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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 Bi25FeO40 using experimental and theoretical methods, 

respectively. Experimentally, we successfully synthesized new Bi25Fe1-xAlxO40 sillenite 

compounds ሺx ൌ 0.00, 0.20, and x ൌ 0.50ሻ at 750°C using the solid state route. Next, we 

prove the structural stability of Bi25FeO40 and Bi25Fe0.80Al0.20O40. The pure compound 

exhibits a structural transition from a cubic-centred phase to a monoclinic ሺγ→αሻ 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 Bi25FeO40 

and Bi25Fe0.80Al0.20O40 below TN. On the other hand, a paramagnetic behavior is observed 

for Bi25Fe0.50Al0.50O40. 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 Bi25FeO40 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; H2 production; DFT; MCs; Triaxial 

strain. 
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Cette thèse 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 l'aluminium et 

l'effet de la déformation triaxiale sur les propriétés physicochimiques de Bi25FeO40 en 

utilisant des méthodes expérimentales et théoriques, respectivement. 

Expérimentalement, nous avons synthétisé avec succès de nouveaux composés de sillénite 

Bi25Fe1-xAlxO40 ሺx ൌ 0,00, 0,20, et x ൌ 0,50ሻ à 750°C en utilisant la voie de l'état solide. 

Ensuite, nous prouvons la stabilité structurelle de Bi25FeO40 et Bi25Fe0.80Al0.20O40. Le 

composé pur présente une transition structurelle d'une phase cubique centrée à une 

phase monoclinique ሺγ→αሻ à haute température. Ce phénomène a été observé par XRD-

HT et conϐirmé 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 Bi25FeO40 et Bi25Fe0.80Al0.20O40 sous TN. 

D'autre part, un comportement paramagnétique est observé pour Bi25Fe0.50Al0.50O40. Les 

propriétés optiques font de ces matériaux des candidats appropriés pour la photocatalyse 

et les applications photovoltaïques. De plus, l'étude théorique basée sur la DFT et les MCs 

conϐirme les résultats magnétiques et optiques obtenus. Théoriquement, nous 

démontrons que Bi25FeO40 peut également être utilisé pour la production d'hydrogène 

dans une solution basique avec un pH supérieur à 11. Aϐin d'évaluer l'effet de la 

déformation triaxiale sur les propriétés structurelles, magnétiques, électroniques et 

électriques, nous réalisons une étude théorique à 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 à l'état solide ; Température de Néel ; 

AFM ; HT-XRD ; FT-IR ; Raman ; DSC ; diélectrique ; photo-dégradation ; production de H2 ; 

DFT ; MCs ; déformation triaxiale.
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Les résultats présentés dans ce manuscrit de thèse font partie d'un projet de 

recherche consacré à l'étude théorique et expérimentale des propriétés physicochimiques 

de la sillénite de fer. Expérimentalement, l'effet de la substitution de l'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 Bi25FeO40 

et l'effet de la déformation triaxiale sur leurs propriétés structurelles, magnétiques, 

électroniques et électriques. 

De nouveaux composés de sillénite Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, et x ൌ 0.50ሻ ont 

été synthétisés en utilisant la voie de réaction à l'état solide. L'analyse de diffraction des 

rayons X ሺXRDሻ indique que tous les matériaux élaborés ont une structure cubique centrée 

avec le groupe d’espace I23, et l'augmentation des paramètres de maille avec la 

concentration de l’aluminium est mise en évidence. La morphologie des échantillons est 

étudiées par microscopie électronique à balayage. L'effet du dopage à l'aluminium a 

également été étudié par spectroscopie Raman et infrarouge. 

Les diagrammes de diffraction des rayons X à haute température ሺHT-XRDሻ ont 

montré que la phase mère présente une transition structurelle d'une phase cubique 

centrée ሺγ-Bi25FeO40ሻ à une phase monoclinique ሺα-Bi25FeO40ሻ à des températures élevées 

ሺau-delà de 700 Kሻ. Ce phénomène a également été constaté par l’analyse calorimétrie 

différentielle à balayage ሺDSCሻ et mesures diélectriques à 671 K. De plus, cette transition 

est également observée pour x ൌ 0.20 et 0.50 à 682 et 679 K, respectivement, ce qui est 

dû à l'apparition d'une relaxation activée thermiquement. 

Les mesures magnétiques ont révélé le comportement antiferromagnétique de 

Bi25FeO40 et Bi25Fe0.80Al0.20O40 au-dessous des températures de Néel d'environ 268 et 

265K, respectivement. Par ailleurs, un comportement paramagnétique est observé pour 

Bi25Fe0.50Al0.50O40. 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 

Bi25FeO40, à l'aide des calculs ab-initio en se basant sur la théorie de la densité 
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fonctionnelle ሺDFTሻ et la simulation de Monte-Carlo ሺMCሻ. On a prouvé que Bi25FeO40 est 

un semi-conducteur d’une bande interdite directe de 2,38 eV. Les propriétés optiques du 

composé étudié mettent en évidence une absorption signiϐicative de la lumière 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 Bi25FeO40 peut 

également être utilisé pour la production d'hydrogène dans une solution basique dont le 

pH est supérieur à 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 Bi25FeO40 a été aussi examiné à l’aide de la DFT. Cette étude 

a été réalisé pour évaluer la stabilité de la phase mère Bi25FeO40 sous contrainte de 

traction et de compression. Après une déformation compressive de -3% le long de l'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’à 1,38 eV. Ceci est dû au changement de la longueur des 

liaisons entre Bi-Bi, Bi-O1, Bi-O2ሺiሻ, Bi-O2ሺiiሻ, Bi-O2ሺiiiሻ et Bi-O3 sous l'effet de la 

déformation le long du même axe.  

Les conductivités électrique et thermique se comportent de manière 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 

coefϐicient Seebeck suggère une conduction du matériau à travers des porteurs des 

charges positive, ce qui permet au Bi25FeO40 d’être un semi-conducteur de type P avec et 

sans effet de déformation. Ceci révèle que la déformation le long des axes x, y et z de -3% 

à ൅3% n'a pas d'impact sur le mécanisme de conduction de Bi25FeO40, 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 à colorant ሺDSSCሻ, ainsi que des photo-catalyseurs prometteurs pour la 

photo-dégradation des colorants et des polluants, qui peuvent être facilement recyclés et 

collectés par séparation magnétique.
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Due to increasing environmental problems and energy deϐiciencies around the 

world, the demand for clean and reliable energy conversion technologies has generated 

great interest worldwide ሾ1,2ሿ. 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 ሾ3ሿ. Furthermore, many antibiotics cannot 

be completely metabolized by human or animal organisms and may be released into 

wastewater through urinary excretion ሾ4,5ሿ. Additionally, common wastewater treatment 

methods such as biodegradation, adsorption, ϐlocculation, and coagulation … represent a 

secondary source of pollutants ሾ6ሿ. The most cost-effective method used for this issue is 

the photocatalysis process consisting in splitting water using sunlight ሾ5,7ሿ. 

Semiconductor photocatalysts has shown promise as a technology for removing 

toxic organic contaminants from water ሾ8ሿ. However, they are applied in powder form, 

which makes separation and recycling after treatment extremely difϐicult. 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 ϐield ሾ5,9,10ሿ. Further, this process requires 

semiconductors with narrow bandgap energy, redshift absorption, and appropriate CB 

and VB edge positions for the reduction and oxidation reactions ሾ11ሿ. 

Sillenite materials, with the general formula Bi12MO20 ሺMൌGe, Ti, Ga, Fe, Bi, V, etc.ሻ, 

as new photocatalysts with a high photocatalytic activity, are receiving increasing 

attention ሾ12ሿ. So far, sillenites such as Bi12TiO20, Bi12SiO20 ሾ13ሿ, Bi24Ga2O39 ሾ14ሿ, and 

Bi24AlO39 ሾ15ሿ have reported high photocatalytic properties due to the Bi-O polyhedra in 

Bi12MO20 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 Bi25FeO40 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 ሾ16,17ሿ. Bi25FeO40 is similar to γ-Bi2O3 formed by doping γ-Bi2O3 with iron 

metal oxides; γ-Fe2O3 ሾ16ሿ. It is considered as an efϐicient photocatalyst due to its structure 

with M ൌ Bi0.5Fe0.5, which includes a lot of oxygen and ionic vacancies ሾ18ሿ, allowing the 

reduction of the recombination of electron–hole pairs. Consequently, Fe-doping leads to 

hybridization of energy levels and modiϐication of the electronic structure, which is 

responsible for extending the photo-absorptivity to the visible light region ሺ൏623 nmሻ and 

enhancement of the photocatalytic activity of Fe-doped Bi2O3, knowing that Bi2O3 has a 

bandgap energy tends to 2.78 eV ሾ19ሿ. Iron-sillenite has a wide variety of applications, 

including sensors ሾ20ሿ, batteries ሾ21ሿ, electrocatalysis for nitrogen ϐixation via the NRR 

process ሺN2 Reduction reactionሻ ሾ22ሿ, Dye-Sensitized Solar Cells applications ሺDSSCሻ 

ሾ23,24ሿ, H2 production ሾ25ሿ, and for environmental pollution remediation, wastewater, 

and/or water treatment, degradation of pollutants, and dyes using the photocatalysis 

process ሺPCሻ ሾ5,26–38ሿ. 

The present work is articulated around two main parts, namely a ϐirst part devoted 

to the presentation of an overview of the basic concepts, comprising two chapters. The 

ϐirst 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 Bi25Fe1-

xAlxO40. Chapter IV focuses on the theoretical studies of the pristine compound 

ሺBi25FeO40ሻ, 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 Bi25FeO40. 

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 ϐirst 

section, we focus on the description of sillenite-like materials. Then, we introduce an 

overview of the iron-sillenite Bi25FeO40, 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 ϐields. This type of 

material is currently attracting considerable interest due to its numerous properties such 

as photorefraction, photoconduction ሾ39–42ሿ. These properties have potential 

applications in electro-optics, acoustics, and piezotechnics ሾ39–42ሿ. They are also well 

known for their physicochemical properties and their technological applications in the 

ϐields of sensing and data storage, as well as in other applications related to environmental 

issues ሾ42–46ሿ. 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 Bi12MO20, where, M ൌ Si, Ga, Ge, 

Mn, Fe ሾ13,42,47,48ሿ. This family of structures is named after the Swedish chemist Lars 

Gunnar Sillén, who studied it for the ϐirst 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 Bi12SiO20, whose parent structure is γ-Bi2O3, a metastable form of 

bismuth oxide Bi2O3 ሾ49ሿ. According to M. Devalette et al. the sillenites can be described 

by the following formula; Bi12-xMxO20േδ, Bi12ሺBi4/5-nxMହ୶
୬ା 

భ
ఱ

ିሺହି୬ሻ୶ሻO19.2൅nx, and/or 

Bi12ሺBi4/5-nxMହ୶
୬ା ሻO19.2൅nx, where M ൌ Group II–VIII elements ሾ13,50ሿ. In addition, V. M. 

Skorikov et al. reported that sillenites exist only in systems comprising bismuth oxide ሾ50ሿ. 
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1.2.2. Structural description 

Based on the phase equilibrium studies of Bi2O3-MxOy systems, the sillenite phases 

can be formed at M ൌ Rb, Mg, Zn, Cd, B, Al, Ga, In, Tl, Si, Ge, Ti, Pb, P, V, As, Nb, Cr, Mo, W, 

Mn, Fe, Co, Ni, Ru, and Ir and their stability depends on the stoichiometry of the regents 

ሾ50ሿ. Approximately, 60 sillenites compounds with the formula of Bi12-xMxO20േδ, have been 

synthesised. The Mn൅ cations of Bi12-xMxO20േδ could take various oxidation degree; 2൅ 

ሺCd2൅, Co2൅, and Zn2൅, …ሻ, 3൅ ሺGa3൅, Fe3൅, and Cr3൅, …ሻ, 4൅ ሺSi4൅, Ti4൅, and Mn4൅, …ሻ, and 

5൅ ሺV5൅, As5൅, and P5൅, …ሻ ሾ51–63ሿ. 

The crystallin structure of Bi12MO20 ሺM ≡ Bi or other metal cationsሻ 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 I23 ሺNo.197ሻ. As shown 

in Figure I.1, the tetrahedral sites can be occupied in position 2a by cations with four 

oxidation states ሺe.g., Mn4൅, Si4൅, Ge4൅, Ti4൅, ...ሻ 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 Bi5൅ ions, to achieve a charge balance ሾ13,18ሿ. 

 

Figure I.1: The crystallin structure of sillenite material; ሺOctahedral sites occupied by the 
bismuth oxides and the tetrahedral one occupied with M oxidesሻ ሾ64ሿ. 

The phase diagram presented in Figure I.2, shows possible combinations between 

Bi2O3 and Fe2O3 ሾ13,65,66ሿ. The stoichiometry of Fe3൅ and Bi3൅ must be exact and precise. 

A slight excess of Bi3൅ will result in the production of bismuth oxide, Bi2O3, or the very 

similar sillenite, Bi25FeO39 / Bi25FeO40. On the other hand, a surplus of Fe3൅ will initiate the 

formation of iron-rich phases such as mullite Bi2Fe4O9. Although these secondary phases 
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are supposed to have little or no impact on the stoichiometry ሾ67ሿ. In the following section, 

we will make a brief description of the Bi25FeO40 structure. 

 

Figure I.2: Diagramme des phases des ferrites de bismuth ሾ64ሿ. 

2. Iron-sillenite semi-conductor 

2.1. Iron-sillenite structure 

Bi25FeO40 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 ϐilled by Bi atoms with a 24f-Wyckoff position ሾ68ሿ. Iron-sillenite has 

a lattice parameter of about 10.18 Å and the atomic positions presented in Table I.1 

ሾ16,68ሿ. 

Table I.1: Atomic positions of iron-sillenite Bi25FeO40 ሾ68ሿ. 

 X Y Z Wykoff positions 
Bi 0.17635 0.31796 0.01409 24f 

Fe 0 0 0 2a 

O1 0.6346 0.7521 0.9887 24f 

O2 0.6885 0.6885 0.6885 8c 

O3 0.8926 0.8926 0.8926 8c 

 

Overall, an ideal sillenite is characterized by the tetravalence of M atoms, as in Mn4൅ 

and Fe4൅ forming ideal sillenites, such as Bi12FeO20 and Bi12MnO20 ሾ39,47ሿ. Furthermore, 
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Valant et al. ሾ69ሿ developed the general formula of sillenite materials,                          

Bi12ሺBi4/5-nxMn൅5xሻO19.2൅nx, describing the possible homogeneity area, depends on the 

charge of the tetrahedral Mn൅ cations. According to Infante et al. ሾ68ሿ iron-sillenite exhibit 

two possible chemical formulas; Bi25FeO40 and Bi25FeO39. Contrariwise, Devalette et al. 

ሾ13ሿ and Craig et al. ሾ18ሿ revealed that one Bi cation per unit cell exists in the 5൅ oxidation 

state  following the formula Biଶସ
ଷାሺBi5൅Fe3൅ሻO40. Moreover, the octahedral sites are 

occupied by the Bi3൅ creating BiO5E-polyhedrons ሺE ൌ 6s2 inert electron pairሻ. The 

tetrahedral sites are shared by Bi5൅ and Fe3൅ cations ሾ18ሿ. 

 

Figure I.3: DSC experiments measured in air, for the possible phase transition of ሺaሻ 
BiFeO3 powder, ሺbሻ Bi2O3 powder, ሺcሻ Bi25FeO40 powder and ሺdሻBi2O3–Fe2O3 30 mol% 
mixture ሾ64ሿ. 

Lu et al. and Harwig report from the DSC measurements ሺFigure I.3ሻ a phase 

transition of iron-sillenite from monoclinic phase to the bcc structure at 1030 K ሺFrom α-

Bi25FeO40 to γ-Bi25FeO40ሻ was observed under heating. As well as for Bi2O3, a phase 

transition from monoclinic to face-centred cubic phase occurred at 1030 K ሺfrom α-Bi2O3 

to δ-Bi2O3ሻ. Further, during cooling under the melting point, two types of phase transitions 

can arise for Bi2O3 structure, producing two metastable intermediate phases with a slight 

temperature difference of about 10 K; from δ-Bi2O3 to γ-Bi2O3 at 939 K, then from γ-Bi2O3 
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to α-Bi2O3 at 904 K and/or from δ-Bi2O3 to β-Bi2O3 at 950 K, then from β-Bi2O3 to α-Bi2O3 

at 952 K ሾ49,64ሿ. 

2.2. Synthesis method of iron-sillenite; solid-state reaction ሺSSRሻ 

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 ሾ70,71ሿ, sol-gel method ሾ72ሿ, 

hydrothermal method ሾ42ሿ, combustion-like process ሾ16ሿ, molten salt growth ሾ45ሿ, and 

co-precipitation method ሾ46ሿ, allowing the production of Bi25FeO40 with a particle size 

ranging from 25 nm to 10 µm ሾ17,73ሿ.  

In this thesis, we synthesize Bi25FeO40 via the solid–state reaction ሺSSRሻ 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: 

 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. 

 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. 

 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 Bi25FeO40 exhibits high absorption in the ultraviolet area ሺUVሻ, 

elsewhere in the visible range, with a direct band gap ranging from 1.78 eV to 2.81 eV ሾ16ሿ, 

ሾ66ሿ. These values of bandgap energy values are in good agreement with the criteria for 

an efϐicient photocatalyst, which will be discussed in next section ሺ2.4ሻ. Moreover, 

Köferstein et al., Wu et al, and others have reported different magnetic behaviours of iron-

sillenite namely; paramagnetic, super-paramagnetic and spin glass state  ሾ7,16,74ሿ. 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 ሾ20ሿ, batteries ሾ21ሿ, electrocatalysis for nitrogen ϐixation via the NRR process ሺN2 

Reduction reactionሻ ሾ22ሿ, Dye-Sensitized Solar Cells applications ሺDSSCሻ ሾ23,24ሿ, H2 

production ሾ25ሿ, and for environmental pollution remediation, wastewater, and/or water 

treatment, pollutant and dye degradation using the photocatalysis process ሾ5,26–38ሿ. 

