase of the latter. When the exciting
field is cancelled, these magnetic moments regain their disorder and compensate on
average, so that the total magnetization becomes zero (figure 1.8) [86]. On the other hand,
as the temperature increases, thermal agitation tends to misalign the moments, reducing

the magnetic susceptibility () of the material (Figure 1.9). This effect of temperature for
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paramagnetic materials is expressed as function of the Curie constant C and the
temperature T, by the Curie's law as follow [87]:

X=7 (111)

H=0 H
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OOIVISESISISIS,
OIFIOCASISISIS

Figure [.8: Magnetic field effect on paramagnetic materials, where the magnetization in
the same direction to the external magnetic field at H # 0.
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Figure 1.9: (a) Variation of the Magnetisation (M) as function of the external magnetic field
(H) of paramagnetic diamagnetic materials for (T ” > T’ > T). (b) Thermal evolution of
the magnetic susceptibility x of paramagnetic materials.

3.3.Ferromagnetic state

Ferromagnetic materials are characterized by the existence of spontaneous
magnetization (SM), which can orient itself along the direction of an applied magnetic
field and occur even in the absence of the latter (Figure .10) [88]. At the microscopic scale,
ferromagnetic media are structured into domains of uniform magnetization, known as
Weiss domains, separated by Bloch walls [89]. The total magnetization is given by the sum
of the magnetizations of the different Weiss domains. When a magnetic field is applied,
these Weiss domains progressively change their magnetization as a function of the applied
magnetic field, so that domains whose magnetization is oriented in the direction of the

applied magnetic field increase at the expense of other domains.
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The application of a magnetic field (H) progressively orients the moments in the
direction of the field, inducing a hysteretic behavior of the magnetization (M) as a function
of the magnetic field (H) [90]. When all the domains are oriented, the saturation
magnetization (Ms) is obtained. When the applied field returns to zero, the magnetization
decreases to the remanent magnetization (Mr). A certain coercive field (Hc) is then
required to bring the magnetization back to zero. By applying a sufficiently strong
opposite magnetic field, the magnetization no longer follows the initial trajectory and
shows a hysteretic behavior as a function of the external magnetic field (Figure .11).

H=0 H
—

0 OO0
00 OO0
SESISASISISIS,
SISISISASISISIS

Figure I.10: Magnetic field effect on the ferromagnetic materials, where the magnetization
is non null with and/or without applying an external magnetic field (H # 0 or H = 0,
respectively).

> Direction of the cyde path

Figure 1.11: Schematic illustration of the hysteresis loop of ferromagnetic materials [91].

There are two subgroups of ferromagnetic materials (Figure 1.12) [91]: soft and hard
ferromagnetism. The first one, is characterized by their remanent magnetization (M),
their hysteresis loop and their coercive excitation (Hc). Thus, they can react to a weak

external magnetic field. On the other hand, hard ferromagnetism presents a significant
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hysteresis cycle. Moreover, their remanent magnetization (M), their coercive excitation

(Hc) and their hysteresis losses are important.

The thermal agitation disorders the magnetic moments as function of the
temperature, then the spontaneous magnetization decreases. Above a certain
temperature called the Curie temperature (T¢), the spontaneous ferromagnetic
magnetization (Ms) becomes zero and the material goes to the paramagnetic state (Figure

[.13). The magnetic susceptibility thus follows the Curie-Weiss law [92] :

(1.12)

where C is the Curie constant.

(a ™ (b) My

Figure 1.12: Hysteresis loops of; (a) hard and (b) soft ferromagnetic materials [92].
M X
Ferromagnetic state 4 Paramagnetic state

Figure 1.13: The thermal evolution of the magnetization M and magnetic susceptibility x
of ferromagnetic materials [92].

3.4. Antiferromagnetic state

In antiferromagnetic materials, the moments interact with each other in such a way

as to have an antiparallel alignment with respect to each other and thus a zero overall
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magnetic moment (Figure [.14). Indeed, antiferromagnetic materials are formed by two

sublattices coupled by negative exchange interactions, oriented antiparallel [84,86].

H=0 H
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Figure [.14: Magnetic field effect on the antiferromagnetic materials, where the
magnetization is null in the absence of the external magnetic field (M = 0 for H = 0) and
itis non null in the presence of the external magnetic field (M # 0 for H # 0).

Figure 1.15: Schematic illustration of the various types of the antiferromagnetic materials.

According to the number of parallel (FM) and antiparallel (AFM) neighbors of each
spin, seven antiferromagnetic structures can be distinguished; Antiferromagnetic order
type A (AFM-A), type B (AFM-B), type C (AFM-C), type D (AFM-D), type E (AFM-E), type
F (AFM-F), type G (AFM-G) (Figure 1.15) [93-100]:

- AFM-A: whose intraplanar coupling is parallel, while the interplanar coupling is

antiparallel. Each spin is surrounded by 4 FM neighbors and 2 AFM neighbors (i.e,,

Antiferromagnetic coupled ferromagnetic plans) [94].
- AFM-B: is a ferromagnetic order as signified above [95].

- AFM-C: in which the atoms have an antiparallel coupling along the same plane and
parallel between two planes. Thus, each spin has 2 FM neighbors and 4 AFM neighbors

(i.e., ferromagnetically coupled antiferromagnetic plans) [96].
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- AFM-D: it is an antiferromagnetic in the diagonals (i.e., AFM in the cross-crossing

stripes) [98].
- AFM-E and AFM-F: it is an antiferromagnetic with ferrimagnetic plans [97,99].

- AFM-G: in which the inter and intraplanar couplings are both antiparallel. Therefore,

each spin is surrounded by six antiparallel neighbors (i.e., AFM in all directions)

[100,101].

In accordance with ferromagnetic materials, the magnetic character of
antiferromagnetic systems is influenced by temperature (figure 1.16) [102]. In fact, the
antiparallel character manifests itself up to a certain critical temperature, known as Neel
temperature (Tn), beyond which the magnetic moments become disordered, and the
material becomes paramagnetic. In this paramagnetic state, the magnetic susceptibility

follows the Curie-Weiss law [103]:

C
=— 113
X=To (113)
with C is Curie constant and 6 a temperature constant below Tn.
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Figure 1.16: The thermal evolution of the magnetization M and magnetic susceptibility x
of Antiferromagnetic materials.

3.5.Ferrimagnetic state

As well as for the antiferromagnetic systems, ferrimagnetic materials are
characterized by the existence of two sublattices of antiparallel magnetizations, with non-
equal magnetic moments. This non-compensation of magnetic moments induces

spontaneous magnetization, giving these materials a behavior very similar to that of

ferromagnetic materials [103,104].
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This antiparallel alignment occurs up to a critical temperature corresponding to the
Curie temperature Tc, at which the thermal fluctuations destroy the spin arrangement,
and the material passes to the paramagnetic phase (figure 1.17). Above T, ferrimagnetic
materials present a magnetic susceptibility whose thermal variation follows the Curie-
Weiss law expressed as follows [105]:

C
T-6

where, C is the Curie constant, T is the temperature and, 6 is the Weiss temperature.

¥ = (1.14)
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Figure 1.17: The thermal evolution of the magnetization M and magnetic susceptibility x
of ferrimagnetic materials.

3.6.Weak ferromagnetism or uncompensated antiferromagnetic

There are antiferromagnetic materials where the magnetic moments of the two

sublattices A and B are not perfectly antiparallel and the angle between the magnetization

vectors ]WA and MB has a slight slope with respect to  as mentioned in Figure 1.18. This is
allowing the appearance of a weak spontaneous magnetization, which well known as

weak ferromagnetic behavior.