Recently, many studies have been conducted to investigate the potential properties of 

Bi25FeO40 as a promising photocatalyst, that can be simply recycled and collected by 

magnetic separation, washed, centrifugated, and dried ሾ30,75–77ሿ. 

The photocatalytic activity of Bi25FeO40 powders has been evaluated by multiple 

method. As a results, it is considered as an effective compound for photodegradation of 

rhodamine B ሺRhBሻ ሾ25,44,45ሿ, for the removal of methylene blue ሺMBሻ ሾ30,35,77ሿ. 

Moreover, it considered as promising photocatalyst for the photodegradation of methyl 

violet ሺMVሻ ሾ33ሿ, decoloration of methyl orange ሺMOሻ ሾ72,76ሿ. Besides, iron-sillenite is a 

promising photocatalyst for the degradation of ciproϐloxacin ሺCIPሻ ሾ35ሿ, 2,4-DCP ሾ45ሿ, and 

Acid Yellow ሺAY-17ሻ ሾ46ሿ. In addition to photocatalytic activity for dye degradation, 

Bi25FeO40 reports an efϐicient photocatalyst for water treatment from various types of 

pollutants such as: removal of phenol and p-chlorophenol ሾ36ሿ, the tetracycline 

hydrochloride ሺTCHሻ ሾ28ሿ, the bisphenol A ሺBPAሻ ሾ29ሿ, sulfamethoxazole ሺSMXሻ ሾ5ሿ, the 

tetracycline ሺTCሻ ሾ30ሿ. 

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.  

 

Figure I.4: The photocatalytic mechanism of iron-sillenite Bi25FeO40 for colorants and 
pollution photodegradation, such us ; RhB, CIP, and MB ሾ35ሿ. 

Figure I.4 illustrates the photocatalytic mechanism implemented in this manuscript; 

the semiconductor is Bi25FeO40, and the electrolyte can be a dye solution such as the RhB, 

CIP, and/or MB or another pollutant. 

Iron-sillenite particles are ϐirst distributed in the electrolyte solution ሺdye and/or 

pollutantሻ, then after irradiation under sunlight, the electrons in their valence band ሺVBሻ 

are excited towards the conduction band ሺCBሻ. This is due to the absorption of the visible 

light by the electrons ሺe––VBሻ.  Then the generation of holes ሺh൅ሻ in the Bi25FeO40–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 Oଶ
ି ሺE୓మ/୓మ

ష
଴ ൌ –0.16 V vs. NHEሻ, which will be an additional 

reaction of RhB allowing the degradation. Thus, the photocreated h൅ react with the OH–, 

produced from ionized water molecules ሺH2Oሻ ሺEைுష/∗୓ୌ
଴ ൌ 2.38 V vs. NHEሻ. 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 ሾ78ሿ. The 

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

as follow:  

BiଶହFeOସ଴ ൅ ℎ𝑣 → BiଶହFeOସ଴ ሺhାሻ ൅ BiଶହFeOସ଴ ሺeିሻ ሺI.1ሻ

hା ൅ 𝐻ଶ𝑂 → ∗ 𝑂𝐻 ൅ Hା ሺI.2ሻ

 ∗𝑂𝐻 ൅ 𝑅ℎ𝐵 → 𝐻ଶ𝑂 ൅ 𝐶𝑂ଶ ሺI.3ሻ

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 ሾ25,78ሿ. The value of VBM and CBM energies of the photocatalyst can 

be calculated using following equations: 

𝐸௏஻ ൌ 𝜒 െ 𝐸଴ ൅ 0.5𝐸௚ ሺI.4ሻ

𝐸஼஻ ൌ 𝐸௏஻ െ 𝐸௚ ሺI.5ሻ

where, EVB and ECB are the valence band and the conduction band edge potentials, 

respectively. 𝜒 is the absolute electronegativity of a semiconductor, and E0 is the energy of 

free electrons on the hydrogen scale ሺE0 ൌ 4.5 eVሻ ሾ25ሿ. Otherwise, the relative effective 

mass ratio ሺDሻ 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 efϐiciency ሾ11ሿ. 

The relative ratio ሺDሻ 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 ሺI.6ሻ. 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 ሾ79ሿ. 

D ൌ  𝑚௛
∗ ሺm଴ሻ / 𝑚௘

∗ሺm଴ሻ ሺI.6ሻ
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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 ϐields from an electric current ሾ80ሿ. 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 ሾ81ሿ. 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 conϐiguration 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 ሺFigure I.5ሻ. 

The magnetic contributions from these orbital ሺ𝜇𝐿ሻ and spin angular moments ሺ𝜇𝑆ሻ 

are expressed as follows ሾ82ሿ: 

𝜇⃗௅ ൌ െ
𝑔௅𝜇஻

ℏ
𝐿ሬ⃗ ሺI.7ሻ

𝜇⃗ௌ ൌ െ
𝑔ௌ𝜇஻

ℏ
𝑆 ሺI.8ሻ

where 𝑔𝐿 and 𝑔𝑆 are the orbital and spin gyromagnetic factors, respectively. 𝐿ሬ⃗  and 𝑆 

are the orbital and spin angular momentum operators, respectively. 𝜇𝐵 is the Bohr 

magneton and ħ 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 ϐield. 

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

susceptibility ሾ83ሿ : 

𝑀ሬሬ⃗ ൌ 𝜒𝐻ሬሬ⃗ ሺI.9ሻ

where, 

𝜒 ൌ
𝛿𝑀
𝛿𝐻

ሺI.10ሻ

hence, M is the magnetization, H is the magnetic ϐield, and χ is the magnetic 

susceptibility. 

 

Figure I.5: Schematic illustration of the atom. 

In general, magnetic states are classiϐied into disordered magnetic states 

ሺdiamagnetic, paramagnetic statesሻ and ordered magnetic states ሺferromagnetic, 

antiferromagnetic and ferrimagnetic statesሻ. 

3.1. Diamagnetic state 

When all electrons in a material subjected to a magnetic ϐield, they are oriented in 

the opposite direction to the applied magnetic ϐield ሺFigure I.6ሻ. Diamagnetic materials 

are materials that contain only non-magnetic atoms; the magnetization is induced by the 

applied magnetic ϐield and disappears when this ϐield is no longer present. Since its origin 

comes from the deformation of electronic orbitals under the action of an external 

magnetic ϐield. 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 ሺFigure I.7 ሺbሻሻ ሾ84,85ሿ. 
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Figure I.6: Magnetic field effect on diamagnetic materials, where the magnetization in the 
opposite direction to the external magnetic field at H ് 0. 

 

Figure I.7: ሺaሻ Variation of the Magnetisation ሺMሻ as function of the external magnetic field 
of diamagnetic materials ሺHሻ. ሺbሻ Thermal evolution of the magnetic susceptibility χ 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 ϐield, 

paramagnetic materials are only subjected to thermal agitation and the overall 

magnetization is zero. Under the action of an external magnetic ϐield and contrary to 

diamagnetic materials, the magnetization of paramagnetic materials is oriented in the 

same direction as the applied ϐield, inducing an increase of the latter. When the exciting 

ϐield is cancelled, these magnetic moments regain their disorder and compensate on 

average, so that the total magnetization becomes zero ሺϐigure I.8ሻ ሾ86ሿ. On the other hand, 

as the temperature increases, thermal agitation tends to misalign the moments, reducing 

the magnetic susceptibility ሺ𝜒ሻ of the material ሺFigure I.9ሻ. 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 ሾ87ሿ: 

𝜒 ൌ
𝐶
𝑇

ሺI.11ሻ

 

Figure I.8: Magnetic field effect on paramagnetic materials, where the magnetization in 
the same direction to the external magnetic field at H ് 0. 

 

Figure I.9: ሺaሻ Variation of the Magnetisation ሺMሻ as function of the external magnetic field 
ሺHሻ of paramagnetic diamagnetic materials for ሺT ” ൐ T ’ ൐ Tሻ. ሺbሻ Thermal evolution of 
the magnetic susceptibility χ of paramagnetic materials. 

3.3. Ferromagnetic state 

Ferromagnetic materials are characterized by the existence of spontaneous 

magnetization ሺSMሻ, which can orient itself along the direction of an applied magnetic 

ϐield and occur even in the absence of the latter ሺFigure I.10ሻ ሾ88ሿ. At the microscopic scale, 

ferromagnetic media are structured into domains of uniform magnetization, known as 

Weiss domains, separated by Bloch walls ሾ89ሿ. The total magnetization is given by the sum 

of the magnetizations of the different Weiss domains. When a magnetic ϐield is applied, 

these Weiss domains progressively change their magnetization as a function of the applied 

magnetic ϐield, so that domains whose magnetization is oriented in the direction of the 

applied magnetic ϐield increase at the expense of other domains. 
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The application of a magnetic ϐield ሺHሻ progressively orients the moments in the 

direction of the ϐield, inducing a hysteretic behavior of the magnetization ሺMሻ as a function 

of the magnetic ϐield ሺHሻ ሾ90ሿ. When all the domains are oriented, the saturation 

magnetization ሺMSሻ is obtained. When the applied ϐield returns to zero, the magnetization 

decreases to the remanent magnetization ሺMrሻ. A certain coercive ϐield ሺHCሻ is then 

required to bring the magnetization back to zero. By applying a sufϐiciently strong 

opposite magnetic ϐield, the magnetization no longer follows the initial trajectory and 

shows a hysteretic behavior as a function of the external magnetic ϐield ሺFigure I.11ሻ. 

 

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 ሺH ് 0 or H ൌ 0, 
respectivelyሻ. 

 

Figure I.11: Schematic illustration of the hysteresis loop of ferromagnetic materials ሾ91ሿ. 

There are two subgroups of ferromagnetic materials ሺFigure I.12ሻ ሾ91ሿ: soft and hard 

ferromagnetism. The ϐirst one, is characterized by their remanent magnetization ሺMrሻ, 

their hysteresis loop and their coercive excitation ሺHcሻ. Thus, they can react to a weak 

external magnetic ϐield. On the other hand, hard ferromagnetism presents a signiϐicant 
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hysteresis cycle. Moreover, their remanent magnetization ሺMrሻ, their coercive excitation 

ሺHcሻ 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 ሺTcሻ, the spontaneous ferromagnetic 

magnetization ሺMsሻ becomes zero and the material goes to the paramagnetic state ሺFigure 

I.13ሻ. The magnetic susceptibility thus follows the Curie-Weiss law ሾ92ሿ : 

𝜒 ൌ
𝐶

𝑇 െ 𝑇஼
ሺI.12ሻ

where C is the Curie constant. 

 

Figure I.12: Hysteresis loops of; ሺaሻ hard and ሺbሻ soft ferromagnetic materials ሾ92ሿ. 

 

Figure I.13: The thermal evolution of the magnetization M and magnetic susceptibility χ 
of ferromagnetic materials ሾ92ሿ. 

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 ሺFigure I.14ሻ. Indeed, antiferromagnetic materials are formed by two 

sublattices coupled by negative exchange interactions, oriented antiparallel ሾ84,86ሿ. 

 

Figure I.14: Magnetic field effect on the antiferromagnetic materials, where the 
magnetization is null in the absence of the external magnetic field ሺM ൌ 0 for H ൌ 0ሻ and 
it is non null in the presence of the external magnetic field ሺM ് 0 for H ് 0ሻ. 

 

Figure I.15: Schematic illustration of the various types of the antiferromagnetic materials. 

According to the number of parallel ሺFMሻ and antiparallel ሺAFMሻ neighbors of each 

spin, seven antiferromagnetic structures can be distinguished; Antiferromagnetic order 

type A ሺAFM-Aሻ, type B ሺAFM-Bሻ, type C ሺAFM-Cሻ, type D ሺAFM-Dሻ, type E ሺAFM-Eሻ, type 

F ሺAFM-Fሻ, type G ሺAFM-Gሻ ሺFigure I.15ሻ ሾ93–100ሿ: 

- 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 ሺi.e., 

Antiferromagnetic coupled ferromagnetic plansሻ ሾ94ሿ. 

- AFM-B: is a ferromagnetic order as signified above ሾ95ሿ. 

- 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 

ሺi.e., ferromagnetically coupled antiferromagnetic plansሻ ሾ96ሿ.  
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- AFM-D: it is an antiferromagnetic in the diagonals ሺi.e., AFM in the cross-crossing 

stripesሻ ሾ98ሿ. 

- AFM-E and AFM-F: it is an antiferromagnetic with ferrimagnetic plans ሾ97,99ሿ. 

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

each spin is surrounded by six antiparallel neighbors ሺi.e., AFM in all directionsሻ 

ሾ100,101ሿ. 

In accordance with ferromagnetic materials, the magnetic character of 

antiferromagnetic systems is inϐluenced by temperature ሺϐigure I.16ሻ ሾ102ሿ. In fact, the 

antiparallel character manifests itself up to a certain critical temperature, known as Neel 

temperature ሺTNሻ, beyond which the magnetic moments become disordered, and the 

material becomes paramagnetic. In this paramagnetic state, the magnetic susceptibility 

follows the Curie-Weiss law ሾ103ሿ: 

𝜒 ൌ
𝐶

𝑇 ൅ 𝜃
ሺI.13ሻ

with C is Curie constant and θ a temperature constant below TN. 

 

Figure I.16: The thermal evolution of the magnetization M and magnetic susceptibility χ 
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 ሾ103,104ሿ. 
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This antiparallel alignment occurs up to a critical temperature corresponding to the 

Curie temperature TC, at which the thermal ϐluctuations destroy the spin arrangement, 

and the material passes to the paramagnetic phase ሺϐigure I.17ሻ. Above TC, ferrimagnetic 

materials present a magnetic susceptibility whose thermal variation follows the Curie-

Weiss law expressed as follows ሾ105ሿ: 

𝜒 ൌ
𝐶

𝑇 െ 𝜃
ሺI.14ሻ

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

 

Figure I.17: The thermal evolution of the magnetization M and magnetic susceptibility χ 
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 𝑀ሬሬ⃗ ஺ and 𝑀ሬሬ⃗ ஻ has a slight slope with respect to π as mentioned in Figure I.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 deϐinitively 

abandoned after the observation of a ferromagnetic moment in materials with controlled 

stoichiometry ሾ106ሿ. Years later, Guiot et al. explained the appearance of a weak 

spontaneous magnetization based on the presence of imperfections in the crystal lattice 

ሾ107ሿ. Considering this hypothesis, Dzyaloshinskii al. constructed a model to describe 

weak ferromagnetism ሾ108ሿ. Then, he introduced an asymmetric term known by the 

Dzyaloshinskii-Moriya interaction, based on symmetries, which was named after Moriya 



Chapter I. Basic concepts of the magnetic states and bibliography study of sillenite materials  22

 

 
 

when he discovered that the mechanism of this interaction is partly based on the spin-

orbit coupling ሾ109,110ሿ. 

 

Figure I.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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In this chapter, we will present an overview of the various experimental techniques and 

theoretical methods used in this thesis. In the ϐirst part, we will present the experimental 

techniques such as X-Ray diffraction ሺXRDሻ, Fourier transform infrared spectroscopy ሺFT-IRሻ, 

Raman spectroscopy, scanning electronic microscopy ሺSEMሻ, optical diffuse reϐlectance 

spectroscopy ሺDRSሻ, differential scanning calorimetry ሺDSCሻ, dielectric, 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 ሺDFTሻ and Monte 

Carlo Simulation ሺMCsሻሻ. A ϐirst principal calculation based on density functional theory ሺDFTሻ 

was used to determine the structural, electronic, optical, photocatalytic, electrical, and magnetic 

properties of the studied materials at 0K. Then, the magnetic properties will be studied at ϐinite 

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 

ሾ111,112ሿ. 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 reϐlection from successive crystal 

planes differs by an integral multiple of wavelengths, according with the Bragg's equation ሾ113ሿ. 

𝑛𝜆 ൌ 2𝑑௛௞௟ sin 𝜃 ሺII.1ሻ

where n, λ, dhkl, and θ are the order of reϐlection, the incident X-ray wavelength, the distance 

between two crystallographic planes ሺcalled “interarticular distanceሻ, and the incident angle, 

respectively. This diffractometer with Bragg-Brentano θ–2θ geometry is equipped with an X-ray 

source using the Kα radiation of copper ሺFigure II.1ሻ. 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 reϐlection. As the sample rotates by an angle θ, 

the detector rotates by an angle 2θ 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 

ሾ111ሿ. 

The identiϐication 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 ሺλcu ൌ 1.5406 Åሻ. The allotropic 

transformations in the pristine compound were checked by X-ray diffraction at different 

temperatures ሺ500, 700, 900 and 1000 Kሻ 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 reϐined by means of AFMPOU 

software ሾ114ሿ. 

 

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

Bragg-Brentano mode ሺθ–2θሻ ሾ115ሿ. 

1.1. Spectrometric Methods 

1.1.1. Fourier transform infrared spectroscopy ሺFT–IRሻ 

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 ሺgas, solid or liquidሻ. 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 ሺcompared to ultraviolet ሺUVሻ or 

visible lightሻ, 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. 

 

Figure II.2: Main vibration modes of the bonds ሾ116ሿ. 

 

Figure II.3: Infrared spectrometer ALPHA ሺPlatinum–ATRሻ, 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 ሺFigure II.2ሻ; stretching ሺchange in the length of a bondሻ, 

bending ሺchange in the angle between two bondsሻ, Rocking ሺchange in angle between a group 

of atomsሻ, Wagging ሺchange in angle between the plane of a group of atomsሻ, and Twisting 

ሺchange in the angle between the planes of two groups of atomsሻ ሾ114ሿ. 
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Infrared analysis ሺIRሻ of the different samples was carried out using a Fourier transform 

infrared spectrometer ሺFTIRሻ of the Bruker Platinum-ATR type operating in transmittance 

mode, with a spectral measurement range extending from 400 to 4000 cm-1 ሺFigure II.3ሻ. 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 ϐirst discovered in 1928 by Chandrasekhra Venkata 

Raman ሾ117ሿ. Scattering occurs when an electromagnetic wave encounters a molecule or passes 

through a lattice. The process of this scattering can be visualized in ϐigure II.4, presenting both 

the Stokes and anti-Stokes shifts. Raman scattering is characterised by frequencies v0 േ vm, 

where v0 and vm are the incident and vibrational frequency of a molecule, respectively. The v0 െ 

vm and v0 ൅ vm are called Stokes and anti-Stokes scattering, respectively ሺFigure II.4ሻ ሾ117ሿ. 

 

Figure II.4: Energy interactions in Raman scattering ሺrightሻ and Rayleigh scattering ሺleftሻ. 

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 ሾ118ሿ. 

A Raman spectrometer measures the vibrational frequency ሺvmሻ as a shift from the 

frequency of the incident light ሺv0ሻ 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 

ሾ117ሿ. In Rayleigh scattering, a photon interacts with a molecule, to further polarise the electron 

cloud and raise it to a virtual energy state ሺFigure II.4ሻ. 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 ሺhigher energyሻ vibrational state then the scattered photon 

has less energy than the incident photon ሺv0-vmሻ, 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 ሺv0൅vmሻ, 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 

ϐluorescence 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 II.5. illustrates the construction of a typical Raman spectrometer. The 

monochromatic light is beamed through a window and ϐilters lead the light to the sample. 

Optical ϐilters are used to selectively block Rayleigh scatter whilst allowing Raman scatter to 

pass through to the spectrometer. A set of mirrors gathers the reϐlected light from the sample 

and focus it through the entrance slit to the double grating monochromator. A Charge-Coupled 

Device ሺCCDሻ 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 deϐined 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 speciϐic 
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pattern occurs. The entire spectral pattern can normally be associated with a speciϐic mineral 

or a speciϐic substance. 

 

Figure II.5: The construction of a typical Raman spectrometer. A laser is beamed onto the 

sample and optical ϐilters 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 ሾ118ሿ. 

1.1.3. Scanning electronic microscopy ሺSEMሻ 

Scanning electron microscopy ሺSEMሻ is an analytical technique that allows the study of 

the microstructure of materials ሺin the powder or solid stateሻ: 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 ሺFigure II.6ሻ. Indeed, an electron beam is 

generated by a suitable source, in this case a tungsten ϐilament 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 

ሾ119ሿ. The equipment used is a scanning electron microscope Tescan Vega 3, using a voltage of 

10 kV ሾ120ሿ. 
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Figure II.6: The schematic illustration of the scanning electron microscopy ሾ119ሿ. 

1.1.4. Optical Diffuse Reflectance Spectroscopy ሺDRSሻ 

Diffuse reϐlectance spectrophotometry ሺUV-Visሻ is a quantitative analysis technique to 

study the optical properties ሺabsorbance, transmittance, and reϐlectanceሻ and to observe 

vibrational, rotational, and electronic transitions of liquids and solids. To measure the global 

reϐlectance of a solid sample, the sample is placed behind the integrating sphere. The light 

coming from the source is reϐlected 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 

reϐlectance of the sample. In addition, the specular reϐlectance can in turn be obtained from the 

global and diffuse reϐlectance data ሾ121ሿ: 

Rୢ୧୤୤୳ୱୣ ൌ R୥୪୭ୠୟ୪ െ Rୱ୮ୣୡ୳୪ୟ୰ ሺII.2ሻ

The spectra were recorded in reϐlectance 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 reϐlectance 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 ILN-925 integrating sphere. 
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1.2. Differential Scanning Calorimetry analysis ሺDSCሻ 

Differential Scanning Calorimetry ሺDSCሻ 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 

ϐlux 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 ሺϐigure II.7ሻ. Therefore, these variations in heat ϐlux correspond to variations 

in the speciϐic heat of the sample ሾ122ሿ. 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. 

 

Figure II.7: Schematic dispositive of DSC measurements ሾ122ሿ. 

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 ϐlat sides of the sample are coated with 

conductive layers of silver lacquer to create a ϐlat 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. 

 

 



 
Chapter II. Experimental and computational methods                                                                                32

 

 
 

1.3.2. Dielectric measurements 

The dielectric cell contains a Hewlett Packard 4284A bridge ሺHP4284Aሻ, an oven and a 

thermocouple. This bridge, characterized by its wide frequency range ሺ20 Hz to 1 MHzሻ, 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 ሺCሻ and dissipation factor ሺtanሺδሻሻ allow the determination of the 

values of the dielectric constant. The dielectric constant is also called relative permittivity ሺε௥
ᇱ ሻ 

and electrical conductivity ሺσሻ. The capacitance C displayed on the measuring bridge is the sum 

of the sample's own capacitance Ce and that of the vacuum cell C0: 

 𝐶 ൌ 𝐶௘ ൅ 𝐶଴ ሺII.3ሻ

where, 

 𝐶௘ ൌ 𝜀଴. 𝜀௥
ᇱ 𝑆

𝑒
ሺII.4ሻ

hence, 

 𝜀௥
ᇱ ൌ

𝑒
𝜀଴𝑆

ሺ𝐶 െ 𝐶଴ሻ ሺII.5ሻ

and, 

 𝜎 ൌ 2𝜋. 𝑓. 𝜀଴. 𝜀௥
ᇱ . tanሺ𝛿ሻ ሺII.6ሻ

where, 𝑓 is the measurement frequency, ε0 is the dielectric permittivity of vacuum, while 

𝑆 and 𝑒 are the area and thickness of the sample ሺpelletሻ respectively. 

1.3.3. Impedance spectroscopy 

Impedance spectroscopy ሺISሻ is an experimental technique for studying the electrical 

characteristics of materials ሺsingle crystal, polycrystalline or amorphousሻ. The experimental 

data contains three variables, namely the real and imaginary electrical component and 

frequencies, as well as four interrelated electrical response formalisms: impedance ሺZ*ሻ, 

admittance ሺY*ሻ, relative permittivity ሺε*ሻ, and electrical modulus ሺM*ሻ ሾ123ሿ. 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 ሺZ'ሻ is plotted against its imaginary part ሺZ"ሻ ሺFigure II.8ሻ. These arcs represent the 

different electrical aspects of the sample, so that the low-frequency arc reϐlects 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 ሾ124ሿ. 

 

Figure II.8: The three possible impedance response illustration ሾ125ሿ. 

1.4. Magnetic measurements ሺSQUID Magnetometerሻ 

Magnetization measurements MሺH,Tሻ were performed using a SQUID MPMS3 

magnetometer ሾ126ሿ, under an applied magnetic ϐield of 100 Oe and 2000 Oe over the 

temperature range ሾ2 K–400 Kሿ. Likewise, the hysteresis curves were recorded at 10 K and 300 

K with a maximum applied ϐield 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 ϐield between two detection coils. The 

measurement is based on the detection of the variation of the magnetic ϐlux induced by an 

abrupt displacement of the sample parallel to the magnetic ϐield present between the coils. This 

ϐlux 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 II.9. 

 

Figure II.9: Schematic diagram of MPMS3 SQUID ሾ127ሿ. 

2. Computational methods 

2.1. Density Functional Theory 

2.1.1. Introduction to Density Functional Theory 

Density functional theory ሺDFTሻ is considered as the most used quantum methods for 

determination of the physical and/or physicochemical properties of a given system, in the ϐields 

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 ሾ128,129ሿ. This 

formalism allows the resolution of Schrödinger 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 ሺDFTሻ, and the implemented 

approximations in the presented thesis. Thus, deϐine 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. Schrödinger equation 

The Schrödinger 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 Schrödinger and was generalized by Paul Dirac just three years later. Paul Dirac ሾ130ሿ has 

emphasized on the difϐiculty 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 ሾ131ሿ and Fermi ሾ132ሿ proposed a tractable scheme for 

solving the many-electron problem, in which the electron density nሺrሻ is regarded as central 

variable rather than the wave function, and the total energy of a system is written as a functional 

ETFሾnሺrሻሿ. This Thomas-Fermi model is viewed as the predecessor to modern DFT ሾ132ሿ. 

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 Schrödinger-type equations with local 

effective potentials and enhancing several numerical methods ሾ133–136ሿ, 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 ሾ137ሿ. 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 Schrödinger equation is a differential equation, describes the representation of the 

wave function Ψ of a quantum particle’s motion under the inϐluence of an external potential 

Vሺrሻ. The external potential might be the Coulomb electrostatic potential due to the nuclei of 

the atoms. It is described via the following equation: 

𝐻෡𝜓ሺ𝑟, 𝑡ሻ ൌ െ𝑖ℏ
𝜕𝜓ሺ𝑟, 𝑡ሻ

𝜕𝑡
ሺII.7ሻ

where 𝜓ሺ𝑟, 𝑡ሻ is the wave function and 𝐻෡ is the Hamiltonian of the system: 

𝐻෡ ൌ െ
ℏଶ

2𝑚
∇ଶ ൅ 𝑉෠ሺ𝑟, 𝑡ሻ ሺII.8ሻ

hence, െ ℏమ

ଶ௠
∇ଶ corresponds to the kinetic energy term and V෡ሺr⃗, tሻ to the external potential. In 

our case, we will use the stationary equation ሾ138ሿ, which for a system with N electrons and M 

nuclei, is written as follows: 
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𝐻෡𝜓௜ሺ𝑟ଵ, 𝑟ଶ, … 𝑟ே, 𝑅ሬ⃗ ଵ, 𝑅ሬ⃗ ଶ, … 𝑅ሬ⃗ ெ ሻ ൌ 𝐸𝜓௜ሺ𝑟ଵ, 𝑟ଶ, … 𝑟ே, 𝑅ሬ⃗ ଵ, 𝑅ሬ⃗ ଶ, … 𝑅ሬ⃗ ெ ሻ ሺII.9ሻ

And 𝐻෡ is the Hamiltonian operator of the system. The coordinates 𝑟௜ and 𝑅ሬ⃗ ௜ collect the space 

and spin variables of the electron i and nucleus k, respectively. The Hamiltonian operator 𝐻෡ can 

be decomposed as: 

𝐻்௢௧௔௟ ൌ 𝑇௡ ൅ 𝑇௘ ൅ 𝑉௡௡ ൅ 𝑉௡௘ ൅ 𝑉௘௘ ሺII.10ሻ

where Tn and Te correspond to the kinetic energy of the nuclei and the electrons, 

respectively. Vnn, 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 ሺ3 N൅3 Mሻ and interactions involved in three-dimensional multi-

body problems, their exact processing proved to be an impossible task. In view of the 

impossibility of ϐinding an exact solution to equation ሺII.10ሻ 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 ϐirst approximation takes into account an evolution of electrons in a potential created by 

ϐixed atoms ሾ138,139ሿ. The nuclear wave function can be described as: 

𝜓൫𝑟, 𝑅ሬ⃗ ൯ ൌ 𝜓௡൫𝑅ሬ⃗ ൯𝜓௘൫𝑟, 𝑅ሬ⃗ ൯ ሺII.11ሻ

Which means that the Hamiltonian of the equation ሺII.10ሻ can written as: 

𝐻்௢௧௔௟ ൌ 𝑇௘ ൅ 𝑉௡௘ ൅ 𝑉௘௘ ሺII.12ሻ

Allowing the elimination of all Hamiltonian terms involving the nuclei. However, this is not 

enough to solve the Schrödinger 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 ሺII.9ሻ 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 ϐirst approximation 

studied the multi-electron wave function as the product of single-particle ሺsingle-electronሻ 

functions, designated by the term ሺorbitalሻ. The wave function of the system is described as 

follow: 

𝜓௜ሺ𝑟ଵ, 𝑟ଶ, 𝑟ଷ … 𝑟ேሻ ൌ 𝜓௜ሺ𝑟ଵሻ. 𝜓௜ሺ𝑟ଶሻ. 𝜓௜ሺ𝑟ଶሻ … 𝜓௜ሺ𝑟ேሻ ሺII.13ሻ

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-ϐield approximation replacing 

the complicated many system problem by simple problems in a mean-ϐield potential ሾ140ሿ. 

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 ሾ141–143ሿ. In this approximation, the multi-electronic wave 

function is expressed as a Slater determinant constructed from N single-electronic wave 

functions 𝜓i. 

𝜓ሺ𝑥ଵ, 𝑥ଶ, 𝑥ଷ … , 𝑥ேሻ ൌ
1

√𝑁!
 

⎣
⎢
⎢
⎢
⎡

𝜓ଵሺ𝑥ଵሻ 𝜓ଶሺ𝑥ଵሻ
𝜓ଵሺ𝑥ଶሻ 𝜓ଶሺ𝑥ଶሻ

… 𝜓ேሺ𝑥ଵሻ
… 𝜓ேሺ𝑥ଶሻ

⋮
⋮

⋮
⋮

𝜓ଵሺ𝑥ேሻ 𝜓ଶሺ𝑥ேሻ

⋱ ⋮
⋮

… 𝜓ேሺ𝑥ேሻ⎦
⎥
⎥
⎥
⎤

 ሺII.14ሻ 

where ଵ

√ே!
  is a constant of normalization. 

This approximation is appropriate for resolving the Schrödinger approximation, 

exclusively for molecular physics. While it can only handle simple systems with few electrons, 

like small molecules ሾ144ሿ. It does not consider electronic correlations effects, whilst the 

treatment of large systems such as solids remains difϐicult 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 

simpliϐications. 
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2.1.3. Principle of density functional theory 

The solution of the Schrödinger 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 ሾ128,145ሿ. However, their approaches are 

not sufϐiciently adapted to electronic structure calculations. 

This approach clariϐies 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 rectiϐied by Dirac in 1930 

ሾ146ሿ, 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 ϐixed number of electrons 

interacting with nuclei using only information about the electron density ρ. Thus, we must ϐirst 

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 simpliϐies the solution of the Schrödinger equation. The density 

functional theory was developed in 1964 and 1965, with the publications of Hohenberg and 

Kohn ሾ147,148ሿ. 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 ρ: 

𝐸 ൌ 𝐸ሺ𝜌ሻ ሺII.15ሻ
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Theorem 2: This theorem is characterized by the enormous simpliϐication of the solution 

of the Schrödinger equation, due to the reduction of the problem with 3N variables to a problem 

of a scalar function in 3-dimensional space. It is identiϐied by the deϐinition of the ground state 

density with the energy minimization of the system. All other properties are functional of the 

ground state density: 

𝐸ሺ𝜌଴ሻ ൌ min ሺ𝐸ሺ𝜌ሻሻ ሺII.16ሻ

2.1.3.2. Kohen-Sham equations 

In 1965, Walter Kohn and Lu Sham considered a virtual system of N-independent 

electrons ሺi.e., Vee ൌ 0 in equation III. 6ሻ, which the ground state is the Slater determinant 

containing of the N-orbitals 𝜓i of the electrons and whose electron density is the same as that 

of the real system of interacting electrons. Similarly, the Schrödinger equation is recombined in 

terms of the so-called Kohn-Sham equation, which is actually a Schrödinger equation with a real 

potential in which quasiparticles are moving ሾ149,150ሿ. Walter Kohn and Lu Sham introduced 

the real density by the self-consistent solution of the set of single-particle Schrödinger 

equations, known as the Kohn-Sham equations: 

൜െ
1
2

∇ଶ ൅ 𝑉௄ௌሺ𝑟ሻൠ 𝜑௜ሺ𝑟ሻ ൌ 𝜀௜𝜑௜ሺ𝑟ሻ ሺII.17ሻ

𝜌ሺ𝑟ሻ ൌ ෍ |𝜌௜ሺ𝑟ሻ|ଶ

௜௢௖௖௨௣
ሺII.18ሻ

𝑉௄ௌሺ𝑟ሻ ൌ 𝑉௘௫௧ሺ𝑟ሻ ൅ 𝑉௑஼ሺ𝑟ሻ ൅ 𝑉ுሺ𝑟ሻ ሺII.19ሻ

where Vextሺrሻ is the external potential formed by the nuclei and VXCሺrሻ is the potential of the 

exchange-correlation energy, deϐined by the following formula:  

𝑉௑஼ሺ𝑟ሻ ൌ
𝜕𝐸௑஼ሾ𝜌ሺ𝑟ሻሿ

𝜕𝜌ሺ𝑟ሻ
ሺII.20ሻ

hence, VHሺrሻ is the classical Hartree potential given as: 

𝑉ுሺ𝑟ሻ ൌ න 𝜌ሺ𝑟ሻ
1

|𝑟 െ 𝑟ᇱ|
. 𝑑𝑟ᇱ ሺII.21ሻ

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

described with the following equation: 
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𝐸ሺ𝑟ሻ ൌ ෍ 𝜀௜

௜௢௖௖௨௣

൅ න
𝜌ሺ𝑟ሻ. 𝜌ሺ𝑟ᇱሻ

|𝑟 െ 𝑟ᇱ|
. 𝑑𝑟. 𝑑𝑟ᇱ ൅ 𝐸௑஼ሺ𝜌ሻ. න 𝑉௑஼ሺ𝑟ሻ𝜌ሺ𝑟ሻ. 𝑑𝑟 ሺII.22ሻ

One can notice the identical presentation of equation ሺII.17ሻ and the Schrödinger 

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 difϐicult 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 ሺLDA and GGAሻ.  