Although L. Neel explained the appearance of this phenomenon by the presence of
stoichiometric defects or ferromagnetic impurities, this hypothesis was definitively
abandoned after the observation of a ferromagnetic moment in materials with controlled
stoichiometry [106]. Years later, Guiot et al. explained the appearance of a weak
spontaneous magnetization based on the presence of imperfections in the crystal lattice
[107]. Considering this hypothesis, Dzyaloshinskii al. constructed a model to describe
weak ferromagnetism [108]. Then, he introduced an asymmetric term known by the

Dzyaloshinskii-Moriya interaction, based on symmetries, which was named after Moriya
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when he discovered that the mechanism of this interaction is partly based on the spin-

orbit coupling [109,110].
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Figure 1.18: Schematic illustration of the weak ferromagnetic behaviour in the
antiferromagnetic materials.

5. Conclusion

In this chapter, we have implemented the basic concepts necessary to understand
the characteristics of sillenite materials as they are considered as a promising

photocatalyst for water treatment, pollutant and/or dye degradation.
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Experimental and computational
methods



Chapter II. Experimental and computational methods 24

In this chapter, we will present an overview of the various experimental techniques and
theoretical methods used in this thesis. In the first part, we will present the experimental
techniques such as X-Ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR),
Raman spectroscopy, scanning electronic microscopy (SEM), optical diffuse reflectance
spectroscopy (DRS), differential scanning calorimetry (DSC), dielectric,c and magnetic
measurements. The second part is devoted to the exposition of the basic concepts of the
computational methods used in this thesis, namely density functional theory (DFT) and Monte
Carlo Simulation (MCs)). A first principal calculation based on density functional theory (DFT)
was used to determine the structural, electronic, optical, photocatalytic, electrical, and magnetic
properties of the studied materials at OK. Then, the magnetic properties will be studied at finite

temperature using Monte Carlo simulation.
1. Experimental techniques

1.1. X-ray powder diffraction analysis

X-ray diffractometry is an analytical technique in crystallography based on the interaction
of the X-rays with the closely spaces lattice of atoms in a crystal. The produced pattern is
recorded and then analyzed to reveal the nature of the lattice. This allows us to study and
understand the crystallized materials from the collected pattern. From the XRD of the powder’s
collected pattern, we can quickly identify materials and changes occurred in width or positions
of the peaks, determine crystalline size, purity, and texture of the crystals using the Bragg’s law
[111,112]. This law was developed in 1914, establishes the diffraction relationship between the
wavelength of an incoming beam and the d-spacing of a diffracting crystal. A diffraction peak is
obtained only when the distance travelled by the rays after reflection from successive crystal

planes differs by an integral multiple of wavelengths, according with the Bragg's equation [113].
nil = Zdhkl sin @ (Hl)

where n, A, dnk, and 8 are the order of reflection, the incident X-ray wavelength, the distance
between two crystallographic planes (called “interarticular distance), and the incident angle,
respectively. This diffractometer with Bragg-Brentano 6-260 geometry is equipped with an X-ray
source using the Kq radiation of copper (Figure II.1). The intensity diffracted by the sample is
measured with a scintillation point detector, that moves in concert with the sample and picks
up the intensity diffracted by the crystallites in reflection. As the sample rotates by an angle 6,

the detector rotates by an angle 26 so that it is always in the Bragg position relative to the
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reticular planes parallel to the sample surface and thus collects the rays diffracted by them

[111].

The identification of the phases present in the obtained products is performed by X-ray
diffraction powder. The analysis at room temperature is performed with a Shimadzu LabxXRD-
6100 diffractometer, equipped with a copper anticathode (Acu = 1.5406 A). The allotropic
transformations in the pristine compound were checked by X-ray diffraction at different
temperatures (500, 700, 900 and 1000 K) using the same equipment. The samples were heated
from 300 K to 1000K with a heating rate of 10 K/min and while holding the temperature for 20
min during each recording. The substituted compounds were processed by XRD at room
temperature. The cell parameters of the studied compounds were refined by means of AFMPOU

software [114].
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Figure II.1: Schematic representation of the Bragg-Brentano mode geometry XRD analysis

Bragg-Brentano mode (0-26) [115].

1.1. Spectrometric Methods
1.1.1. Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy is a technique used to study the interaction
between infrared radiation and matter, based on the phenomenon of absorption of incident
infrared radiation on the sample (gas, solid or liquid). It allows, through the detection of
vibrations characteristic of chemical bonds, to analyse the chemical functions present in the
material. Because of the less energetic aspect of infrared light (compared to ultraviolet (UV) or
visible light), the energy absorbed by the material does not allow the passage of electrons from

one electronic level to another. However, it allows the vibration of bonds between atoms. This
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absorption occurs selectively, depending on the vibrations excited in the sample. When the
wavelength of the light beam is close to the vibration energy of the molecule, it absorbs the

radiation and a decrease in the reflected or transmitted intensity is recorded.

asymmetrical stretching symmetrical stretching scissoring, or bending in-plane

- - - -

X X X

twisting, or bending out-of-plane rocking, or bending in-planc wagging, or bending out-of-plane

Figure I1.2: Main vibration modes of the bonds [116].

Figure I1.3: Infrared spectrometer ALPHA (Platinum-ATR), used for FTIR spectroscopy.

Indeed, each bond has its own oscillation frequency known as resonance frequency. When
this bond interacts with an electromagnetic wave having the same frequency, the bond absorbs
the radiation and vibrates. This allows us to study the different bonds present in the material.
There are several modes of vibration (Figure I1.2); stretching (change in the length of a bond),
bending (change in the angle between two bonds), Rocking (change in angle between a group
of atoms), Wagging (change in angle between the plane of a group of atoms), and Twisting

(change in the angle between the planes of two groups of atoms) [114].



Chapter II. Experimental and computational methods 27

Infrared analysis (IR) of the different samples was carried out using a Fourier transform
infrared spectrometer (FTIR) of the Bruker Platinum-ATR type operating in transmittance
mode, with a spectral measurement range extending from 400 to 4000 cm! (Figure I1.3). The
active modes of vibration can be determined using group theory. The position of these

absorption bands will depend on the difference in electronegativity of the atoms and their mass.
1.1.2. Raman Spectroscopy

Raman spectroscopy is another vibrational spectroscopic technique based on the inelastic
scattering of light by matter which was first discovered in 1928 by Chandrasekhra Venkata
Raman [117]. Scattering occurs when an electromagnetic wave encounters a molecule or passes
through a lattice. The process of this scattering can be visualized in figure I1.4, presenting both
the Stokes and anti-Stokes shifts. Raman scattering is characterised by frequencies vo + vm,
where voand vm are the incident and vibrational frequency of a molecule, respectively. The vo —

vm and vo + vm are called Stokes and anti-Stokes scattering, respectively (Figure 11.4) [117].

4 Virtual energy states
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Figure I1.4: Energy interactions in Raman scattering (right) and Rayleigh scattering (left).
Energy is shifted in Raman scattering due to interactions with vibrational states causing
scattered light to return at a slightly different wavelength. The line thicknesses represent the
intensity of the signal. Explanations of arrows: green = Rayleigh scattering, purple = Raman

Scattering, red = Stokes scattering, and blue = anti-Stokes scattering [118].

A Raman spectrometer measures the vibrational frequency (vm) as a shift from the
frequency of the incident light (vo) and the observed Raman shift of the Stokes and anti-Stokes
scattering is a direct measure of the vibrational energies of the molecules under investigation
[117]. In Rayleigh scattering, a photon interacts with a molecule, to further polarise the electron

cloud and raise it to a virtual energy state (Figure 11.4). The molecule quickly drops back down
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to its ground state and a photon is released. Since the molecule drops back to its initial state,
the energy released in the photon must be the same as the energy from the initial photon. The
frequency and wavelength are therefore the same and since the photon can be released in any
direction, scattering is the result. In Raman scattering, a photon loses or gain energy resulting
in a changed frequency and wavelength. The vibrational energy levels in the ground state of the
molecule controls the energy increase or decrease. When the molecule rises from a ground state
to a virtual state and drops back to a (higher energy) vibrational state then the scattered photon
has less energy than the incident photon (vo-vm), and therefore a longer wavelength. This is
called Stokes scattering. When the molecule is positioned in a vibrational state to begin with
and drops back to its ground state then the scattered photon has more energy (vo+vm), and

therefore a shorter wavelength. This is called anti-Stokes scattering.