Local Density Approximation ሺLDAሻ: The local density approach ሺLDAሻ transforms DFT 

from an exact N-body theory into an approximate but very useful and widely used theory. In 

the local density approach ሺLDAሻ, it is assumed that the electron density can be treated locally 

as a uniform gas ሾ151ሿ. In other words, this approach involves the following two assumptions: 

- The exchange-correlation effects are mainly provided by the density at point 𝑟. 

- The density 𝜌ሺ𝑟ሻ is a slowly varying function of 𝑟. 

Therefore, in the presented LDA formalism, it was considered that the EXCሾρሺr⃗ሻሿ  

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:  

𝐸௑஼
௅஽஺ሺ𝑟ሻ ൌ න 𝜌ሺ𝑟ሻ 𝜀௑஼

௛௢௠൫𝜌 ൌ 𝜌ሺ𝑟ሻ൯. 𝑑𝑟 ሺII.23ሻ

where 𝜀௑஼
௛௢௠ is the exchange-correlation energy for a uniform density of an electron gas. The 

local spin density approach ሺLSDAሻ is another version of the LDA that allows to consider the 

electronic spin. The exchange-correlation energy 𝐸௑஼
௅஽஺ is then a function of the two spin 

densities ሺupper and lowerሻ and equation ሺII.23ሻ becomes: 



 
Chapter II. Experimental and computational methods                                                                                41

 

 
 

𝐸௑஼
௅ௌ஽஺ሺ𝜌 ↑, 𝜌 ↓ሻ ൌ න 𝜌ሺ𝑟ሻ 𝜀௑஼

௛௢௠൫𝜌 ↑ ሺ𝑟ሻ, 𝜌 ↓ ሺ𝑟ሻ൯. 𝑑𝑟 ሺII.24ሻ

Generalized Gradient Approximation ሺGGAሻ: A ϐirst step to enhance the treatment of the 

exchange-correlation energy is to make the Eଡ଼େሾρሺr⃗ሻሿ function dependent not only on the 

electron density ρሺr⃗ሻ but also on its gradient ሾ∇ρሺr⃗ሻሿ. With this modiϐication, the Eଡ଼େሾρሺr⃗ሻሿ 

accounts for the non-uniformity of the electron gas ሾ152,153ሿ. 

In the GGA formalism, the contribution of Eଡ଼େሾρሺr⃗ሻሿ 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 

simpliϐication implies the following form of Eଡ଼େሾρሺr⃗ሻሿ: 

𝐸௑஼
ீீ஺ሾ𝜌ሺ𝑟ሻሿ ൌ න 𝜌ሺ𝑟ሻ 𝜀௑஼ሾ𝜌ሺ𝑟ሻ, |∇𝜌ሺ𝑟ሻ|ሿ. 𝑑𝑟 ሺII.25ሻ

where εଡ଼େሾρሺr⃗ሻ, |∇ρሺr⃗ሻ|ሿ represents the exchange-correlation energy as a function of the 

electronic density and its gradient. The GGA functions signiϐicantly 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 ሺFP-LAPWሻ 

and the pseudopotential methods. 

2.1.4.1. Full-Potential Linearized Augmented Plane Wave ሺFP-LAPWሻ 

The Full-Potential Linearized Augmented Plane Wave ሺFP-LAPWሻ method which was 

invented by Andersen is an improvement of the Augmented Plane Wave ሺAPWሻ method 

developed by Slater ሾ154,155ሿ. This method is based on the self-consistent solution of the Kohn-

Sham equations in two arbitrary regions of the elementary mesh ሺFigure II.10ሻ: 

- Region I: Corresponds to non-overlapping atomic spheres ሺA and Bሻ 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 II.10 : Schematic illustration of two atomic spheres A and B with radius RMT ሺregion Iሻ 

and the interstitial region between the spheres ሺregion IIሻ. 

The convergence of this basis is controlled by the cut-off parameter RMT ൈ Kmax, which is 

the product of the radius of the smallest Mufϐin-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 rectiϐied 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 ሾ154,156ሿ. 

2.1.4.2. The method of pseudo-potentials ሺPlane Waveሻ 

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-off. 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 ሾ157ሿ. 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 ሾ158,159ሿ. 

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 ሺPWሻ 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 ሺself-

consistentሻ will be applied to extract the total energy, the gap, the total momentum... We 

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

approaches. 

 

Figure II.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 ሺelectric field and/or temperature gradientሻ. The movements of 

the carriers ሺelectrons or phononsሻ are induced by the external fields but are countered by 

internal diffusion processes between them and between other ሺquasiሻ-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 ሾ160ሿ and the semi-classical Boltzmann transport 

theory ሾ161ሿ. 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 fnሺr, k, tሻ. It gives the probability of finding a particle in the 

region ሺr, r൅drሻ and ሺk൅dkሻ 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 fnሺr, k, tሻ. The distribution function 

fnሺr, k, tሻ in the vicinity of r, can change due to the electron diffusion, external field ሺelectric field 

or temperature gradientሻ, 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 ሾ162ሿ, ሾ163ሿ. 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: 

𝐽௘ ൌ
2𝑒

8𝜋ଷ න 𝜈ሺ𝑘ሻ𝑓ሺ𝑘ሻ𝑑𝑘 ሺII.26ሻ

where 𝑓ሺ𝑘ሻ is the Fermi-Dirac distribution function given by: 

𝑓ሺ𝑘ሻ ൌ 𝑓଴ሺ𝑘ሻ ൅  ቆെ
𝜕𝑓଴

𝜕𝐸
ቇ 𝑣ሺ𝑘ሻ𝜏ሺ𝑘ሻ ൜𝑒𝜀 െ ሺ

𝜕𝜇
𝜕𝑇

൅
𝐸 െ 𝜇

𝑇
ሻ∇𝑇ൠ ሺII.27ሻ

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

𝐽ொ ൌ
2

8𝜋ଷ න 𝜈ሺ𝑘ሻሾ𝐸 െ 𝜇ሿ𝑓ሺ𝑘ሻ𝑑𝑘 ሺII.28ሻ

With μ is the chemical potential. 

Substituting equation ሺII.26ሻ for both equations ሺII.27ሻ and ሺII.28ሻ and ignoring the 𝑓଴ 

term in equation ሺII.26ሻ, we arrive at: 

𝐽௘ ൌ
2𝑒

8𝜋ଷ න 𝜈ሺ𝑘ሻ 𝑣ሺ𝑘ሻ𝜏ሺ𝑘ሻ ቆെ
𝜕𝑓଴

𝜕𝐸
ቇ ൤𝑒𝜀 െ ∇𝜇 ൅

𝐸 െ 𝜇
𝑇

ሺെ∇𝑇ሻ൨ 𝑑𝑘 ሺII.29ሻ

 

𝐽௘ ൌ
𝑒²

4𝜋ଷ න 𝜈ሺ𝑘ሻ 𝑣ሺ𝑘ሻ𝜏ሺ𝑘ሻ ቆെ
𝜕𝑓଴

𝜕𝑟
ቇ ൤𝜀 െ

1
𝑒

∇𝜇൨ 𝑑𝑘 ൅
𝑒

4𝜋ଷℏ
න 𝜈ሺ𝑘ሻ 𝑣ሺ𝑘ሻ𝜏ሺ𝑘ሻ ൤

𝐸 െ 𝜇
𝑇

൨ ሺ∇𝑇ሻ𝑑𝑘   ሺII.30ሻ

 

And  

𝐽ொ ൌ
2

8𝜋ଷ න 𝜈ሺ𝑘ሻ𝑣ሺ𝑘ሻ𝜏ሺ𝑘ሻ ቆെ
𝜕𝑓଴

𝜕𝐸
ቇ ൜𝑒𝜀 െ ∇𝜇 ൅

𝐸 െ 𝜇
𝑇

ሺെ∇𝑇ሻൠ ሾ𝐸 െ 𝜇ሿ𝑑𝑘 ሺII.31ሻ

 

𝐽ொ ൌ
𝑒ଶ
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ቇ 𝑑𝑘

                                    ൅
ଵ

ସగయ ׬ 𝜈ሺ𝑘ሻ 𝑣ሺ𝑘ሻ𝜏ሺ𝑘ሻ ቂாିఓ

்
ቃ ሺെ∇𝑇ሻሺെ

డ௙బ

డா
ሻ𝑑𝑘

ሺII.32ሻ

Let us now establish the integral: 

      𝐾௡ ൌ
1

4𝜋ଷℏ
න 𝜈ሺ𝑘ሻ 𝑣ሺ𝑘ሻ𝜏ሺ𝑘ሻሾ𝐸 െ 𝜇ሿ௡ ቆെ

𝜕𝑓0

𝜕𝐸
ቇ 𝑑𝑘 ሺII.33ሻ

Equations ሺII.30ሻ and ሺII.33ሻ can be expressed in terms of 𝐾௡: 
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𝐽௘ ൌ 𝑒ଶ𝐾଴𝜀 ൅
𝑒𝐾ଵ

𝑇
ሺെ∇𝑇ሻ ሺII.34ሻ

𝐽ொ ൌ 𝑒𝐾ଵ𝜀 ൅
𝐾ଶ

𝑇
ሺെ∇𝑇ሻ ሺII.35ሻ

 

When there is no temperature gradient, i.e., ∇Tൌ0 in Equation ሺII.34ሻ, we get: 

𝐽௘ ൌ 𝜎𝜀 ሺII.36ሻ

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

𝜎 ൌ 𝑒ଶ𝐾଴ ሺII.37ሻ

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 ሺII.35ሻ, 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 Je ൌ 0 in equation ሺII.34ሻ becomes valid. Substituting equation 

ሺII.34ሻ into equation ሺII.35ሻ to eliminate the electric field gives the following results. 

𝐽ொ ൌ 𝑘 ሺെ∇𝑇ሻ ሺII.38ሻ

Where k is the electronic thermal conductivity: 

𝑘 ൌ
1
𝑇

ቈ𝐾ଶ െ
𝐾ଵ

ଶ

𝐾଴
቉ ሺII.39ሻ

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: 

𝜀 ൌ
𝐾ଵ

𝑒𝑇𝐾଴
∇𝑇 ሺII.40ሻ

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

𝑆 ൌ
𝐾ଵ

𝑒𝑇𝐾଴
ሺII.41ሻ
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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 reϐlect the 

macroscopic phenomena observed in that system. The main drawback is the huge number of 

particles in a condensed matter system, implying many difϐicult problems related to the 

structure and type of interactions that occur in the system, making it more difϐicult to ϐind 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 ሾ164ሿ. 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, ϐluids, and 

strongly coupled disordered materials. It is important to note that the Monte Carlo method 

includes several ϐields such as, economics, medicine, etc ሾ165–168ሿ. 

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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〈𝑄〉 ൌ
∑ 𝑄௜exp ሺ𝛽𝐸௜ሻ௜

∑ exp ሺ𝛽𝐸௜ሻ௜
ሺII.42ሻ

where exp ሺ𝛽𝐸௜ሻ is the Boltzmann factor, deϐined as the probability density of the 

canonical ensemble. Hence 𝛽 ൌ  ଵ

௄ಳ்
 with KB is the Boltzmann constant, T is the temperature of 

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

the following steps ሾ169ሿ: 

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 conϐigurations 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 

conϐigurations of the studied material. The transition to a conϐiguration denoted "b" depends 

only on the previous conϐiguration denoted "a", but not on all conϐigurations in the state space. 

This means that the transition, which can follow the probability Wሺa→bሻ, in a Markov chain is 

almost local in time. the Markov process uses several times to generate a Markov chain. We start 

from conϐiguration "a" to arrive at a new conϐiguration "b", then we put this conϐiguration in a 

process to generate another conϐiguration "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 

sufϐiciently long time during the Markov process. The ergodicity condition is not satisϐied 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 conϐirms 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: 

෍ 𝑃௔ ൈ 𝑊ሺ𝑎 → 𝑏ሻ
௔

ൌ ෍ 𝑃௕ ൈ 𝑊ሺ𝑏 → 𝑎ሻ
௕

ሺII.43ሻ

As Wሺa → bሻ ൌ 1, equation ሺII.43ሻ becomes. 

෍ 𝑃௔ ൈ 𝑊ሺ𝑎 → 𝑏ሻ
௔

ൌ 𝑃௔ ൌ ෍ 𝑃௕ ൈ 𝑊ሺ𝑏 → 𝑎ሻ
௕

ሺII.44ሻ

The distribution will be the equilibrium distribution implied by the dynamics of Markov 

processes, if any set of transition probabilities satisϐies equation ሺII.44ሻ. This equation does not 

guarantee the distribution of the system state. To validate this, we will consider the transition 

probabilities Wሺa → bሻ as the elements of the Markov matrix: 

𝑞௕ ൌ ෍ 𝑊ሺ𝑏 → 𝑎ሻ
௕

ൈ 𝑞௕ሺ𝑡ሻ ሺII.45ሻ

In a matrix form: 

𝑄ሺ𝑡 ൅ 1ሻ ൌ 𝑀 ൈ 𝑄ሺ𝑡ሻ ሺII.46ሻ

Therefore, equation ሺII.44ሻ does not allow the equilibrium established by the distribution. 

To surmount this struggle, the detailed equilibrium condition is given as follows: 

𝑃௔ ൈ 𝑊ሺ𝑎 → 𝑏ሻ ൌ 𝑃௕ ൈ 𝑊ሺ𝑏 → 𝑎ሻ ሺII.47ሻ

Generally, real systems satisfy the condition of detailed balance. For a balanced Boltzmann 

distribution, an additional condition is derived from equation ሺII.47ሻ. We can write: 

𝑃௔

𝑃௕
ൌ

𝑊ሺ𝑎 → 𝑏ሻ

𝑊ሺ𝑏 → 𝑎ሻ
ൌ exp ሺെ𝛽ሺ𝐸௕ െ 𝐸௔ሻሻ ሺII.48ሻ
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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 ϐind the rectiϐied transition probabilities of 

any Markov process. Subsequently, the condition Wሺa → bሻ ് 0 is accepted and always respects 

the detailed balance conditions. Hence, the transition probability can be described by: 

𝑊ሺ𝑎 → 𝑏ሻ ൌ 𝑔ሺ𝑎 → 𝑏ሻ ൈ 𝐴ሺ𝑎 → 𝑏ሻ ሺII.49ሻ

where,  

- 𝑔ሺ𝑎 → 𝑏ሻ is the probability of selection. It represents the probability to get new state “b” 

from the old state “a” by the algorithm. 

- 𝐴ሺ𝑎 → 𝑏ሻ 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 ሺII.48ሻ becomes: 

𝑃௔

𝑃௕
ൌ

𝑊ሺ𝑎 → 𝑏ሻ
𝑊ሺ𝑏 → 𝑎ሻ

ൌ
𝑔ሺ𝑎 → 𝑏ሻ ൈ 𝐴ሺ𝑎 → 𝑏ሻ
𝑔ሺ𝑏 → 𝑎ሻ ൈ 𝐴ሺ𝑏 → 𝑎ሻ

ሺII.50ሻ

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 gሺa → bሻ 

and takes Aሺa → bሻ ≃ 0. 

2.2.3. Implementation of the Metropolis Algorithm 

The Metropolis algorithm is the most used algorithm worldwide in many areas ሾ170ሿ. The 

application of this algorithm to the Ising model consists in performing a single ϐlip attempt at 

each Monte Carlo step ሾ171,172ሿ. In this case, all selection probabilities are equals and are given 

by: 

𝑔ሺ𝑎 → 𝑏ሻ ൌ
1
𝑁

ሺII.51ሻ

where N is the number of spins in the system. 

The detailed balance equation ሺII.50ሻ can consequently be inscribed as follows: 
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𝑃௔

𝑃௕
ൌ

𝑊ሺ𝑎 → 𝑏ሻ

𝑊ሺ𝑏 → 𝑎ሻ
ൌ

𝑔ሺ𝑎 → 𝑏ሻ ൈ 𝐴ሺ𝑎 → 𝑏ሻ

𝑔ሺ𝑏 → 𝑎ሻ ൈ 𝐴ሺ𝑏 → 𝑎ሻ
ൌ exp ሺെ𝛽ሺ𝐸௕ െ 𝐸௔ሻሻ ሺII.52ሻ

The Metropolis algorithm is carefully related to the choice of the acceptance 𝐴ሺ𝑎 → 𝑏ሻ and 

can be described as follows: 

𝐴ሺ𝑎 → 𝑏ሻ ൌ ቄ𝑒𝑥𝑝 ሺെ𝛽ሺ𝐸௕ െ 𝐸௔ሻሻ 𝑖𝑓 ሺ𝐸௕ െ 𝐸௔ ൐ 0ሻ
1  𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

ሺII.53ሻ

The transition probability Wሺa → bሻ adopts the same form as acceptance, with this choice 

of transition probabilities of the system tends to a stable conϐiguration, 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 ΔE ൌ Eb – Ea, according to the following conditions. 

 If ΔE ൏ 0, the new configuration “b” is accepted. 

 If ΔE ൐ 0, we generate a number randomly, r ሺ0 ൏ r ൏ 1ሻ. If r ൏ expሺΔEሻ, 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 ሺDFTሻ based on 

ab-initio methods and Monte Carlo simulation to calculate the physical properties. In particular, 

the ϐirst-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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After having exposed the different experimental and theoretical protocols followed 

for the chemical synthesis of the iron-sillenite compound Bi25FeO40, 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 ሺSEMሻ, Fourier transform 

infrared spectroscopy ሺFT-IRሻ, 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 ϐield 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 Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, 0.50ሻ 

The synthesis of the sillenite powders Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, and 0.50ሻ is 

performed according to the solid–state reaction procedure ሺSSRሻ using iron-oxide, 

bismuth-oxide, and aluminium-oxide reagents ሺFe2O3 Sigma Aldrich, ൒ 99.9%, Bi2O3 

Sigma Aldrich, ൒ 99.9%, and Al2O3 Sigma Aldrich, ൒ 99.9%, respectivelyሻ. 

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

to the following chemical reaction: 

12.5 BiଶOଷ ൅
ሺ1 െ xሻ

2
FeଶOଷ ൅

x
2

AlଶOଷ → BiଶହFeଵି୶Al୶Oସ଴ ሺIII.1ሻ

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 ሺBi25FeO40ሻ was placed in a platinum crucible and heated 

for the ϐirst 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 ሺ1ሻ 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 ሺ2ሻ, then 

at 750°C. The produced powder takes a light-yellow color ሺFigure III.2ሻ. 

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

process for the synthesis of Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, and 0.50ሻ compounds.  

 

Figure III.1: Flowchart illustrating the different steps of elaboration of Bi25Fe1-xAlxO40               

ሺx ൌ 0.00, 0.20, and 0.50ሻ by solid–state reaction ሺSSRሻ. 

 

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 ሺXRDሻ  

The X-ray diffraction patterns of Bi25Fe1-xAlxO40 were examined at room 

temperature using a LabxXRD-6100 Shimadzu diffractometer, equipped with a copper 

anticathode ሺλcu ൌ 1.5406Åሻ. Afterward, the refinement of the cell parameters was 

performed using AFMPOU software ሾ114ሿ. Figure III.3 presents the X-ray diffraction 

patterns of the prepared sillenite materials Bi25Fe1-xAlxO40, 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 ሺI23, No. 197ሻ. The refined cell parameters of Bi25Fe1-xAlxO40 are 

found to be 10.199 ሺ2ሻ, 10.170 ሺ1ሻ, and 10.169 ሺ1ሻ Å, for x ൌ 0.00, 0.20, and 0.50, 
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respectively. The volumes of the samples take values of 1061.9 ሺ6ሻ, 1051.7 ሺ3ሻ, 1051.5 ሺ6ሻ 

Å3, for x ൌ 0.00, 0.20, and 0.50, respectively. The obtained cell parameters are consistent 

with the literature ሾ16,18,68ሿ. The sharp forms of the diffraction peaks reveal good 

crystallization in the sillenite-type structure ሾ18,61,68ሿ. Unlike the Bi25FeO40 and 

Bi25Fe0.80Al0.20O40 samples, the XRD diffractogram of Bi25Fe0.50Al0.40O40 displays some 

small peaks around 25.84°, 27.01°, and 27.48°, attributed to the monoclinic Bi2O3 

secondary phase ሺα-Bi2O3ሻ ሾ16,173ሿ. The decrease of the cell parameters as a function of 

the substitution ratio is explained by the larger ionic radius of the Fe3൅ ሺ0.49 Åሻ compared 

to that of the Al3൅ ones ሺ0.39 Åሻ ሺFigure III.3ሻ. 

 

Figure III.3: XRD pattern of the synthesized Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, 0.50ሻ 

compounds. 

2.2. Morphological analysis ሺSEMሻ  

The scanning electron microscopy spectra ሺSEMሻ was used to evaluate the surface 

morphology of Bi25Fe1-xAlxO40 compounds and presented in Figure III.4. The resulting 
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micrographs reϐlect the homogenous morphology of these sillenite materials, consisting 

of irregular agglomerated grains with uniformity in size and shape ሺFigure III.4ሻ. The 

average grain size of studied compounds was calculated using the ImageJ software ሾ174ሿ 

and found to be 4.04, 1.79, and 1.42 μm, for x ൌ 0.00, 0.20, and 0.50, respectively. These 

results indicate that al-substitution affects the microstructure of the Bi25FeO40 sillenite 

system and reduce the grain size ሾ16ሿ. 

 

Figure III.4 : SEM morphology of Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20 and 0.50ሻ materials. 

2.3. Infrared spectroscopy analysis ሺFT-IRሻ  

Fourier transform infrared spectroscopy ሺFTIRሻ 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 ሺFT-IRሻ of sillenite compounds are 

plotted in Figure III.5. The characteristic ϐive absorption bands of sillenite structure were 

observed around 438, 508, 572, 631, and 845 cm-1 ሾ13,68ሿ. The bonds situated at 438 and 

508 cm-1 were observed for the three compounds, and corresponding to the stretching 

vibration of the Bi-O bonds ሾ13,175ሿ. Moreover, the typical bonds located at 572, 631, and 
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845 cm-1 noticed for the three as-prepared samples are associated with the Fe–O bonds 

stretching vibration in ሾFeO4ሿ tetrahedra ሾ13,68ሿ. Another bond around 673 cm-1 was 

noticed in the Al/Fe–Sillenites ሺfor x ൌ 0.20 and 0.50ሻ, which is attributed to the vibration 

modes of the Al–O–Al bonds ሾ176ሿ. Besides, the observed small shift of the different bands 

towards higher wavenumbers with increasing doping rate conϐirms the effect of Al-

substitution on the vibrational properties and the ϐindings 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 ሾ177ሿ. 

 

Figure III.5: FT-IR Spectra of Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20 and 0.50ሻ materials. 

2.4. Raman analysis  

The Raman spectra were obtained with a compact confocal Raman microscope with 

high sensitivity and spatial resolution ሺconfotec™ MR520ሻ, 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 III.6. Different characteristic peaks 

around 61, 125, 189, 246, 303, 516, and 812 cm-1 are noticed, in agreement with the 

literature reports for iron–sillenite ሾ7,36,178ሿ. 

The vibration modes noticed at 61, 125 cm-1 are attributed to Bi–O vibration bonds, 

whereas 189, 246 cm-1 are due to the vibration of the Bi–O–Bi bonds Besides, the peak at 
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516 cm-1 is related to oxygen breathing ሾ58ሿ. According to the group-theory, iron-sillenite 

contain the following vibration modes; 8A ሺtotally symmetricሻ, 8E ሺdoubly degenerateሻ, 

and 24F ሺtriply degenerateሻ. They are Raman active vibrations, expect of F symmetry are 

IR active. The bond observed at 125 cm-1 is assigned to the vibrational E and F modes of 

the tetrahedral FeO4 ሾ178ሿ. The more pronounced difference between Bi25FeO40 and 

Bi25FeO40 : Al is the appearance of a band at 673 cm-1. This is in accordance with Refs. 

ሾ181ሿ, 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 asserts the 

substitution effect on the different bond lengths as already reported in this paper 

ሾ179,180ሿ. 

 

Figure III.6 : Raman spectrum of Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20 and 0.50ሻ materials 

recorded at room temperature in 50–1200 cm-1. 

2.5. High temperature X-ray diffraction study of Bi25FeO40 ሺHT-XRDሻ 

Allotropic transformations were investigated by the high-temperature X-ray 

diffraction ሺHT-XRDሻ for the studied compound. Figure III.7 ሺaሻ shows the obtained HT-

XRD spectra recorded at 500 K, 700 K, 900 K, and 1000 K. One can observe a displacement 

in the diffraction peaks towards lower angles, indicative of a change in the cell parameters 

during heating of the body-centred cubic iron-sillenite. Indeed, the obtained diffractogram 
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at 700 K shows clearly the appearance of a diffraction peak located at 25.22°ሺ1ሻ 

correspond to ሺ220ሻ. 

The appearance of doublet peaks at 27.00°, and 27.08° ሺ2ሻ, were also noticed, that 

ϐit to ሺ030ሻ and ሺ103ሻ, respectively. The observed peaks at 32.12°, and 32.22° ሺ3ሻ 

correspond to ሺ032ሻ, and ሺ213ሻ ሺ3ሻ, and 34.68° correspond to ሺ004ሻ ሺ4ሻ, mentioned in the 

Figure III.7ሺbሻ, indicating a change in the symmetry of the structure. The observed 

increase in cell volume reveals the expansion of the unit cell with increasing temperature, 

leading to a structural transition from a centred cubic structure ሺγ-Bi25FeO40ሻ to a 

monoclinic one ሺα-Bi25FeO40ሻ observed at 700 K. The afϐined structural parameters are 

reported in Table III.1. 

Table III.1: Thermal evolution of lattice parameters of iron-sillenite. 

T ሺKሻ 300 500 700 900 1000 

a ሺÅሻ 10.199 ሺ2ሻ 10.241 ሺ3ሻ 10.177 ሺ5ሻ 10.211ሺ6ሻ 10.236 ሺ5ሻ

b ሺÅሻ 10.199 ሺ2ሻ 10.241 ሺ3ሻ 9.814 ሺ6ሻ 9.854 ሺ7ሻ 9.902 ሺ7ሻ

c ሺÅሻ 10.199 ሺ2ሻ 10.241 ሺ3ሻ 10.289 ሺ5ሻ 10.312 ሺ4ሻ 10.364 ሺ4ሻ

α ሺ°ሻ 90 90 90 90 90 

β ሺ°ሻ 90 90 88.75 ሺ4ሻ 88.86 ሺ4ሻ 88.84 ሺ3ሻ

γ ሺ°ሻ 90 90 90 90 90 

V ሺÅ3ሻ 1061,9 ሺ6ሻ 1074,2 ሺ5ሻ 1027,3 ሺ6ሻ 1037,1 ሺ2ሻ 1050,9 ሺ2ሻ
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Figure III.7 : ሺaሻ High-temperature XRD patterns of iron-sillenite, ሺbሻ present the zoom 

view of HT-XRD. 
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3. Thermal analysis of Al/Fe-sillenites ሺDSCሻ 

Heat ϐlow measurements were performed to investigate the thermal properties of 

the materials and to relate their thermal behavior to their speciϐic physical properties. It 

was carried out employing the differential scanning calorimetry ሺDSCሻ by means of a 

SETARAM DSC121 apparatus, with a heating and cooling rate of 10°K/min under argon 

atmosphere. The measurements were recorded in a wider temperature range to allow a 

possible detection of the whole phenomena revealed by the HT-XRD analysis ሺFigure III.7ሻ. 

The DSC thermograms of iron-sillenite and Al/Fe-Sillenite materials recorded during 

both heating and cooling cycles in the temperature ranging from 450K to 1050 K and 

presented in Figure III.8 ሺሺaሻ and ሺbሻሻ, respectively. 

Figure III.8 ሺaሻ illustrates the endothermic peaks at 1036, 1034, and 1037 K for x ൌ 

0.00, 0.20, and 0.50, respectively. These peaks are assigned to the α→γ transition of the 

sillenite phase, thus similar results were reported previously by F. Oudich et al. ሾ181ሿ. In 

addition, two other endothermic peaks are noticed. The ϐirst peak occurred at 671, 682, 

and 679 K for x ൌ 0.00, 0.20, and 0.50, respectively. The second peak is broad and centered 

between 500 and 600 K. These endothermic features are associated with the dielectric 

behavior of these materials, as discussed in the subsequent section. The exothermic peaks 

noticed at 923, 893, and 921 K during the cooling process are attributed to the γ-Bi2O3→α-

Bi2O3 structural transition ሾ49ሿ. These ϐindings are well consistent with those previously 

reported on iron–sillenite by Harwig et al. and Lu et al. ሾ49,64ሿ . 
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Figure III.8 : Thermal analysis thermograms of Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20 and 0.50ሻ 

phases during: ሺaሻ heating, ሺbሻ cooling. 

4. Dielectric properties of Al/Fe-sillenites 

Electrical and dielectric measurements were deduced from impedance spectroscopy 

using an LCR meter ሺHewlett Packard 4284A Precision LCR Meterሻ as a function of 

frequency ሺ10 kHz–1 MHzሻ and temperature ሺRT-700 Kሻ. For this purpose, both sides of 

the pellets were coated with silver paste and dried at 150 °C for 2 h in the hot air oven. 

The dielectric apparatus was supplied with a mufϐle furnace with a temperature controller 

and a sample holder for temperature variation studies. 

4.1. Study of the dielectric permittivity and the dissipation factor as a function of 

frequency 

The frequency evolution of the dielectric constant and losses for Bi25Fe1-xAlxO40             

ሺx ൌ 0.00, 0.20, 0.50ሻ compounds at different temperatures is displayed in Figure III.9. All 

the compositions display the usual dielectric dispersion behavior, where the dielectric 

constant decays with an increase in frequency to become almost constant at higher 

frequencies. Usually, electronic, dipolar, interfacial, and ionic polarizations contribute to 

the dielectric permittivity of a material. At low frequencies, both dipolar and interfacial 
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polarizations are effective for dielectric permittivity. However, for higher frequencies, the 

electronic polarization becomes effective, and the dipole contribution becomes 

insigniϐicant. The noticeable decline in the dielectric constant as frequency increases 

could be explained in terms of the dipolar relaxation process. At low frequencies, the space 

charges align with the applied electric ϐield. However, upon increasing the frequency, the 

dipoles become no longer able to synchronize with the frequency of the applied ϐield and 

take more time to alter their orientation in response to the ϐield, and their contribution is 

reduced. This results in low values and weak dependence of ε' on the frequency. 

 

Figure III.9 : Frequency dependence of dielectric constant ሺε’ሻ and loss factor ሺtan ሺδሻሻ of 

Bi25Fe1-xAlxO40 at different temperatures. 

4.2. Thermal evolution of the dielectric permittivity and the dissipation factor 

The temperature dependence of the dielectric permittivity and losses for all samples 

has been studied at different frequencies and presented in Figure III.10. Similar to most 

polar dielectrics ሾ183ሿ, this material exhibits typical temperature-dependent dielectric 

behavior. Accordingly, both the dielectric constant and losses display a gradual variation 
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at low temperatures before increasing to a narrow broad peak between 470–570°K, 

followed by a rapid increase, potentially resulting in a peak at around 700°K, most notably 

for doped compounds. These phenomena are in accordance with the ϐirst two noticed 

broad endothermic peaks observed in the DSC thermograms. By considering various 

mechanisms, it is possible to provide in-depth explanations of the observed dielectric 

anomalies at low frequencies with respect to temperature. These include thermal-assisted 

electron hopping, space charge polarization resulting from electrical or structural 

inhomogeneities, and the presence of bismuth or oxygen vacancies due to partial loss of 

bismuth during the samples sintering process. The thermal-assisted electron hopping 

mechanism is inϐluenced by temperature changes in the system, where higher 

temperatures can increase the mobility of free charge carriers. This leads to an increase 

in conductivity and polarization in the system, as the extra thermal energy enhances the 

frequency of the electron hopping mechanisms. This effect is more prominent at lower 

frequencies and less at higher frequencies due to the space charge effect becoming less 

signiϐicant. If the frequency of the hopping mechanism matches that of the applied electric 

ϐield, a dielectric peak may appear as a result of resonance effects, explaining the 

occurrence of peaks in the observed dielectric curves. When an alternating electric ϐield is 

applied to a dielectric material at room temperature, the free charge carriers within the 

material align themselves with the ϐield reversals and move toward the surface of the 

material. This accumulation of charge on the surface of the dielectric structure is called 

space charge polarization. The amount of charge motion is greater at lower frequencies 

and less at higher frequencies due to resistance within the material. At higher 

temperatures, further drift in charge carrier motion occurs which can lead to an increase 

in conduction and dielectric constant. Furthermore, chemical imbalances may result from 

the partial evaporation of one or several constituents of these materials, leading to the 

formation of bismuth/oxygen vacancies. These vacancies have been identiϐied as potential 

sources of dielectric anomalies in several studies ሾ184,185ሿ. 
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Figure III.10 : Temperature variation of dielectric constant ሺε’ሻ and loss factor ሺtan ሺδሻሻ of 

Bi25Fe1-xAlxO40 at different frequencies. 

4.3. Study of the electrical conductivity 

Figure III.11 ሺaሻ gives the variation of AC conductivity of Bi25Fe1-xAlxO40                          

ሺx ൌ 0, 0.2, 0.5ሻ sillenite systems as a function of the applied electric ϐield frequency at 

various temperatures. The AC electrical conductivity has been calculated based on the 

equation: 

𝜎 ൌ 2𝜋𝑓𝜀ᇱ𝜀଴tan ሺδሻ ሺIII.2ሻ

where f is the frequency of the applied ϐield, and εo is the dielectric permittivity in a 

vacuum. All the samples display an increasing trend in the AC conductivity curve relative 

to the increase of the charge carrier transfer rate between different localized sites along 

with increasing frequency. Generally, the total conductivity is expressed as the sum of two 

components: namely the frequency-independent DC conductivity part ሺσDCሻ and the 
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dispersive AC conductivity one ሺσACሻ. This type of frequency dependence can be explained 

by Jonsher’s Power law, governed by the equation: 

𝜎ሺ𝜔ሻ ൌ 𝜎஽஼ ൅ 𝜎஺஼ሺωሻ ൌ 𝜎஽஼ ൅ Aωௌ ሺIII.3ሻ

Here ω ൌ 2πf is the angular frequency, and A is a constant having the units of conductivity. 

The exponent s reϐlects the correlation degree in the system and takes a zero value in the 

case of random hopping, while it goes to one as the correlation in the system increases. 

Besides, there are two distinct cases according to Funke ሾ186ሿ: if s ൐ 1, the charge carrier 

hopping occurs between adjacent sites, whereas if s ൏ 1, the electron hopping is 

associated with a sudden hopping motion. 

 

Figure III.11 : Logarithm plot of a.c conductivity versus frequency for ሺaሻ Bi25FeO40, ሺbሻ 

Bi25Fe0.2Al0.8O40, ሺcሻ Bi25Fe0,5Al0,5O40 samples. ሺdሻ depicts the temperature dependence of 

the exponents for the various compositions. 