Raman spectroscopy can analyse solids, liquids, and gases. This technique is considered
as a fast technique and a good quality spectrum can be obtained in just a few seconds. It's a non-
destructive analysis which allows for further investigation with other analyses, which can
generate two- and three-dimensional images of the sample simultaneously. This technic
provides subtle information such as crystallinity, phase, intrinsic stress/strain, and
polymorphism. However, Raman spectroscopy cannot analyse metals and the induced
fluorescence may obscure the Raman spectrum. An accurate database is necessary to interpret
the spectrum. Moreover, heating from the laser radiation can destroy the sample or cover the

Raman spectrum.

Figure IL5. illustrates the construction of a typical Raman spectrometer. The
monochromatic light is beamed through a window and filters lead the light to the sample.
Optical filters are used to selectively block Rayleigh scatter whilst allowing Raman scatter to
pass through to the spectrometer. A set of mirrors gathers the reflected light from the sample
and focus it through the entrance slit to the double grating monochromator. A Charge-Coupled
Device (CCD) detects the scattered light, transforms the light into a spectrum, and records the
intensity of Raman scattering in arbitrary units by wavelength. This intensity is then normalized
by the strongest or most defined peak and can provide a qualitative explanation of the
molecular structure. In other words, when a laser is focussed onto a molecule, the molecule
starts to vibrate. This vibration is characteristic for the structure of that mineral. The vibration
modes change the way the wavelength of light is perceived. If this information is plotted where

y-axis represents the intensity of the light and x-axis the wavelength of that light, a specific
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pattern occurs. The entire spectral pattern can normally be associated with a specific mineral

or a specific substance.
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Figure II.5: The construction of a typical Raman spectrometer. A laser is beamed onto the
sample and optical filters block Rayleigh scatter whilst allowing Raman scatter to pass to the
detector. The result is a Raman spectrum that can provide a qualitative explanation of the

molecular structure [118].
1.1.3. Scanning electronic microscopy (SEM)

Scanning electron microscopy (SEM) is an analytical technique that allows the study of
the microstructure of materials (in the powder or solid state): shape, porosity, as well as the size,
distribution and microcracking of grains. The operation of this microscope is essentially based
on electron-matter interactions, using secondary electrons coming from inelastic shocks
between bound electrons belonging to the target atoms and incident electrons released by an
electron gun through a thermo-ionic emission (Figure I1.6). Indeed, an electron beam is
generated by a suitable source, in this case a tungsten filament or an electron gun. This electron
beam, accelerated by a high voltage, passes through a system of apertures and lenses to produce
a thin beam of electrons scanning the surface of the sample. The electrons emitted by the beam
are collected by an appropriately placed detector. The coupling of the signal of these secondary
electrons released with the scanning of the beam, allows the topographic analysis of the target

[119]. The equipment used is a scanning electron microscope Tescan Vega 3, using a voltage of

10 kV [120].
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Figure I1.6: The schematic illustration of the scanning electron microscopy [119].

1.1.4. Optical Diffuse Reflectance Spectroscopy (DRS)

Diffuse reflectance spectrophotometry (UV-Vis) is a quantitative analysis technique to
study the optical properties (absorbance, transmittance, and reflectance) and to observe
vibrational, rotational, and electronic transitions of liquids and solids. To measure the global
reflectance of a solid sample, the sample is placed behind the integrating sphere. The light
coming from the source is reflected by the sample and then by the inner surface of the
integrating sphere before reaching the detector. This process allows us to measure the diffuse
reflectance of the sample. In addition, the specular reflectance can in turn be obtained from the

global and diffuse reflectance data [121]:

Rdiffuse = Rglobal - Rspecular‘ (H'Z)

The spectra were recorded in reflectance mode with respect to the wavelengths, to
estimate the nature and the value of the band gap Eg of the different materials synthesized.
Optical diffuse reflectance absorption measurements were recorded at room temperature by
means of a Specord ®210 Plus-Analytik Jena UV-Visible spectrometer. It is equipped with a 150
mm [LN-925 integrating sphere.
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1.2. Differential Scanning Calorimetry analysis (DSC)

Differential Scanning Calorimetry (DSC) is a characterization technique that consists in
following the thermal behavior of a given material, by studying the amount of heat released or
absorbed when it undergoes physical or chemical transformations. The DSC method consists in
determining the enthalpy variation of a sample. This analysis consists of measuring the heat
flux necessary to maintain the equality between its temperature and that of an inert reference
material. Whose physical properties do not undergo sudden changes along the studied
temperature range (figure I1.7). Therefore, these variations in heat flux correspond to variations
in the specific heat of the sample [122]. DSC measurements were performed using a
Setaram121 apparatus. The thermograms were recorded under argon atmosphere over a

temperature range of 25-800°C, with a heating and cooling rate of 10°C/min.
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Figure 11.7: Schematic dispositive of DSC measurements [122].
1.3. Dielectric Measurements and impedance spectroscopy
1.3.1. Sample preparation

The studied samples were compressed with a hydraulic press to form a pellet and then
sintered at a temperature of 600°C. The opposite flat sides of the sample are coated with
conductive layers of silver lacquer to create a flat capacitor and provide electrical contact. The
dried pellet is placed between two platinum electrodes, connected to wires of the same nature

ensuring electrical continuity to the outside of the cell.
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1.3.2. Dielectric measurements

The dielectric cell contains a Hewlett Packard 4284A bridge (HP4284A), an oven and a
thermocouple. This bridge, characterized by its wide frequency range (20 Hz to 1 MHz), allows
to measure a very wide range of capacitance values from pF to several hundred nF while
maintaining good accuracy. Dielectric measurements were performed over a wide range of
frequencies and the thermal evolution of the dielectric quantities was followed for
temperatures between 25 and 525°C at three different frequencies: 10 kHz, 100 kHz, and 1 MHz.
Measurements of capacitance (C) and dissipation factor (tan(6)) allow the determination of the
values of the dielectric constant. The dielectric constant is also called relative permittivity (g;.)
and electrical conductivity (o). The capacitance C displayed on the measuring bridge is the sum

of the sample's own capacitance Ce and that of the vacuum cell Co:

C=C,+C, (11.3)
where,
S
C, = eo.e}z (11.4)
hence,
P~ C—-C
£l = = ( 0) (IL5)
and,
0 =2m.f.&. & tan(0) (1L.6)

where, f is the measurement frequency, o is the dielectric permittivity of vacuum, while

S and e are the area and thickness of the sample (pellet) respectively.
1.3.3. Impedance spectroscopy

Impedance spectroscopy (IS) is an experimental technique for studying the electrical
characteristics of materials (single crystal, polycrystalline or amorphous). The experimental
data contains three variables, namely the real and imaginary electrical component and
frequencies, as well as four interrelated electrical response formalisms: impedance (Z*),
admittance (Y*), relative permittivity (¢*), and electrical modulus (M*) [123]. Therefore, data

can be presented in many formats that highlight the different electrical characteristics of a
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sample. The general approach is to apply a voltage to the sample and measure the

corresponding response current as the frequency is swept.

The impedance response of a material is usually represented by separate arcs when its
real part (Z'") is plotted against its imaginary part (Z") (Figure I1.8). These arcs represent the
different electrical aspects of the sample, so that the low-frequency arc reflects the grain
boundary response, while the high-frequency arc represents the grain response. In some cases,
another arc, usually attributed to the electrodes, is shown in the low frequency domain. It
should be noted that in many materials, the electrical response of the grains and grain
boundaries appear as overlapping arcs. The arcs in the impedance response diagram can also
be modelled with equivalent circuits. This provides numerical values for the various electrical

aspects of a material [124].
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Figure I1.8: The three possible impedance response illustration [125].
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1.4.Magnetic measurements (SQUID Magnetometer)

Magnetization measurements M(H,T) were performed using a SQUID MPMS3
magnetometer [126], under an applied magnetic field of 100 Oe and 2000 Oe over the
temperature range [2 K-400 K]. Likewise, the hysteresis curves were recorded at 10 K and 300
K with a maximum applied field of 4T. This instrument allows the determination of anisotropy
and magnetic susceptibility. This apparatus is controlled by a computer system that records the
digital data for each successive measurement. During the magnetization measurement, the
sample is moved in a homogeneous magnetic field between two detection coils. The
measurement is based on the detection of the variation of the magnetic flux induced by an
abrupt displacement of the sample parallel to the magnetic field present between the coils. This

flux variation is proportional to the magnetic moment per unit mass of the sample, generates
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an electromotive force integrated over the whole sample displacement. The schematic of SQUID

MPMS3 magnetometer is shown in Figure I1.9.
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Figure 11.9: Schematic diagram of MPMS3 SQUID [127].

2. Computational methods

2.1.Density Functional Theory

2.1.1.Introduction to Density Functional Theory

Density functional theory (DFT) is considered as the most used quantum methods for
determination of the physical and/or physicochemical properties of a given system, in the fields
of solid state. Systems containing many electrons. The density functional theory DFT was
established on the basis of the theoretical formalism and based on the quantum mechanics,
proposed by Pierre Hohenberg, Walter Kohn and Lu Sham in the mid-1960s [128,129]. This
formalism allows the resolution of Schrédinger equation only for limited number of input data,
trough the resolution of electron density instead of the all-electron wave function. In this
section, we will present the basis of the functional theory (DFT), and the implemented
approximations in the presented thesis. Thus, define the equation that involved in a system

made of nuclei and electrons and leading to the development of the Kohn-Sham equation.
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2.1.1.1. Schrédinger equation

The Schrédinger equation is a linear partial differential equation that governs the wave
function of a quantum-mechanical system. It was established in its primitive form in 1926 by
Erwin Schrédinger and was generalized by Paul Dirac just three years later. Paul Dirac [130] has
emphasized on the difficulty of solving the equations of quantum mechanics and desirability of

developing practical methods of applying quantum mechanics to explain complex systems.

During the same period, Thomas [131] and Fermi [132] proposed a tractable scheme for
solving the many-electron problem, in which the electron density n(r) is regarded as central
variable rather than the wave function, and the total energy of a system is written as a functional
Ete[n(r)]. This Thomas-Fermi model is viewed as the predecessor to modern DFT [132].
However, its accuracy is limited by the errors due to the inaccurate representation of kinetic
energy, exchange energy, and the complete neglect of electron correlation. In the subsequent
decades, physicists made great efforts on solving Schrédinger-type equations with local
effective potentials and enhancing several numerical methods [133-136], that have been
critical for carrying out density functional calculations. The famous Kohn-Sham equation was
created by Kohn and Sham since 1965, to execute the DFT [137]. To resolve this equation for a
complex system, the Kohn-Sham equation allowing the reduction to a tractable problem of non-
interacting electrons moving in an effective potential. Which can lead to an explanation of the

main features of complex atomic systems without too much computation.

The Schrodinger equation is a differential equation, describes the representation of the
wave function W of a quantum particle’s motion under the influence of an external potential
V(r). The external potential might be the Coulomb electrostatic potential due to the nuclei of
the atoms. It is described via the following equation:

oY(7, t)
hT (11.7)

where Y(7, t) is the wave function and A is the Hamiltonian of the system:

Y7, t) = —i

_ h? "
H:_ V2+V_),t H8
o (#t) (11.8)
2 -~
hence, —zh—mV2 corresponds to the kinetic energy term and V(%, t) to the external potential. In
our case, we will use the stationary equation [138], which for a system with N electrons and M

nuclei, is written as follows:
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H\lpi(Flﬂle ves ?NJ Rl’ Rz, e RM ) = Elpi(FlF?Zl ‘e FN, Rl’ R2, . RM ) (11-9)

And A is the Hamiltonian operator of the system. The coordinates 7; and ﬁi collect the space
and spin variables of the electron i and nucleus k, respectively. The Hamiltonian operator A can

be decomposed as:

Hrotaqr =T + Te + Vi + Vie + Ve (I1.10)

where Tn and Te correspond to the kinetic energy of the nuclei and the electrons,
respectively. Vin, Vne and Vee represent the potential energy of the electrostatic energy between
nucleus-nucleus, nucleus-electron, and electron-electron, respectively. Considering the high
number of degrees of freedom (3 N+3 M) and interactions involved in three-dimensional multi-
body problems, their exact processing proved to be an impossible task. In view of the
impossibility of finding an exact solution to equation (I.10) in the case of N-body poly-

electronic systems, it is necessary to use simplifying approaches.
2.1.1.2. Born-Oppenheimer approximation

The Born-Oppenheimer approximation assumes that the motion of electrons can be
decoupled from that of nuclei, under the assumption that electrons are lighter and much faster,
and a first approximation takes into account an evolution of electrons in a potential created by

fixed atoms [138,139]. The nuclear wave function can be described as:

Y(7, R) = Yu(B)e (7, R) (IL11)
Which means that the Hamiltonian of the equation (I1.10) can written as:

Hrotar = Te + Vne + Ve (I1.12)

Allowing the elimination of all Hamiltonian terms involving the nuclei. However, this is not
enough to solve the Schrédinger equation due to the complexity of the electron-electron
interactions. For this reason, we often found that Born-Oppenheimer coupled to the Hartree

approximation.
2.1.2.Hartree-Fock approximation

This approximation is considered as the basis of almost all ab initio methods. The exact
solution to the equation (I1.9) can only made the hydrogen atom. This is attributed to the

absence of the multiple coulombic repulsion terms present in the polyelectronic system. To
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avoid this drawback, the Hartree approximation, that considered the first approximation
studied the multi-electron wave function as the product of single-particle (single-electron)
functions, designated by the term (orbital). The wave function of the system is described as

follow:

Vi (7, 7o, 75 e Ty) = (7). i (7). i (1) - () (11.13)
Coulombic repulsion is considered as an average effect and each electron is treated
independently but in an effective potential determined by integration over the wave functions
of the other electrons. Thus, the Hartree approximation is a mean-field approximation replacing
the complicated many system problem by simple problems in a mean-field potential [140].
However, as the electron is a fermion, the total wave function must be antisymmetric with

respect to the exchange of any two particles, which is neglected by Hartree approximation.

To overcome this issue, the Pauli exclusion principal is taking in account and implemented
in the Hartree-Fock approximation [141-143]. In this approximation, the multi-electronic wave
function is expressed as a Slater determinant constructed from N single-electronic wave

functions .

Y1(x) Yo(x) oo Py(xg)
1 1/)1§x2) lpz(-xz) I/JNgxz)

W(x1, X9, X3 oo, Xy) = W : ; - 5 (I.14)
Y1(ey)  Palxn) o Pulay)

1 . . .
where N is a constant of normalization.