Different conduction mechanism theoretical models were developed to describe the 

conduction mechanism in the materials, depending on the temperature evolution of the 
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exponent s, correlated barrier hopping model ሺCBHሻ, quantum mechanical tunneling 

ሺQMTሻ, overlapping large polaron tunneling ሺOLPTሻ, and small polaron hopping tunneling 

ሺSPTሻ are the various theoretical models. Here, in Figure III.11 ሺaሻ as the DC conductivity 

part ሺσDCሻ is mainly not present for all compositions, the conductivity component σACሺωሻ 

can be described using the equation: 

𝜎ሺ𝜔ሻ ൌ 𝜎஺஼ሺωሻ ൌ Aωௌ ሺIII.4ሻ

The s values obtained from the slope of the logሺσACሻ versus logሺωሻ plot are 

represented in Figure III.11 ሺdሻ. The inverse dependence of the s parameter on the 

temperature indicates that the correlated barrier hopping model is predominant for all 

compositions. Besides, the exponent ሺsሻ inferiority to unity indicates that the conduction 

mechanism is produced by sudden hopping. These results indicate that substitution with 

aluminium does not affect the conduction mechanism of the Bi25FeO40 system within the 

range of the realized substitution. 

 

Figure III.12 : Evolution of the logሺσacሻ versus ሺ1000/Tሻ of Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, 

and 0.50ሻ at a frequency of 10 kHz. 
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Another parameter that can be calculated to evaluate the conduction mechanism, is 

the activation energies Ea. The activation energies of the sillenite compounds can be 

calculated from the slope of the log𝜎௔௖ vs 1000/T curve as follows ሾ187ሿ: 

𝜎 ൌ 𝜎଴𝑒
ாೌ

௞ಳ் ሺIII.5ሻ

where kB and σ0 are the Boltzmann constant and the conductivity at inϐinite temperature. 

Figure III.12 presents the inverse temperature ሺ1000/Tሻ dependence on the conductivity. 

The ϐigure presented in Figure III.12 demonstrates the presence of two areas of 

conduction in the three synthesized compounds. The intersection temperature of these 

areas was found to be 639, 652, and 645 K for x ൌ 0.00, 0.20, and 0.50, respectively. This 

is attributed to the phenomenon evidenced previously through both dielectric and 

thermal analysis. The activation energies for the ϐirst conduction domain were calculated 

to be 0.19, 0.22, and 0.21 eV, for x ൌ 0.00, 0.20, and 0.50, respectively. Additionally, the 

activation energies for the second domain of conduction were found to be 0.78, 0.73, and 

1.24 eV, for x ൌ 0.00, 0.20, and 0.50, respectively. The signiϐicant difference between the 

values of the two areas indicates a change in the conduction mechanism between low and 

high temperatures. The activation energy values in the second region ሺ0.70–1.25 eVሻ 

suggest that the conduction process is governed by the motion of oxygen vacancies at high 

temperatures ሾ188ሿ. 

4.4. Analysis by impedance spectroscopy 

Figure III.13 ሺሺaሻ, ሺbሻ, and cሻ illustrate the variation of the real impedance part ሺZ′ሻ 

of the Bi25Fe1-xAlxO40 samples with frequency at various temperatures. The obtained 

curves demonstrate a frequency dispersion that merges at higher frequencies, resulting 

in a steady range indicative of a space charge release. The delay in the relaxation process 

induces the dispersive trend at low frequencies that may be related to space charges. 

Besides, the temperature dependence of Z′ is related to the high-temperature 

characteristics of semiconductors, as evident from both positive temperature of resistance 

coefϐicient ሺPTCRሻ and negative temperature of resistance coefϐicient ሺNTCRሻ features 

present in these materials. The imaginary impedance part ሺ-Z”ሻ is given in Figure III.13 

ሺሺdሻ, ሺeሻ, and ሺfሻሻ. 
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Figure III.13 : Frequency and temperature dependence of ሺa,b,cሻ real part ሺZ′ሻ and ሺd,e,fሻ 

imaginary part ሺZ′′ሻ of complex impedance of Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, 0.50ሻ selenite 

materials. 

The obtained results indicate that the imaginary part shows a higher value at low 

frequencies, before diminishing and merging in the high-frequency region. One can also 

observe that Z" variation represents a step-like anomaly at high temperatures for the 

Bi25Fe0.80Al0.20O40 pattern. The absence of this trend for the other curves is likely 

attributed to the fact that the peak maxima move towards frequencies below the 

investigated frequency range. This seems to point to the onset of a thermally activated 
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relaxation with distributed relaxation times. Furthermore, the merging of the -Z′′ curves 

in the high-frequency region for all compounds is evidence of the increase in electrical 

conductivity along with the increase in temperature, driven by the release of space charge 

and the lowering of the barrier properties of these selenite materials ሾ189ሿ. 

5. Magnetic study of Al/Fe-sillenites 

Magnetization measurements were performed using a SQUID MPMS3 

magnetometer under an applied magnetic ϐield of 100 Oe and 2000 Oe over the 

temperature range ሾ2 K–400 Kሿ. Likewise, the hysteresis curves were recorded at 10 K and 

300 K with a maximum applied ϐield of 4T. 

5.1. Thermal evolution of the magnetization and the inverse of the susceptibility 

Figure III.14 ሺሺaሻ and ሺbሻሻ represent the zero-ϐield cooled ሺZFCሻ and ϐield cooled ሺFCሻ 

magnetization as a function of the temperature ranging from 100 to 400 K under an 

external magnetic ϐield of ሺaሻ 0.01 T, and ሺbሻ 0.2 T, for the studied sillenite materials. 

Figure III.14 ሺcሻ describes the invers of the magnetic susceptibility χ-1 as a function of T. 

This is giving a better view of the transition mentioned in the magnetization versus 

temperature ሺFigure III.14 ሺaሻሻ. The magnetic susceptibility dependent on the Curie-

Weiss law at high temperatures and deϐined following the above equation ሾ190ሿ: 

𝜒 ൌ
𝐶

𝑇 ൅ 𝜃஼ௐ

ሺIII.6ሻ

where C, θCW are the Curie constant and Curie–Wiess constant, respectively. 

Figure III.14 ሺaሻ shows the presence of an antiferro–paramagnetic transition for 

both Bi24FeO40 and Bi24Fe0.80Al0.20O40 compounds However, the absence of any anomalous 

behavior for the half-doped sillenite indicates the paramagnetic behavior of this 

compound in the investigated temperature range. Furthermore, the obtained results 

indicate the paramagnetic behavior of these materials under a higher applied magnetic 

field of 0.2 T ሺFigure III.14ሺbሻሻ.  
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Figure III.14 : Temperature dependence of the zero-ϐield cooled ሺZFCሻ and ϐield cooled 

ሺFCሻ magnetization of Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, and 0.50ሻ measured under a 

magnetic ϐield of ሺaሻ 100 Oe and ሺbሻ 2000 Oe. ሺcሻ represents the inverse of magnetic 

susceptibility χെ1 as a function of T under 100 Oe, for x ൌ 0.00, 0.20, and 0.50. 

The Curie–Wiess constant θCW take values of –150 K and –182 K for x ൌ 0.00 and 

0.20, respectively. The negative sign points on the prevalence of antiferromagnetic 

interactions, with TN take values of 268 K and 265 K for x ൌ 0.00 and 0.20, respectively. 

The Curie constant can be calculated using the following formula. 

𝐶 ൌ
𝑁஺𝑔ଶ𝜇஻

ଶ 𝑆ሺ𝑆 ൅ 1ሻ
3𝐾஻

ሺIII.7ሻ

where NA, kB, g, µB, and S are the Avogadro number, the Boltzmann constant, the g-factor, 

the Bohr magneton, and the spin values of the considered compounds, respectively. The 

calculated Curie constant was found to be 9.18 10–8 m3.K.molെ1, 9.10 10-10 m3.K.molെ1, for 

x ൌ 0.00 and 0.20, respectively. The obtained value for the substituted one is smaller than 
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that calculated for the pristine compound, due to the low interaction between Fe–Fe. Thus 

this value is approximately close to the results obtained for iron-sillenite ሾ16ሿ.  

Although the effective magnetic moment is deϐined as follow,   

𝜇௘௙௙ ൌ 𝑔 ඥ𝑆ሺ𝑆 ൅ 1ሻ𝜇஻
ሺIII.8ሻ

The effective magnetic moments were calculated from the Curie constant, using 

equations ሺ6ሻ and ሺ7ሻ. The calculated values of effective magnetic moments are 6.37 μB 

and 3.51 μB for x ൌ 0.00 and 0.20, respectively. The calculated effective magnetic moment 

for x ൌ 0.20 is found to be smaller than that calculated for the pristine compound. Thus, 

this value is lower than the theoretical value for Fe3൅ ions in high-spin state 5.92 μB 

ሾ16,191ሿ. This is due to the substitution effect of non-magnetic Al3൅ at Fe3൅–sites on the 

magnetic properties, which declines the superexchange Feሺd5ሻ–O–Bi–O–Bi–O–Feሺd5ሻ 

interactions. 

The slight increase in the magnetization found at this ordering temperature for the 

pristine material can be assigned to a weak ferromagnetic component  due to the 

antisymmetric Dzyaloshinskii-Moriya interaction ሾ192,193ሿ. The observed 

antiferromagnetic interactions are the result of the superexchange Feሺd5ሻ–O–Bi–O–Bi–O–

Feሺd5ሻ interactions. 

5.2. Hysteresis cycle measurements 

Hysteresis cycles were measured to verify the presence of the mechanism 

highlighted above and to better understand the magnetic behavior of this compound. As 

an example, the variation of the magnetization Iron-sillenite compound, recorded at 10K 

and 300 K and plotted in Figure III.15ሺሺaሻ, ሺbሻ, and ሺcሻሻ. 

These ϐindings are asserted the noticed phenomena in Figure III.14. Indeed, the 

recorded curves at 10 K for the studied materials shown a clear hysteresis loop, with 

negligible coercive ϐields of Hc ൌ 36, 34, and 33 Oe and remnant magnetizations ሺMrሻ of 

about 2.45 10-6, 1.66 10-6, and 8.99 10-7 emu.g-1, for x ൌ 0.00, 0.20, and 0.50, respectively. 

The linear curve observed at room temperature asserts the paramagnetic behavior of the 

studied materials. Moreover, the magnetization versus the magnetic ϐield does not reach 

saturation even at 4T for all compounds. It can be concluded that Aluminium substitution 

has no effect on the hysteresis loop behavior of iron-sillenite. However, it becomes 
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paramagnetic at low temperature after the substitution of 50% Al2O3. These results are 

consistent with previous reports, revealing the weak ferromagnetic behaviour of iron-

sillenite with a coercivity of 10 Oe and 50 Oe ሾ36,73ሿ. 
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Figure III.15 : Magnetization ሺMሻ versus applied magnetic ϐield ሺHሻ measured at 10 and 

300 K for Bi25Fe1-xAlxO40, for ሺaሻ x ൌ 0.00, ሺbሻ x ൌ 0.20, and ሺcሻ x ൌ 0.50. ሺd–hሻ and ሺe–iሻ 

give the zoom view of the magnetic hysteresis loops for x ൌ 0.00, 0.20, and 0.50, at 10 K 

and 300 K, respectively. 

6. Optical characterization of Al/Fe-sillenites 

The optical band gap of γ-Bi25FeO40 material was determined based on optical 

reϐlectance measurements. That recorded at room temperature by means of a Specord 

®210 Plus–Analytik Jena UV-Visible spectrometer, equipped with a 150 mm ILN-925 

integrating sphere. 

The optical absorption coefϐicient ሺαሻ is calculated from the reϐlectance data 

according to the Kubelka-Munk equation ሾ125ሿ: 

𝐹ሺ𝑅ሻ ൌ 𝛼 ൌ
ሺ1 െ 𝑅ሻଶ

2𝑅
ሺIII.9ሻ

where R is the diffuse reϐlectance and FሺRሻ is the Kubelka-Munk function.The optical band 

gap energy is calculated based on Tauc’s equation ሾ194ሿ: 

ሺ𝛼ℎ𝜈ሻ ൌ 𝐴ሺℎ𝜈 െ 𝐸௚ሻ௡ ሺIII.10ሻ

where hυ is the photon energy, A is a constant of proportionality depending on the 

nature of the material, and n is equal to 1/2 for a direct allowed transition or 2 for an 
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indirect one. The diffuse reϐlectance spectrum ሺDRSሻ and optical bandgap energy of γ-

Bi25FeO40 are illustrated in Figures III.16 ሺaሻ and ሺbሻ, respectively. 

From Figure III.16 ሺaሻ one can notice ϐive clear absorption bands, that shift to high 

wavenumber values with increasing of Al-substitution ratio. The ϐirst one located at 351 

nm is due to the d-d electron transition of Fe3൅ on tetrahedral sites ሺ6A1ሺ6Sሻ → 4T1ሺ4Pሻሻ 

ሾ195,196ሿ. In addition to that, it is attributed to the 1S0→3P1 electronic transitions of Bi3൅ 

ሾ199,200ሿ. The second and the third ones observed at about 474 nm 640 nm, respectively. 

Moreover, the second one is due to the ligand-ϐield transitions of Fe3൅ cations from ligand 

to metal ሾ199ሿ. Besides to 3P1→1S0 electronic transitions of Bi3൅ on the octahedral site 

ሾ198,200ሿ. The latest bands situated at 624, 825, and 852 nm is assigned to the d-d 

ሺ6A1ሺ6Sሻ→4T2ሺ4Pሻሻ transition of Fe3൅ cations ሾ199,201ሿ. 

 

Figure III.16: ሺaሻ Diffuse reϐlectance spectrum measured at 300 K and ሺbሻ Tauc plot of 

Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, and x ൌ 0.50ሻ compounds. 

The studied materials exhibit a direct band gap with energies of 2.02, 2.09, and 2.11 

eV, in accordance with the literature ሾ16,66ሿ. The increasing behavior of band gap energies 

as a function of the substitution ratio is due to the dielectric behavior of aluminium. 

Moreover, previous works reported the dielectric behavior of Al2O3 with a direct band gap 

of about 4.90 eV, which decreases to 3.40 eV with a Bi2O3 addition of 3%, and asserted 

their photocatalytic activities ሾ180ሿ. Furthermore, the narrow band gap energies and the 

high absorption bands in the visible area of Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, and x ൌ 0.50ሻ, 

provide them to be promising candidate for the photodegradation of pollution and 

colorants. 
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7. Conclusions 

In this chapter, we presented the experimental investigation of New Sillenite 

materials Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, and x ൌ 0.50ሻ powders. The ϐirst section of this 

chapter was devoted to the description of the synthesis method of Bi25FeO40, followed by 

structural study, that achieved via the XRD pattern, SEM, FT-IR, and Raman analysis. 

Bi25Fe1-xAlxO40 ሺx ൌ 0.00, 0.20, and x ൌ 0.50ሻ were synthesized using the conventional 

solid–state reaction process. The recorded XRD patterns show that these sillenite 

materials crystallize in a body-centered cubic structure ሺI23 space groupሻ. The decrease 

of the cell parameters as a function of the substitution ratio is explained based on the 

relative difference in ionic radii of Al3൅ and Fe3൅ ions. SEM morphological analysis reveals 

the formation of irregular agglomerated grains with a decrease in grain size when 

increasing the Al-doping rate. The insertion of Al in the sillenite matrix and its effect on 

vibrational properties have been highlighted and discussed through Raman and FT–IR 

spectroscopies. The DSC analysis highlighted the occurrence of various phenomena 

related to the onset of structural transitions and dielectric features. The frequency and 

temperature dependent dielectric behavior have been studied. The frequency dependence 

of electrical conductivity is analyzed using Jonscher's law, and the conductivity process is 

conϐirmed by the correlated barrier hoping mechanism. Besides, the temperature 

dependence of electrical conductivity allows the estimation of activation energies and 

suggests that the conduction process is governed by the motion of oxygen vacancies at 

high temperatures. The impedance spectroscopy results conϐirm the appearance of the 

relaxation phenomenon in these samples exhibiting semiconductor behavior with both 

positive temperature of resistance coefϐicient ሺPTCRሻ and negative temperature of 

resistance coefϐicient ሺNTCRሻ. The temperature dependence of ZFC, FC magnetization, and 

the inverse of the magnetic susceptibility highlight the antiferromagnetic behavior below 

TN of about 268 and 265 K, for x ൌ 0.00 and 0.20, respectively. Bi25Fe0.50Al0.50O40 sample 

shows paramagnetic behavior. These results are claimed using the M–H hysteresis 

measurements and the negative value of the Weiss constant ሺθCW ሺx ൌ 0.00ሻ ൌ –150 K and 

θCW ሺx ൌ 0.20ሻ ൌ –182 Kሻ. The narrow bandgap and the high absorption in the UV and 

visible ranges make these materials suitable candidates for photocatalysis applications. 

For more understanding the mechanism of pollution degradation using the photocatalytic 

application, we will implement a theoretical study of Bi25FeO40 ሺChapter IVሻ. 
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To better understand and compare the obtained physicochemical properties of the 

studied compound which were calculated and measured experimentally, we will describe 

the theoretical investigation of iron-sillenite. The ϐirst section is devoted to the description 

of the computational method used for the simulation of Bi25FeO40, followed by the 

structural properties and the magnetic stability of Bi25FeO40, which will be discussed in 

the second section. Then, the electronic and optical properties of the studied compound 

will be described in sections three and four, respectively. The photocatalytic properties 

ሺPECሻ will be studied with and without pH effect and described in the section 6. The 

electrical and the magnetic properties will be presented in the latest sections. 