This approximation is appropriate for resolving the Schrédinger approximation,
exclusively for molecular physics. While it can only handle simple systems with few electrons,
like small molecules [144]. It does not consider electronic correlations effects, whilst the
treatment of large systems such as solids remains difficult to apply. Indeed, the ground state
corresponds to a global minimum over a much larger set of functions than the one covered by a
Slater determinant. Nevertheless, it is shown that the ground state is approached progressively
by writing it as a sum of Slater determinants. This would make the calculation numerically very
heavy. For this reason, the density function theory is often used, because of its computational

simplifications.
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2.1.3.Principle of density functional theory

The solution of the Schrodinger equation containing N-electrons must be treated with
coarse methods to adequately reproduce the physical quantities containing the most
information. However, it is possible to recompose the problem using appropriate theorems and
approaches. Currently, density function theory would have attracted much interest, if not for
the context of the theorem established by Kohn-Sham, which made it useful along with ground
state functional approaches to describe real multi-electronic systems. The idea of this theory
originated in the work of Thomas and Fermi in 1927 [128,145]. However, their approaches are

not sufficiently adapted to electronic structure calculations.

This approach clarifies the basis of DFT. Earlier, Thomas and Fermi excluded the
interactions between electrons, considering the system as a homogeneous gas and its kinetic
energy as a function of the local density. The two authors ignored the exchange correlation
defects that appear between electrons. However, this defect was rectified by Dirac in 1930
[146], who introduced the local exchange approach. The main objective of DFT is to determine
the ground state properties of a given system composed of a fixed number of electrons
interacting with nuclei using only information about the electron density p. Thus, we must first

establish what the electron density of the system is to determine its ground state properties.
2.1.3.1. Hohenberg-Kohen theorems

Far from the Hartree-Fock approach where the energy of the system depends on the wave
function, the density function theory expresses the energy as a function of the electronic
density. This procedure simplifies the solution of the Schrédinger equation. The density
functional theory was developed in 1964 and 1965, with the publications of Hohenberg and
Kohn [147,148]. The two theorems are as follows:

Theorem 1: This theorem highpoints the unique relationship between the external
potential and electronic density. Since the electronic density determines the number of
electrons, it also uniquely determines the wave function and thus the electronic properties of
the system. The total ground state energy of an interacting N-electron system in the presence of

an external potential is a unique function of the electronic density p:

E = E(p) (11.15)
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Theorem 2: This theorem is characterized by the enormous simplification of the solution
of the Schrodinger equation, due to the reduction of the problem with 3N variables to a problem
of a scalar function in 3-dimensional space. It is identified by the definition of the ground state
density with the energy minimization of the system. All other properties are functional of the

ground state density:

E(po) = min (E(p)) (11.16)

2.1.3.2. Kohen-Sham equations

In 1965, Walter Kohn and Lu Sham considered a virtual system of N-independent
electrons (i.e., Vee = 0 in equation III. 6), which the ground state is the Slater determinant
containing of the N-orbitals i of the electrons and whose electron density is the same as that
of the real system of interacting electrons. Similarly, the Schrodinger equation is recombined in
terms of the so-called Kohn-Sham equation, which is actually a Schrédinger equation with a real
potential in which quasiparticles are moving [149,150]. Walter Kohn and Lu Sham introduced
the real density by the self-consistent solution of the set of single-particle Schrodinger

equations, known as the Kohn-Sham equations:

1
(=27 + Vs o) = a0 ) (11.17)
p)= ) lp)P (11.18)
ioccup
Vs (1) = Vext (1) + Ve (r) + Vg (1) (1L.19)

where Vext(r) is the external potential formed by the nuclei and Vxc(r) is the potential of the

exchange-correlation energy, defined by the following formula:

0Exc[p(r)]
Vyc(r) = ap (1) (1.20)
hence, Vu(T)is the classical Hartree potential given as:
V()—f() ! dr’ I1.21
w(r) = prlr—r’l'r (I1.21)

The total energy of the system is obtained by solving the Kohn-Sham equations and

described with the following equation:
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E(r) = w;p & + f %.dr. dr' + Exc(p). J Vxc(r)p(r).dr (11.22)

One can notice the identical presentation of equation (I.17) and the Schrédinger
equation. However, it is only an equivalence, because the eigenvalues of the Kohn-Sham
equation are pure vibrational parameters. Therefore, do not strongly signify the eigen-energies

of the system and the eigenvectors are not the real electronic wave functions.
2.1.3.3. Exchange-correlation approximation

The only uncertainty in the Kohn-Sham approach is the exchange correlation term. The
actual complexity of this term makes it difficult to solve the Kohn-Sham equations, nevertheless
this functional can be subject to local or quasi-local density approaches. The most basic types
of the exchange correlation approach are Local Density and Generalized Gradient

Approximations (LDA and GGA).

Local Density Approximation (LDA): The local density approach (LDA) transforms DFT
from an exact N-body theory into an approximate but very useful and widely used theory. In
the local density approach (LDA), it is assumed that the electron density can be treated locally
as a uniform gas [151]. In other words, this approach involves the following two assumptions:

- The exchange-correlation effects are mainly provided by the density at point 7.
- The density p(7) is a slowly varying function of 7.

Therefore, in the presented LDA formalism, it was considered that the Exc[p(T¥)]
contribution to the total energy of the system can be accumulated from each portion of the
nonuniform gas as if it were locally uniform. The LDA approach implies that the exchange-
correlation term of the total ground state energy can be described according to the given

expression:

BRAG) = [ o) el (o = p).dr (11.23)

where 2™ is the exchange-correlation energy for a uniform density of an electron gas. The

local spin density approach (LSDA) is another version of the LDA that allows to consider the

LDA

electronic spin. The exchange-correlation energy Ey:” is then a function of the two spin

densities (upper and lower) and equation (II.23) becomes:
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BP0 19 D) = [ o) elm(p 1 (hp L (). (11.24)

Generalized Gradient Approximation (GGA): A first step to enhance the treatment of the
exchange-correlation energy is to make the Exc[p(f)] function dependent not only on the
electron density p(f) but also on its gradient [Vp(¥)]. With this modification, the Exc[p(©)]

accounts for the non-uniformity of the electron gas [152,153].

In the GGA formalism, the contribution of Exc[p(1)] to the total energy of the system can
be accumulated from each non-uniform portion of the gas as if it were locally non-uniform. This

simplification implies the following form of Exc[p(¥)]:

ESEAp(P)] = f P exclp@, V@], dr (11.25)

where exc[p(¥), |Vp(¥)|] represents the exchange-correlation energy as a function of the
electronic density and its gradient. The GGA functions significantly increase the accuracy of the
calculations compared to the description provided by the LDA, for the binding energy of the
molecules. Thus, this approach provides a better explanation of the equilibrium volumes, elastic

moduli, optical and magnetic properties of compounds compared to the LDA approach.
2.1.4.Solving Kohen-Sham equations

In this section, we will implement two most common methods to solve the Kohn-Sham
equations. These methods are the full potential linearized augmented plane wave (FP-LAPW)

and the pseudopotential methods.

2.1.4.1. Full-Potential Linearized Augmented Plane Wave (FP-LAPW)

The Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method which was
invented by Andersen is an improvement of the Augmented Plane Wave (APW) method
developed by Slater [154,155]. This method is based on the self-consistent solution of the Kohn-

Sham equations in two arbitrary regions of the elementary mesh (Figure I1.10):

- Region I: Corresponds to non-overlapping atomic spheres (A and B) of the Muffin-Tin
radius Rmt, wherein a series of linear combinations of radial and angular functions are

used.

- Region II: The interstitial area between the atomic spheres, which can be defined by plane

wave expansions.
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Figure I11.10 : Schematic illustration of two atomic spheres A and B with radius Rur (region I)

and the interstitial region between the spheres (region II).

The convergence of this basis is controlled by the cut-off parameter Rmt X Kmax, which is
the product of the radius of the smallest Muffin-Tin sphere and the cut-off energy of the wave
plane basis. This method offers the possibility to consider a realistic potential. This one is not
limited to the spherical component. Contrary to the methods using pseudopotentials, the core
electrons are included in the calculations. Then, we obtain a rectified description of the wave
functions in the vicinity of the nucleus. This method is the most accurate, but it is heavy in
computation time. The whole presented framework, has been released within the WIEN2K
package, that developed by Blaha and Schwarz in 1990 and based on the full potential linearized
plane wave method [154,156].

2.1.4.2. The method of pseudo-potentials (Plane Wave)

A plane wave approach involves a very large number of waves to best qualify the system.
One way to reduce the basis is to remove the waves whose kinetic energy is higher in absolute
value than a certain energy, known as Ecut-oft. However, this basis, although reduced, is not well
assimilated because a very large number of plane waves are still needed to rectify the strongly

bound orbitals of the core electrons.

Elements with few electrons require few plane waves, while heavy elements or transition
metals will require extremely powerful computing resources. However, in most cases, valence
electrons are the only ones participating in the chemical bond. The core electrons are therefore
grouped with the nuclei: this approach is the pseudopotential plan wave method, that known

as the frozen nucleus approximation [157]. In 1958, the first pseudopotentials method was
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developed by Phillips and Kleiman. Currently, the used pseudopotentials are determined from

"all-electron” calculations, which makes the method more suitable [158,159].

2.1.4.3. Computational protocol

Different codes are used to describe solids with different computation speeds and
accuracies. For our study, we used two codes: WIEN2K based on the FP-LAPW method and the

Quantum Espresso (PW) code.

An important part of the work consists in optimizing the structures. To optimize means to
determine a structure at equilibrium and to determine its fundamental energy. On each atom of
the primitive cell forces are exerted. When these forces are negligible, the atoms have reached
their equilibrium position. Based on the optimized structure, the iterative calculation (self-
consistent) will be applied to extract the total energy, the gap, the total momentum... We

propose a scheme that summarizes the solution of the Schrodinger equation with the different

approaches.
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Figure I1.11: Schematic representation of different methods based on DFT.
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2.1.4.4. Modelling of electrical materials

Transport theory deals with the flow of charges and heat through a solid material under
the effect of an external field (electric field and/or temperature gradient). The movements of
the carriers (electrons or phonons) are induced by the external fields but are countered by
internal diffusion processes between them and between other (quasi)-particles. There are
exchanges of energy and momentum within the interactions, resulting from the finite electrical
or thermal conductivity. On the other hand, the interactions lead to the conduction of carriers
that are not in their equilibrium state. There are two approaches to this non-equilibrium
transport, namely the Green-Kubo theory [160] and the semi-classical Boltzmann transport
theory [161]. The former focuses on the transport coefficients of the current or heat flow
correlation function, the latter considers the effects of various diffusions in the mechanisms of
the transport properties, in terms of relaxation times. Boltzmann transport theory has proven
its validity in many applications, where the calculated transport coefficients can be easily
compared with experimental results. In this section, we show how to merge the electronic
structure of the ab-initio approach using the DFT density function theory into the Boltzmann

transport theory, to derive the electronic transport coefficients.

Basis of the semi-classical transport theory: The semi-classical transport theory is based
on the direct or approximate solution of the Boltzmann transport equation determined by the
semi-classical distribution function fu(1, k, t). It gives the probability of finding a particle in the
region (r, r+dr) and (k+dk) at time t. The moments of the distribution function give us
information about the particle density, the current density, and the energy density. The
Boltzmann theory describes the electronic system by introducing the distribution function
which is given by the Fermi function when the electrons are in their equilibrium states. It
depends explicitly on the band n and the wave vector k which are the quantum numbers of the
electronic states. In non-equilibrium states, the distribution function can depend on the spatial
coordinates r and the time t, and will be characterized by fu(T, k, t). The distribution function
fa(T, k, t) in the vicinity of r, can change due to the electron diffusion, external field (electric field

or temperature gradient), and collisions.

Transport parameters: such as Seebeck coefficient, electrical, and thermal conductivity,
etc, are obtained using the semi-classical Boltzmann transport theory implemented in the

BoltzTrap code [162], [163]. The Boltzmann transport theory has proven its validity in many
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applications where the calculated transport coefficients can be easily compared with

experimental results.

The motion of charges under an electric field generates an electric current, whose density

is given by:

2e
Je =g | vUf(k)dk (11.26)

where f (k) is the Fermi-Dirac distribution function given by:

a0 du E—
FU) = £O>k) + <— %) v(k)(k) {ee - (ﬁ + T“)VT} (11.27)

Similarly, the current density of heat produced by the electrons, is obtained by:

Jo = o=z | v(OIE — uIf (O)dk (11.28)

813
With g is the chemical potential.

Substituting equation (I1.26) for both equations (I1.27) and (I1.28) and ignoring the f°

term in equation (I.26), we arrive at:

0

J. = 8293 v (k) v (k) (—%) [ee—Vu+E—( vr)| ak (11:29)

2

Jo = v(k)v(k)r(k)< of 0)[5——Vu]dk+

f v(k)v(k)r(k)[ - ] vNdk  (1.30)

ok
And
afo E-
Jo = 5 | vGOW(HRT(R) (—L> {es—V,u+—M( VT)}[ uldk (I131)
2 0 0
Jo = 5= | V0O w0 [s - —vu] (E - #)( a]; ) dk
(1L32)
+—f v(k) v(k)t(k) [ET“ ] (-VT) (- f’L)dk
Let us now establish the integral:
nf _0f
Kn = s f V() v TR [E — ] <- E) dk (11.33)

Equations (I1.30) and (II.33) can be expressed in terms of K,,:
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ek
Je = €*Koe + Tl (=VT) (11.34)

K
Jo = eKie + %(—VT) (11.35)

When there is no temperature gradient, i.e.,, VT=0 in Equation (I.34), we get:

Je = o€ (11.36)

where o is the electrical conductivity, which takes the form:

o = e?K, (11.37)
When the electric field is absent and only a temperature gradient exists, one might be
tempted to think that the thermal conductivity is simply obtained by taking it as the coefficient
of the thermal gradient in equation (II.35), i.e.,, under the conditions of a zero external electric
field. This is a primary issue before ensuring that no electric current flows through the material.
In this case, the relationship /e = 0 in equation (I1.34) becomes valid. Substituting equation

(I1.34) into equation (I1.35) to eliminate the electric field gives the following results.
Jo =k (=VT) (11.38)
Where Kk is the electronic thermal conductivity:

vt K 1139

If we assume that there is a temperature gradient across the material, in an open circuit
condition, there is no electric current, but an electric field is produced:

€T eTK,

VT (11.40)

According to the definition of the Seebeck coefficient, we obtain:

K
S =
eTK,

(11.41)
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2.2.Monte Carlo Simulation

2.2.1.Introduction to Monte Carlo simulation

Condensed matter systems are well known to be treated in the framework of statistical
physics, which was designed primarily to study their properties. This branch of physics is based
on a concept that considers that the microscopic quantities of a system closely reflect the
macroscopic phenomena observed in that system. The main drawback is the huge number of
particles in a condensed matter system, implying many difficult problems related to the
structure and type of interactions that occur in the system, making it more difficult to find exact
solutions to all the questions studied. It is therefore obvious that the solutions provided by
analytical methods are only provisional solutions. For this reason, among the most used
simulation techniques, the Monte Carlo method is nowadays widely used as an important
alternative method to develop the understanding of complex physical systems and phenomena.
Monte Carlo simulation is a fundamental technique used for solving problem that confesses
probabilistic interpretation [164]. It is a computational algorithm that uses repeated random
sampling to obtain numerical results at equilibrium. This type of simulation has proven useful
in the study of systems with many coupled degrees of freedom, such as solids, fluids, and
strongly coupled disordered materials. It is important to note that the Monte Carlo method

includes several fields such as, economics, medicine, etc [165-168].