1. Computational method for calculation of iron-sillenite Bi25FeO40 

1.1. Computational details   

To study the physicochemical properties of Bi25FeO40, we will use the Wien2k ሾ156ሿ 

and Quantum Espresso ሺQEሻ ሾ202ሿ packages. The structural property was performed 

using the Full-Potential Linearized Augmented Plane Wave method ሺFP-LAPWሻ ሾ155ሿ and 

realized in Wien2k package, using the non-magnetic structure. Furthermore, the magnetic 

stability, electronic properties, and the magnetic moments will be calculated via QE 

package, and the optical properties will be calculated using Yambo code ሾ203ሿ. The PEC 

properties will be calculated by the QE and Yambo codes. The BoltzTraP code based on 

the Boltzmann equations ሾ163ሿ, has been employed to determine the thermoelectric 

ሺTECሻ properties. The magnetic properties were calculated using the Monte-Carlo 

simulation ሺMCsሻ. 

The projector augmented wave pseudopotentials were used for the description of 

the electron-ion interactions. As well as a functional type Perdew-Burke Ernzerhof ሺPBEሻ 

exchange correlation nonlinear ሾ204ሿ, as it gives precise results that match the 

experimental data ሺChapter IIIሻ. The valence wave functions were expanded on a plane-

wave basis with cut-off energy of 65 Ry. The Brillouin zones of the unit cells are presented 

by a Monkhorst-pack special k-point scheme with 3ൈ6ൈ6 grid meshes and the atomic 

displacement distance of 0.01 Å. 

1.2. Monte-Carlo simulation 

The Monte-Carlo simulation ሺMCsሻ combined with the Metropolis algorithm were 

adopted ሾ205ሿ, to investigate the magnetic properties of iron-sillenite. The Hamiltonian 
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energy equation of the studied system, follows the Ising model, and described in the 

equation above:  

𝐻 ൌ  െ𝐽ଵ ෍ 𝑆௜

ழ௜,௝வ

𝑆௝ െ 𝐽ଶ ෍ 𝑆௜

ழ௜,௝வ

𝑆௝ െ ∆ ෍ 𝑆௜
ଶ

௜

െ ℎ ෍ 𝑆௜

௜
ሺIV.1ሻ

where; ൏i,j൐, J1, J2, Δ, and h, represent the close neighbours, the magnetic exchange 

couplings between the ϐirst nearest neighbours and the second ones of the Fe atoms, the 

crystal ϐield, and the external magnetic ϐield applied on all system sites, respectively. The 

magnetic properties are calculated using unit cell of 32ൈ32ൈ32. 

The iron spins ሺSiሺFeሻሻ take values equal to േ2, േ 1, and 0. The applied Metropolis 

algorithm is applied to impose the cyclic boundary conditions on the lattice and create 

conϐigurations by crossing consecutively over the lattice and doing single-spin-ϐlip tries. 

The ϐlip of spin is selected depending on the difference of energy between the studied spin 

and its neighbors. The spin will ϐlip directly if the difference in energy is negative. 

Otherwise, it will ϐlip if the number chosen randomly is smaller than the Boltzmann 

factor 𝑒ିஒୌ. At 105 MCs ሺMonte Carlo stepsሻ per spin, the data was generated by rejecting 

the ϐirst 104 Monte Carlo steps. Various iterations were performed to reach thermal 

equilibrium, followed by further iterations conducted to investigate some physical 

parameters such as magnetization and magnetic susceptibility. 

2. Structural properties and magnetic stability of iron-sillenite Bi25FeO40 

2.1. Structural properties  

To study the structural properties of iron-sillenite ሺFigure IV.1ሻ, we start with the 

optimization of the crystalline structure of Bi25FeO40 ሺFigure IV.2ሻ. The structural 

optimization was achieved using a non-magnetic structure, to obtain the optimal lattice 

parameters that correspond to the equilibrium state of the system. For this reason, we 

computed the total energy as a function of the unit cell volume as shown in Figure IV.2. 

Murnaghan’s equation ሾ206ሿ was used to ϐit the obtained data and determine the 

equilibrium cell volume and lattice parameters, V ൌ 1082.07 ሺ6ሻ Å3 and a ൌ 10.26 ሺ1ሻ Å, 

respectively. The obtained results are in good agreement with the previous experimental 

values  ሾ68ሿ and with the afϐined cell parameters mentioned in chapter III ሺSection 2.1ሻ. 

These correspond to a unit cell volume 0.60% larger than that reported at room 

temperature, as determined through previous works ሾ16,18,68ሿ. 
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Figure IV.1: Illustration of the crystalline structure of Bi25FeO40 ሾ16,18,68ሿ. 

 

Figure IV.2: The unit cell volume depends on the total energy of Bi25FeO40. 

It is obvious that there is an increase in the theoretical volumes is expected since the 

GGA tends to expand lattice constants in comparison with the experimental values. 

Therefore, we used the optimized lattice parameters for the rest of our theoretical 

calculations. 
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2.2. Magnetic stability  

The structural magnetic stability has been performed by calculating the total energy 

as a function of three different magnetic conϐigurations, as presented in Figure IV.3 ሺFM, 

AFM1, and AFM2ሻ, using a 2ൈ1ൈ1 supercell ሺ132 atomsሻ. The most stable magnetic 

structure is the AFM2. The obtained results agreed well with the ϐindings in magnetic 

properties measured experimentally and presented in Chapter III.6. For this reason, we 

will continue our investigation with the selected antiferromagnetic structure ሺAFM2ሻ. 

 

Figure IV.3: Magnetic conϐigurations used for the exchange coupling calculation of 

Bi25FeO40 in; ሺaሻ FM, ሺbሻ AFM1, ሺcሻ AFM2. The magnetic couplings in Bi25FeO40 ሺmade with 

Vesta software ሾ207ሿሻ are presented in ሺdሻ. 

3. Electronic properties of iron-sillenite Bi25FeO40 

To analysis the physical properties of the studied compound, the electronic band 

structure, and the density of states ሺDOSሻ will be implemented in this section, utilizing the 

QE due to the computational burden ሺ132 atomsሻ compared to the unit cell calculations 

ሺ66 atomsሻ. These allow to explore and understand the nature of the bonds formed 

between the different elements. The electronic properties of Bi25FeO40 are clariϐied 

employing the band structure ሺBSሻ and both total and partial density of states ሺTDOS and 

PDOSሻ calculated within optimized values. 
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3.1. Band structure calculation   

The band structure calculation is plotted in Figure IV.4. The Bi25FeO40 is found to 

present a p-type semiconducting with a direct bandgap along the Γ point. The electronic 

band gap energy is 1.87 eV.  

 

Figure IV.4: Band structure of iron-sillenite. 

3.2. Density of state calculation   

The origin of computed BS is further analyzed based on the investigation of the 

density of state plot ሺFigure IV.5ሻ. From Figure IV.5, one can notice a minor increase of the 

VB towards the Fermi level. This can be explained by the hybridization between Fe-3d and 

O3-2p orbitals forming tetrahedral coordination and a fewer mixing of Bi-6p and Bi-6s 

orbitals with O1-2p and O2-2p orbitals. Furthermore, the lowest energies of the VB as well 

as the conduction band are mainly occupied by the Fe-3d states. Moreover, the total and 

partial densities of iron-sillenite assert the p-type semiconducting behavior of iron-

sillenite, as mentioned before in previous section in this chapter ሺSection 3.1ሻ. 
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Figure IV.5: Total and partial DOS of iron-sillenite. 

4. Optical properties of iron-sillenite Bi25FeO40 

The optical properties were investigated via the calculation of the absorption 

coefϐicient αሺωሻ, reϐlectivity Rሺωሻ, transmittance Tሺωሻ, and the optical band gap energy 

Eg following ሾ100ሿ direction, due to the optical isotropy behavior which is attributed to the 

cubic symmetry of Bi25FeO40. Those parameters can be described following below 

equations: 

α ሺωሻ ൌ
2𝜋𝜔

𝐶
𝑘ሺ𝜔ሻ ሺIV.2ሻ

Rሺωሻ ൌ ฬ
1 െ nሺωሻ
1 ൅ 𝑛ሺωሻ

ฬ
ଶ

ሺIV.3ሻ

where, 𝑘ሺ𝜔ሻ and nሺωሻ are the extinction and the refractive index, respectively. Moreover, 

the transmittance ሺTሻ was calculated based on reϐlectivity ሺRሻ and absorption coefϐicient 

ሺAሻ using the following formula: 

A ൅ R ൅ T ൌ 100 % ሺIV.4ሻ

All these parameters are expressed in %. The extinction and the refractive indexes 

were calculated based on the real and imaginary parts of dielectric function ε1ሺωሻ and 

ε2ሺωሻ, respectively, following below equations: 
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The real part of the dielectric function ε1ሺωሻ describes the polarization of a medium 

crossed by a light beam of an energy hν. Although, the imaginary part ε2ሺωሻ depicts the 

absorption of a material. They are calculated via the Ehrenreich and Cohen formalism as 

follow: 

ε ሺωሻ ൌ 𝜀ଵሺωሻ ൅ i 𝜀ଶሺωሻ ሺIV.7ሻ

𝜀ଵሺωሻ  ൌ  1 ൅
2
𝜋

න
𝜀ଶሺωᇱሻωᇱ𝑑ωᇱ

ωᇱଶ െ 𝜔²

ஶ

଴

ሺIV.8ሻ

𝜀ଶ ሺ𝜔ሻ  ൌ  
4𝜋²𝑒²
𝑚²𝜔²

෍|൏ 𝑖|𝑀|𝑗 ൐|
௜,௝

ଶ
ൈ ൫𝑓௜ሺ1 െ 𝑓௜ሻ൯𝛿൫𝐸௙ െ 𝐸௜ െ ћ𝜔൯𝑑ଷ𝑘 ሺIV.9ሻ

where M represents the matrix elements for the transitions between the valence band and 

the conduction band, e and m are the charge and the mass of the electrons, respectively. ω 

represents the frequency of the incident photon, fi is the Fermi distribution function for 

the state, Ei the energy of the electron in the ith state, i and j are initial and ϐinal states, 

respectively. 

Figure IV.6 ሺሺaሻ and ሺbሻሻ presents the absorption coefϐicient and the variation of 

ሺFሺRሻ hυሻ1/2 as a function of hν, respectively. From the absorption coefϐicient plot of iron-

sillenite ሺFigure IV.6 ሺaሻሻ is low in the region from 0.00 to 2.00 eV, and the absorption 

process starts from 1.63 eV. The optical band gap energy is calculated using the 

straightforward extrapolation method ሾ208ሿ. As a results, the value of the band gap energy 

is 2.38 eV. These ϐindings are closed to the value presented in Chapter III ሺSection 7ሻ, and 

results given by Sun et al. ሾ74ሿ, Senuliene et al.  ሾ209ሿ, Kargin and Skorikov ሾ210ሿ, and 

Zhang et al. ሾ42ሿ. On the other hand, band gap values between 1.68 eV and 2.00 eV were 

also reported in previous frameworks ሾ17,66,74ሿ. The wide-ranging variation of the 

optical band gap is probably caused by different methods to determine the band gap 

energy ሾ211ሿ, different syntheses and/or different particle sizes. The obtained optical 

features allow the Bi25FeO40 compound to be considered a good coating material and a 

potential candidate for Dye-Sensitized Solar Cells applications ሺDSSCሻ ሾ23,24ሿ. 
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Figure IV.6: aሻ Absorption coefϐicient of iron-sillenite and bሻ variation of ሺAbs ൈhυሻ2, of 

iron-sillenite as function of hυ. 

The simulated compound displays a good absorption of about 78.00%                          

ሺ1.35 106 cm-1ሻ in the UV range till reaching a value of 27.00 % ሺ4.57 105 cm-1ሻ at a 

wavenumber of 345 nm. It exhibits a weak absorption in the visible range 11.00%               

ሺ1.20 105 cm-1ሻ. While the reϐlectivity begins with the value of 73.00%, then decreases to 

reach a value of 54.00% at a wavenumber of 447 nm ሺVisible rangeሻ. Further, the 

reϐlectivity of iron-selenite, stabilized in a ratio of 47.00 % in the IR area. Bi25FeO40 shows 

low transmittance in the UV, then increases to a ratio ranging from 36.00% to 53.00% in 
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the visible region and stabilizes in the IR region below 57.00%. The obtained optical 

properties allow the Bi25FeO40 compound to be considered as a good coating material. 

 

Figure IV.7: Absorption coefϐicient ሺAሻ, reϐlectivity ሺRሻ and transmittance ሺTሻ evolution as 

function of wave number of iron-sillenite. 

5. Photocatalytic properties of iron-sillenite Bi25FeO40 

Among the photocatalysis application characteristic parameters, the optical band 

gap energy, and the valence band maxima ሺVBMሻ as well as the conduction band minima 

ሺCBMሻ edges, are considered as typical parameters for photocatalysis application. These 

parameters play a signiϐicant roles in the redox reactions in the electrolyte system ሾ25ሿ. 

For this purpose, we have investigated the improvement of photocatalytic properties of 

irons-sillenite under pH effect ሺpH varying from 0 to 14ሻ. 

5.1. Photocatalytic properties of Bi25FeO40 without pH effect 

The band-edge potential levels of Bi25FeO40 photocatalysis without pH effect, are 

identiϐied by using the well-known Mulliken electronegativity theory ሾ44ሿ. The value of 

valence band maxima ሺVBሻ and conduction band minima ሺCBሻ energies can be calculated 

using the following equations: 

𝐸௏஻
଴ ൌ χୣ െ E଴ ൅ 0.5𝐸௚ ሺIV.10ሻ

𝐸஼஻
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଴ െ 𝐸௚ ሺIV.11ሻ

where, 𝐸௏஻
଴  and 𝐸஼஻

଴  are the valence band and the conduction band edge potential at pH ൌ 

0, respectively. χe is the absolute electronegativity of a semiconductor, and take value of 
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6.24 for Bi25FeO40, and E0 is the energy of free electrons on the hydrogen scale ሺE0 ൌ 4.5eVሻ 

ሾ25ሿ. The calculated band gap energy ሺEgሻ of the studied compound is 2.16 eV. 

The electrons and holes effective masses ሺ𝑚௛
∗  and 𝑚௘

∗ሻ at the band edges of the 

studied compound, were calculated based on their k-vector band structures, which were 

obtained from the ϐirst-principale calculation DFT/GGA-PBE method, using the following 

expression:  

൬
1

𝑚∗൰
௜,௝

ൌ  
1

ℏଶ

𝜕ଶ𝐸௡ሺ𝑘ሻ
𝜕𝑘௜𝑘௝

ሺ𝑖, 𝑗 ൌ 𝑥, 𝑦, 𝑧ሻ, ሺIV.12ሻ

where i and j represent reciprocal components and Eሺkሻ is the dispersion relation for the 

n-band. The values of these effective masses are presented in Table IV.1. 

The relative effective mass ratio ሺDሻ of photogenerated electrons and holes was 

calculated to estimate the charge separation efϐiciency ሾ11ሿ. This parameter playing a 

signiϐicant role in photocatalysis and can be evaluated via the following formula: 

D ൌ  𝑚௛
∗ ሺm଴ሻ / 𝑚௘

∗ሺm଴ሻ ሺIV.13ሻ

Generally, a higher D value implies a higher probability of photo-induced electron-

hole pairs separation, thereby a lower recombination rate to promote the photocatalytic 

activity. The relative ratio of effective mass is greater than unity ሺTable IV.1ሻ, highlighting 

the reduction of generation recombination of electron-hole pairs, afϐirm the high 

performance of Iron-sillenite in the PEC application ሾ79ሿ. These results are found to be 

better than that reported for SrTiO3 ሺ2.17ሻ, NaTaO3 ሺ2.29ሻ, and KTaO3 ሺ2.25ሻ, considered 

as the most promising candidates for environmental remediation and solar energy 

conversion ሾ11ሿ. 

Table IV.1: Carrier effective masses and the 
relative ratio ሺDሻ of the effective masses 

𝑚௛
∗ ሺm0ሻ 𝑚௘

∗ሺm0ሻ D

14.12 6.15 2.30
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Adding to the high absorption in the UV and visible range, narrow band gap energy, 

and the high value of the relative ratio of effective masses of Bi25FeO40. The photocatalytic 

reaction mechanism has been investigated to allow further comprehension of the 

mechanism of dyes photodegradation and/or water treatment using Bi25FeO40 as a 

catalyst. 

The photocatalytic reaction mechanism is shown in Figure IV.8. When the incident 

photon is equal to or greater than the bandgap energy of Iron-Sillenite, the electrons gain 

energy. As a result, these electrons transfer from the valence band ሺVBሻ to the conduction 

one ሺCBሻ, generating holes ሺh൅ሻ in the VB and electrons ሺe-ሻ in the CB. According to the 

NHE ሺnormal hydrogen electrodeሻ, the CB and VB edge potentials of Bi25FeO40 are 

calculated and take values of 0.66 eV and 2.82 eV, respectively. Consequently, the 

photoinduced holes in the valence band can oxidize water ሺH2Oሻ and generate hydroxyl 

radicals O2, H2O2, and O3. These radicals can reduce, decompose, and/or remediate the 

organic pollutants, dye molecules  and dyes under solar UV, or visible light irradiation 

ሾ5,7,46ሿ. 

The photocatalytic mechanism of the studied compound can be described as follow.  