The main objective of Monte Carlo simulation is to describe the evolution of a model as a
function of time. This time dependence is directly related to the Monte Carlo step, which is the
basis of the process in which the model evaluates to the steady state according to a sequence of
random numbers generated during the simulation. Monte Carlo simulation is based on the
numerical solution of systems using a stochastic process and is therefore the most important
class of numerical techniques used to solve statistical physics problems in equilibrium or
nonequilibrium cases. The principle of Monte Carlo simulation is based on some basic concepts,

which are described in the following section.
2.2.2.Basis concepts of Monte Carlo Simulation

Monte Carlo simulation based on the estimation of the average of a physical quantity (Q),

that described following the canonical system as:
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_ 2 Qiexp (BE;)
Yiexp (BE;)

(Q) (11.42)

where exp (BE;) is the Boltzmann factor, defined as the probability density of the

1

canonical ensemble. Hence f§ = - with Kz is the Boltzmann constant, T is the temperature of

B

the system, and Ei is the potential energy. The basis of Monte Carlo simulation are presented in

the following steps [169]:
The choice of the sample:

The average values of the quantities obtained by the Monte Carlo simulation are calculated
based on the states that the system takes over time. The system does not necessarily take all
possible states during the measurements. Real systems behave as a kind of Monte-Carlo
simulation during their evolution to establish their properties. The states of the material are
not equiprobable but are distributed according to the Boltzmann distribution. This distribution
is mainly used for the estimation of the mean value. The notion of large sample therefore
consists in creating an appropriate Markov chain in which the configurations are chosen

according to their weight and the Boltzmann probability.
The Markov chain:

The Monte Carlo simulation uses the Markov chain to randomly generate the
configurations of the studied material. The transition to a configuration denoted "b" depends
only on the previous configuration denoted "a", but not on all configurations in the state space.
This means that the transition, which can follow the probability W(a—b), in a Markov chain is
almostlocal in time. the Markov process uses several times to generate a Markov chain. We start
from configuration "a" to arrive at a new configuration "b", then we put this configuration in a
process to generate another configuration "c", and so on. The Markov process is specially chosen
because, when it runs long enough from any state of the system, it will eventually produce a
succession of states that appear with probabilities given by the Boltzmann distribution. For this,

we impose two other conditions on our Markov process: ergodicity and detailed balance.
The ergodicity:

Ergodicity implies that the system can take any possible state from a given state after a
sufficiently long time during the Markov process. The ergodicity condition is not satisfied if all

transition probabilities of a given state are zero.
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The detailed balance:

The detailed balance condition ensures that the future balance is only a Boltzmann
distribution and not another distribution. If the system is in equilibrium, the probabilities of
transition from one state to the same state are equal, which can be described by the following

transition:

The detailed balance confirms that the future equilibrium is only a Boltzmann distribution
and not another distribution. If the system is in equilibrium, the transition probabilities from

one state to the same state are equal, which can be described as follow:
z P, X W(a-b) = z P, X Wb - a) (11.43)
a b
As W(a - b) =1, equation (I1.43) becomes.

Y B xW@ob) =P= Y Bx Wb a) (11.44)
- b

The distribution will be the equilibrium distribution implied by the dynamics of Markov
processes, if any set of transition probabilities satisfies equation (11.44). This equation does not
guarantee the distribution of the system state. To validate this, we will consider the transition

probabilities W(a — b) as the elements of the Markov matrix:
qp = Z W(b - a) X qp(t) (11.45)
b

In a matrix form:
Qt+1)=MxQ(t) (11.46)

Therefore, equation (I1.44) does not allow the equilibrium established by the distribution.

To surmount this struggle, the detailed equilibrium condition is given as follows:
P, xW(a—-b)=P,xW(b - a) (1.47)

Generally, real systems satisfy the condition of detailed balance. For a balanced Boltzmann
distribution, an additional condition is derived from equation (I11.47). We can write:

P, Wf(a—-b)

P, Whoa P (=B(Ep — Eq)) (11.48)
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The main goal is to create a program established the Markov chain according to the

transition probabilities.
The Acceptance:

An algorithm does not necessarily indicate the exact set of transition probabilities.
However, the acceptance probability allows one to find the rectified transition probabilities of
any Markov process. Subsequently, the condition W(a = b) # 0 is accepted and always respects

the detailed balance conditions. Hence, the transition probability can be described by:
W(a - b) =g(a—-b) xA(a = b) (I1.49)
where,

- g(a — b) is the probability of selection. It represents the probability to get new state “b”
from the old state “a” by the algorithm.
- A(a — b) is the acceptance probability, which corresponds to the probability of accepting

the transition from the old state “a” to the new state “b”.
The value of the acceptance probability is random between 0 and 1.
Equation (I1.48) becomes:

P, W(a—-b) g(a—-b)xA(a—b)
P, WG oa) g(b-a)xAb - a) (1150

To prevent the algorithm from being slowed down, an acceptance close to one is usually
allowed. The best algorithm is therefore the one that adds the selection probability g(a = b)
and takes A(a—b) = 0.

2.2.3.Implementation of the Metropolis Algorithm

The Metropolis algorithm is the most used algorithm worldwide in many areas [170]. The
application of this algorithm to the Ising model consists in performing a single flip attempt at

each Monte Carlo step [171,172]. In this case, all selection probabilities are equals and are given

by:
by = (1L51)
- [ — .
g(a-b) N

where N is the number of spins in the system.

The detailed balance equation (I1.50) can consequently be inscribed as follows:
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P, W(a—-b) g(a—b)xAla—b)

P, Whoa) glboa)xAb-oa) P (=B(Ep — En)) (IL.52)

The Metropolis algorithm is carefully related to the choice of the acceptance A(a — b) and
can be described as follows:
A(a N b) — {exp (_ﬁ(Eb - Ea)) lf (Eb - Ea > 0) (1153)
1 elsewhere
The transition probability W(a = b) adopts the same form as acceptance, with this choice

of transition probabilities of the system tends to a stable configuration, in which the system

seeks the equilibrium state.

Immediately, the implementation of the Metropolis algorithm can be presented in the

following steps:

- From an initial configuration “a” of energy “Ea”, a new configuration “b” of energy “Eb” is
selected randomly.
- Each new configuration is tested to verify its acceptance by calculating the variation of
energy AE = Eb - E3, according to the following conditions.
e IfAE <0, the new configuration “b” is accepted.
e [f AE > 0, we generate a number randomly, r (0 < r < 1). If r < exp(AE), the new
configuration “b” is accepted. Else, the new configuration “b” is rejected.

- The process is repeated until a new configuration is obtained.
3. Conclusions

In summary, different experimental methods were used to determine the physical
properties of studied sillenite materials. In addition to that, the theoretical framework
presented in this manuscript was established using density functional theory (DFT) based on
ab-initio methods and Monte Carlo simulation to calculate the physical properties. In particular,
the first-principle calculation has been implemented with the different approaches that have

been used in this thesis, to calculate the physicochemical properties of iron-sillenite.
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compounds BizsFe1xAlxO40

After having exposed the different experimental and theoretical protocols followed
for the chemical synthesis of the iron-sillenite compound BizsFeO40, we aim through this
chapter to study their physicochemical properties and the effect of aluminium
substitution on the structural, vibrational, thermal, dielectric, magnetic, and optical
properties of the synthesized compound. The results presented in this chapter are
obtained using different experimental techniques, namely room temperature and high
temperature X-ray diffraction, scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FT-IR), and Raman analysis. The thermal behavior of the sillenite
compounds will be also examined in this chapter, using the DSC measurement. The
dielectric and electrical characterizations carried out by dielectric measurements and by
impedance spectroscopy. Moreover, the evolution of magnetic properties of studied
compounds were studied as a function of the magnetic field and the temperature. At the
end of this chapter, we will present the results obtained of the optical characterization of

the different synthesized compounds.

1. Synthesis of sillenite compounds BizsFe1.xAlxO40 (x = 0.00, 0.20, 0.50)

The synthesis of the sillenite powders BizsFe1xAlxO40 (x = 0.00, 0.20, and 0.50) is
performed according to the solid-state reaction procedure (SSR) using iron-oxide,
bismuth-oxide, and aluminium-oxide reagents (Fe203 Sigma Aldrich, > 99.9%, Bi203

Sigma Aldrich, = 99.9%, and Al203 Sigma Aldrich, > 99.9%), respectively).

The synthesis protocol described in Figures II1.1 and III.2, and proceeds according

to the following chemical reaction:

(1-x)

X
12.5 Bi, 05 + Fe,05 + 5 Al,03 — BissFey_xAlyO4 (1IL.1)

The metal oxide masses, corresponding to the desired stoichiometry, are mixed, and
grounded roughly with an agate mortar for 1 hour to obtain a homogeneous mixture. The
mixture of a yellow-orange color (Bi2sFeO40) was placed in a platinum crucible and heated
for the first time at a temperature of 500°C for 24 hours using a programmable electric
furnace. The calcined powder, turning orange, and is then ground for 30 min with the same
previous procedure to obtain the homogeneity of the sample. The obtained powder is

treated again at a temperature of 700°C (1) for 24 h. The calcined powder becomes less
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colored, afterward another calcination is done at the same temperature of 700°C (2), then

at 750°C. The produced powder takes a light-yellow color (Figure II1.2).

To study the effect aluminium doping on the Iron-sillenite, we will follow the same

process for the synthesis of BizsFe1-xAlxO40 (x = 0.00, 0.20, and 0.50) compounds.

N A
Weighing and mixing Calcination at 500, 700 and Obtaining a fine and
of raw materials 5oC homogeneous powder
24h for each heat treatment
J J
grinding for slow cooling and final
1 hour grinding for 30 min

Figure II1.1: Flowchart illustrating the different steps of elaboration of BizsFe1xAlxO40
(x=0.00, 0.20, and 0.50) by solid-state reaction (SSR).

weighing and mixing of raw Bi,;FeO,, powder after Bi,.Fe0,, powder after calcination

materials; Bi,0; + Fe,04 one hour grinding at 750°C for 24h with slow cooling

Figure III.2: Synthesis protocol of iron-sillenite by solid-state reaction at 750°C.

2. Structural and vibrational analysis of Al/Fe-sillenites

2.1.X-ray diffraction study (XRD)

The X-ray diffraction patterns of BizsFei-xAlxO40 were examined at room
temperature using a LabxXRD-6100 Shimadzu diffractometer, equipped with a copper
anticathode (Acw = 1.5406A). Afterward, the refinement of the cell parameters was
performed using AFMPOU software [114]. Figure II.3 presents the X-ray diffraction
patterns of the prepared sillenite materials Bi2sFe1xAlxO40, where x takes values of 0.00,
0.20, and 0.50. The XRD patterns indicates that three materials are found to crystallize in
the body-centred cubic (123, No. 197). The refined cell parameters of BizsFe1-xAlxO40 are
found to be 10.199 (2), 10.170 (1), and 10.169 (1) A, for x = 0.00, 0.20, and 0.50,
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respectively. The volumes of the samples take values of 1061.9 (6), 1051.7 (3), 1051.5 (6)
A3, for x = 0.00, 0.20, and 0.50, respectively. The obtained cell parameters are consistent
with the literature [16,18,68]. The sharp forms of the diffraction peaks reveal good
crystallization in the sillenite-type structure [18,61,68]. Unlike the Bi2sFeO40 and
BizsFeo.80Alo.20040 samples, the XRD diffractogram of BizsFeo.s0Alo.40040 displays some
small peaks around 25.84°, 27.01°, and 27.48° attributed to the monoclinic Bi203
secondary phase (a-Bi203) [16,173]. The decrease of the cell parameters as a function of

the substitution ratio is explained by the larger ionic radius of the Fe3+ (0.49 A) compared

to that of the A3+ ones (0.39 A) (Figure I11.3).

x=0.50 Bi,O,
Bi,;FeO,,

x=0.20
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Figure II.3: XRD pattern of the synthesized BizsFei1xAlxO40 (x = 0.00, 0.20, 0.50)

compounds.

2.2.Morphological analysis (SEM)

The scanning electron microscopy spectra (SEM) was used to evaluate the surface

morphology of BizsFe1xAlxO40 compounds and presented in Figure II11.4. The resulting
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micrographs reflect the homogenous morphology of these sillenite materials, consisting
of irregular agglomerated grains with uniformity in size and shape (Figure I11.4). The
average grain size of studied compounds was calculated using the Image] software [174]
and found to be 4.04, 1.79, and 1.42 pm, for x = 0.00, 0.20, and 0.50, respectively. These
results indicate that al-substitution affects the microstructure of the BizsFeOao sillenite

system and reduce the grain size [16].

Figure I11.4 : SEM morphology of BizsFe1xAlxO40 (x = 0.00, 0.20 and 0.50) materials.

2.3.Infrared spectroscopy analysis (FT-IR)

Fourier transform infrared spectroscopy (FTIR) has been widely used for the
interpretation of structural changes in Iron-sillenite. It was collected at room temperature,

using a Bruker Platinium-ATR apparatus FT-IR spectrophotometer.

The Fourier transformed infrared spectroscopy (FT-IR) of sillenite compounds are
plotted in Figure IIL.5. The characteristic five absorption bands of sillenite structure were
observed around 438, 508, 572, 631, and 845 cm'1[13,68]. The bonds situated at 438 and
508 cm-! were observed for the three compounds, and corresponding to the stretching

vibration of the Bi-O bonds [13,175]. Moreover, the typical bonds located at 572, 631, and
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845 cm! noticed for the three as-prepared samples are associated with the Fe-0 bonds
stretching vibration in [FeO4] tetrahedra [13,68]. Another bond around 673 cm'! was
noticed in the Al/Fe-Sillenites (for x = 0.20 and 0.50), which is attributed to the vibration
modes of the AI-O-Al bonds [176]. Besides, the observed small shift of the different bands
towards higher wavenumbers with increasing doping rate confirms the effect of Al-
substitution on the vibrational properties and the findings derived from the XRD study.
Indeed, the substitution of iron by aluminum leads to the reduction of the lattice volume

and thus of the vibrational frequency of these different bonds [177].
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Figure II1.5: FT-IR Spectra of BizsFe1-xAlxO40 (x = 0.00, 0.20 and 0.50) materials.

2.4.Raman analysis

The Raman spectra were obtained with a compact confocal Raman microscope with
high sensitivity and spatial resolution (confotec™ MR520), contains a He-Ne laser source
with an excitation wavelength of 553.99 nm. It is equipped with PMT detectors and a CCD

camera for spectral measurements with Peltier cooling.

The recorded Raman spectra are shown in Figure I11.6. Different characteristic peaks
around 61, 125, 189, 246, 303, 516, and 812 cm'! are noticed, in agreement with the

literature reports for iron-sillenite [7,36,178].

The vibration modes noticed at 61, 125 cm! are attributed to Bi-O vibration bonds,

whereas 189, 246 cm! are due to the vibration of the Bi-O-Bi bonds Besides, the peak at
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516 cm1isrelated to oxygen breathing [58]. According to the group-theory, iron-sillenite
contain the following vibration modes; 8A (totally symmetric), 8E (doubly degenerate),
and 24F (triply degenerate). They are Raman active vibrations, expect of F symmetry are
IR active. The bond observed at 125 cm-1is assigned to the vibrational E and F modes of
the tetrahedral FeOs [178]. The more pronounced difference between BizsFeO40 and
Bi2sFeOao0 : Al is the appearance of a band at 673 c¢cm. This is in accordance with Refs.
[181], which attribute this band to the stretching modes of Al-O bonds in sillenite type
structures. The slight shift observed in the positions of Raman bands 