4Hା ൅ 𝑂ଶ ൅ 4𝑒ି → 2𝐻ଶ𝑂 ሺIV.14ሻ

𝐻ଶ𝑂ଶ ൅ 2Hା ൅ 2𝑒ି → 2𝐻ଶ𝑂 ሺIV.15ሻ

𝑂ଷ ൅ 2Hା ൅ 2𝑒ି → 𝑂ଶ ൅ 𝐻ଶ𝑂 ሺIV.16ሻ

 

Figure IV.8: Schematic illustration for the calculated energy band diagram of Bi25FeO40 for 
the photocatalytic property without pH effect ሺpH ൌ 0ሻ. 
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5.2. Photocatalytic properties of Bi25FeO40 under pH effect 

In this section we will study the effect of pH on the photocatalytic mechanisms since 

it is based on the separation of water. And the water splitting process is widely affecting 

by the pH of the solutions. By variation of the solution pH, the conduction and valence 

band edges can be calculated as follows ሾ212ሿ:  

𝐸௏஻
௣ு ൌ  𝐸௏஻

଴ െ 0.05911 ൈ ሺ𝑝𝐻 െ 𝑝𝐻௣௭௖ሻ ሺIV.18ሻ

𝐸஼஻
௣ு ൌ 𝐸௏஻

௣ு െ 𝐸௚ ሺIV.19ሻ

where pHpzc is the pH value at the point of zero charge ሺpHpzc ൌ 0ሻ. 

Table IV.2: Effect of pH on the band-edge potential levels of Bi25FeO40. 

pH 0 1 2 3 4 5 6 7 

EVB 2.82 2.76 2.70 2.64 2.58 2.53 2.46 2.41 

ECB 0.66 0.60 0.54 0.48 0.42 0.37 0.3 0.25 

pH 8 9 10 11 12 13 14 

EVB 2.35 2.29 2.23 2.17 2.11 2.05 1.99 

ECB 0.19 0.13 0.07 0.01 -0.06 -0.11 -0.17 

From Figure Table IV.2 and Figure IV.9, one can notice the shift of CB and VB edges 

towards up along with the variation of pH values from 0 to 14. These results allow the 

studied compound to be applied for the  H2 production in solutions with pH of 11, 12, 13, 

and 14. This is due to CB edge becoming more negative than the reduction potential of 

H൅/H2ሺ 0 eV vs. NHEሻ, and the VBM potential should be more positive than the oxidation 

potential of O2/H2O ሺ1.23 eV vs. NHEሻ as it is illustrated in Figure IV.9. 

The process of hydrogen production via the photocatalytic water splitting is similar 

to the photodegradation mechanism. Otherwise, under illumination the photogenerated 

electron-hole pairs migrate to the surface of the photocatalyst, allowing the oxydo-

reduction reactions with the adsorbed water molecules in the active sites. Subsequently, 

the production of the dihydrogen H2 and di-oxygen O2, according to the equations below:  



Chapter IV. Theoretical investigation of iron-sillenite Bi25FeO40 : DFT and MCs                                 92

 

 
 

BiଶହFeOସ଴ ൅ ℎ𝜈 → BiଶହFeOସ଴ ൅ 𝑒ି ൅ ℎା ሺIV.20ሻ

2ℎା ൅ 𝐻ଶ𝑂 →
1
2

𝑂ଶ ൅ 2𝐻ା ሺIV.21ሻ

2𝐻ା ൅ 2𝑒ି → 𝐻ଶ ሺIV.22ሻ

𝐻ଶ𝑂 →
1
2

𝑂ଶ ൅ 𝐻ଶ ሺIV.23ሻ

Equations ሺIV.21ሻ and ሺIV.22ሻ express the half equation for oxidation and reduction, 

respectively. The overall equation for water splitting is given in the equation ሺIV.23ሻ.  

 

Figure IV.9: Schematic illustration for the photocatalytic mechanism diagram of Bi25FeO40 
under pH effect from 0 to 14. 

6. Electrical properties of iron-sillenite Bi25FeO40  

To more understand the effect of temperature on the electrical and thermoelectrical 

properties, we accomplish a theoretical investigation of the electrical conductivity, 

electrical resistivity, thermal conductivity, Seebeck coefϐicient, carrier mobility, constant 

relaxation-time, carrier concentration p ሾ213ሿ at various temperatures ሺ200, 300, 500, 

700, and 800 Kሻ dependent in relaxation time τ using the BoltzTrap code combined with 

the QE package ሾ163,202ሿ. The relaxation time τ values ሺTable IV.3ሻ were calculated using 

the ϐlowing formulas to evaluate the real value of the characterizes parameters of the 

transport properties ሾ214ሿ; 

τ ൌ
𝜎௘௫௣

ሺ𝜎 τ⁄ ሻ௧௛௘௢
ሺIV.24ሻ
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where τ is the relaxation time, 𝜎௘௫௣ is the experimental electrical conductivity 

determined by dielectric measurement ሺChapter IIIሻ and ሺ𝜎 τ⁄  ሻ௧௛௘௢ is the electrical 

conductivity divided by relaxation time calculated by the BoltzTraP package. 

The electrical resistivity was calculated based on the following equation: 

𝜌 ൌ 1/𝜎 ሺIV.25ሻ

Table IV.4 presents the relevant thermoelectric parameters. The Seebeck coefϐicient 

ሺSሻ indicates the predominant type of charge carrier. The negative sign indicates the 

predominance of electrons for which the compound is an N-type semiconductor, while the 

positive sign highlights the predominance of holes and thus the p-type semiconductor. 

Therefore, the positive sign of S for all temperatures indicates that Bi25FeO40 is a p-type 

semiconductor, as already mentioned through both BS and DOS studies. ሺSection 3.1 and 

Section 3.2ሻ. 

Table IV.3: Carrier mobility, constant relaxation-time, 

and the carrier concentration of iron-sillenite Bi25FeO40 

µp ሺm2.V-1.s-1ሻ τp ሺsሻ p ሺcm-3ሻ

3.00 10-11 2.41 10-21 1.79 1021

 

Table IV.4: Transport properties of iron-sillenite Bi25FeO40 calculated via 

PBE-GGA at various temperature. 

 200 300 500 700 800 

S ሺV.K-1ሻ 2.53 10-3 1.73 10-3 1.08 10-3 8.06 10-4 7.19 10-4 

σ ሺS.cm-1ሻ 3.32 10-13 4.57 10-9 1.00 10-5 2.76 10-4 7.85 10-4 

ρ ሺΩ.cmሻ 3.01 1012 2.19 108 1.01 105 3.62 103 1.27 103 

Kel ሺW.m-1.K-1ሻ 1.03 10-16 9.98 10-13 1.42 10-9 3.07 10-8 7.96 10-8 
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This semiconductor shows low electrical conductivities, high Seebeck coefϐicient 

values, and low thermal conductivities, and high resistivity. Furthermore, the ϐigure of 

merit decreases slightly as function of temperature. 

7. Magnetic properties of iron-sillenite Bi25FeO40 

Magnetic properties of Bi25FeO40 were implemented in this section, by means of the 

MCs combined with the Metropolis algorithm ሾ205ሿ. The magnetic anisotropy value of the 

studied compound is determined based on the calculation of the total energy difference 

relative to the ground state ΔE following the seven directions for Bi25FeO40. As a result, the 

easy magnetization of the c-axis is proven ሺTable IV.6ሻ. For this reason, we will adopt the 

discrete Ising-like model with an anisotropic factor for the magnetic investigation 

ሺEquation IV.1ሻ. 

The exchange-coupling parameters ሺJ1 and J2ሻ ሺFigure IV.3ሻ and the crystal ϐield ሺ∆ሻ 

are evaluated using the ϐirst-principal calculations at T ൌ 0 K following the equations: 

𝐽ଵ ൌ
𝐸஺ிெଷ െ 𝐸஺ிெଵ

𝑆௜𝑆௝𝑍ଵ
ሺIV.26ሻ

𝐽ଶ ൌ
𝐸஺ிெଷ െ 𝐸஺ிெଶ

𝑆௜𝑆௝𝑍ଶ
ሺIV.27ሻ

∆ ൌ
𝐸௔

∑ ሺ𝑆௜ሻଶ
௜

ሺIV.28ሻ

where, EAFM1, EAFM2, EAFM3, Ea, Z1, and Z2 are the energies of the antiferromagnetic 

conϐiguration types ሺTable IV.1ሻ, the magnetic anisotropic energy which is equal to the 

difference of the energy between the low and high energy positions, Z1 and Z2 represent 

the number of the ϐirst and second nearest neighbors ions for every sublattice ሺZ1 ൌ 8 and 

Z2 ൌ 6ሻ, respectively. The obtained value of the exchange-coupling interactions of the 

compound are J1 ൌ –1.656 meV, J2 ൌ –0.134 meV, and Δ ൌ –0.001 meV. 

The magnetic properties of Iron-Sillenite, including the magnetization μ and the 

magnetic susceptibility χ are calculated using the free boundary conditions. We will 

consider the average size of the nanoparticles ranging from 8.21 nm to 36.94 nm is 

corresponding to unit cells ranging from L ൌ 8 to L ൌ 36, where the nanoparticle size is 

the product of the lattice constant a ൌ 10.26 Å and the ϐinite size system L ሺFigure IV.10ሻ. 
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The total magnetization, the magnetic susceptibility, and the speciϐic heat are 

described as follows: 

𝑀 ൌ
1
𝑁

෍ 𝑆௜

ே

௜ୀଵ

ሺIV.29ሻ

𝜒 ൌ  
1

𝐾஻𝑇
ሺ൏ 𝑚ଶ ൐ െ൏ 𝑚 ൐ଶሻ ሺIV.30ሻ

where, KB is the Boltzmann constant, and T is the temperature. From Figure IV.11, one can 

notice that the total magnetization starts with null value of the magnetization. Then, the 

magnetization curve increases till reaches a maximum, corresponding to the 

antiferromagnetic-paramagnetic transition. This is asserted via the magnetic 

susceptibility plot. From Figure IV.10 ሺሺaሻ and ሺbሻሻ, one can notice that the magnetization 

and the magnetic susceptibility curves stabilize for L ൌ 32. Otherwise, the magnetic 

susceptibility increases as a function of temperature and then decreases after crossing 

over the TN ൌ 255K, which corresponds to the maximum susceptibility χMax. This feature 

is attributed to the antiferromagnetic–paramagnetic phase transition ሺFigure IV.11ሻ. 

Table IV.5: Total energy difference relative to the 
ground state ΔE following the seven directions for 
Bi25FeO40. 

Directions ΔE ሺJ/m3ሻ

ሺ100ሻ 0.1039 10-12

ሺ001ሻ -0.4644 10-13

ሺ010ሻ -0.1303 10-12

ሺ110ሻ 0.3908 10-12

ሺ011ሻ 0.5329 10-12

ሺ101ሻ 0.2771 10-12

ሺ111ሻ 0.4050 10-12
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The calculated total, atom-resolved magnetic moments, values of spin polarization 

for Bi25FeO40 calculated within the GGA–PBE approximations are shown in Table IV.7. One 

can observe from Table IV.7, that the largest contribution of the total magnetic moment 

comes from Fe atoms. This is due to the large exchange splitting between spin-up and spin-

down states of Iron atoms, with a week contribution of Bismuth and Oxygen elements ሺO1, 

O2 and O3ሻ. 

The total spin magnetic moment obtained from spin polarized calculations of 

Bi25FeO40 is approximately 0 μB, this value conϐirms the antiferromagnetic behaviour of 

the studied compound. Further, the calculated magnetic moment of Fe3൅ ions is about 3.84 

μB, which is less than the experimental effective magnetic moment of iron ሺ5.95 μB. mol-1, 

6.07 μB.mol-1, and 6.37 μBሻ ሾ16ሿ and only slightly different from the theoretical value of 

5.92 μB of free Fe3൅ ion in its high spin conϐiguration ሾ215ሿ. 

It can be also observed from Figures IV.10, that the magnetization is in good 

agreement with the corresponding spin-state calculated using the ϐirst principal 

calculation, especially at T ൌ 0 K ሺS ൌ 2; see Table IV.7ሻ. 

Moreover, the maximum of the magnetic susceptibility and magnetic-speciϐic heat 

peaks ሺFigure IV.11ሻ are detected at around Neel temperature of TN ൌ 255 K. These is in 

good agreement with experimental ϐinding, that mentioned in the previous chapter 

ሺChapter IIIሻ, asserting that Iron-Selenite exhibited a antiferromagnetic–paramagnetic 

phase transition at TN ൌ 268 K. Likewise, by Wu et al. ሾ216ሿ who prove that Iron-Sillenite 

exhibit a weak ferromagnetic behavior without mentioned the critical temperature of the 

studied compound. 

Table IV.6: Spin magnetic moments of iron-sillenite 
calculated via GGA-PBE. 

MBi MFe MO1 MO2 MO3 MCell 

0.0007 3.8400 0.0022 0.0001 0.0990 0.0000 
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Figure IV.10: Temperature dependents on ሺaሻ Magnetization and ሺbሻ magnetic 
susceptibility behaviour of the Bi25FeO40 for various system sizes, using Monte Carlo 
Simulation. 
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Figure IV.11: Temperature dependents on magnetization, susceptibility, and speciϐic heat 

behaviour of the Bi25FeO40 for L ൌ 32, using Monte–Carlo Simulation.  

8. Conclusions 

In this chapter, we conduct a theoretical investigation of the studied properties in 

the previous chapter for Iron-Sillenite Bi25FeO40 by means of DFT and MCs. The optimized 

cell parameters were agreed well with the obtained experimental results ሺChapter III. 

Section 2.1ሻ. The electronic properties indicate the p-type semiconducting of Bi25FeO40, 

with a direct band gap energy of 1.87 eV. The calculated optical band gap energy was found 

to be 2.38 eV. Furthermore, Iron-sillenite exhibits a good absorption in both regions, UV, 

and Visible areas. The presented optical properties reveal the possibility of using Iron-

sillenite as a good coating material in the UV and Visible regions, also for Dye-Sensitized 

Solar Cells applications ሺDSSCሻ. The magnetic moment and the exchange-coupling 

interactions of the Bi25FeO40 compound are calculated by the ϐirst principal calculations. 

The critical temperature of the Iron-Sillenite compound is determined from the magnetic 

susceptibility ሺTN ൌ 255Kሻ, in good agreement with the experimental value of 268 K 

ሺChapter III. Section 6.2ሻ.

0 50 100 150 200 250 300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0

M
ag

n
et

iz
at

io
n

, S
u

sc
ep

ti
b

ilt
y

T(K)

 /Max

 /Max

TN = 255 K



         99

 

25 40

 

  



Chapter V. Triaxial strain effect on the structural, electronic, magnetic, and electrical         100
properties of iron-sillenite Bi25FeO40         

 

 

 
 

In this chapter, we will investigate the triaxial strain effect on the structural, 

electronic, and electrical properties of Iron-Sillenite Bi25FeO40, preceding the same route 

of the previous chapter ሺChapter IVሻ. The computational details used for studying the 

strained Iron-Sillenite is presented in the ϐirst section, then the structural properties and 

magnetic properties will be presented in next section ሺSection 2ሻ. Afterward, the 

electronic properties will be described in the following sections ሺSection 3ሻ. Moreover, the 

triaxial effect on the electrical properties will be studied in the last section ሺSection 4ሻ. 

1. Computational details for calculation of the strained iron-sillenite 

The structural, electronic properties, and magnetic properties will be calculated 

using the QE package ሾ202ሿ. The thermoelectric properties will be calculated via the 

BoltzTraP code based on the Boltzmann equations ሾ163ሿ. 

The projector augmented wave pseudopotentials were used for the description of 

the electron-ion interactions. As well as a functional type Perdew-Burke Ernzerhof ሺPBEሻ 

exchange correlation nonlinear ሾ204ሿ. The valence wave functions were expanded on a 

plane-wave basis with cut-off energy of 65 Ry. The Brillouin zones of the unit cells are 

presented by a Monkhorst-pack special k-point scheme with 3ൈ6ൈ6 grid meshes and the 

atomic displacement distance of 0.01 Å. 

In this chapter, we will discuss the obtained results concerning the strain effect on 

the structural, electronic, magnetic, and electrical properties of Iron-Sillenite. The Strain 

effect will be applied from -3% to ൅3% along x, y, and z axis, and deϐined as follows: 

𝜀 ൌ
𝑎 െ 𝑎଴

𝑎଴
ൈ 100 % ሺV.1ሻ

where ε, a, and a0 are the strain ratio, lattice parameter of Iron-Sillenite with and without 

strain effect, respectively. Herein, the negative value of ε indicates the compressive strain, 

while the positive one implies the application of the tensile strain. 

2. Structural and the magnetic properties of the strained iron-sillenite 

2.1. Structural properties 

The structural properties of iron-sillenite under triaxial strain effect will be studied 

in this section. Bi25FeO40 adopts a cubic centred structure ሺI23, No. 197ሻ, in which Bi and 

Fe atoms are situated at ሺ0.1764; 0.3180; 0.0141ሻ and ሺ0.0000; 0.0000; 0.0000ሻ, 
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respectively, with an optimized cell parameters of a ൌ 10.26 Å ሾ16,68,219ሿ. Where Iron-

atoms forming tetrahedral coordination with oxygen atoms and Bismuth-atoms occupied 

octahedral positions ሾ68ሿ. Figure V.1 presents the crystalline structure of the Iron-Sillenite 

unit cell, the tetrahedral and octahedral coordination of iron and Bismuth atoms. The bond 

length Bi-O1, Bi-O2ሺiሻ, Bi-O2ሺiiሻ, Bi-O2ሺiiiሻ, Bi-O3, Bi-Bi, and Fe-O3 take values of 2.451, 

2.427, 2.052, 2.442, 3.796, and 1.894 Å, respectively ሺTable V.1ሻ. These parameters are in 

good agreements with the previous experimental results ሾ18ሿ.  

 

Figure V.1: Crystallin structure of iron-sillenite Bi25FeO40 ሾ16,18,68ሿ. 

Figure V.2 shows that after compressive strain along the x-axis, the bond length 

between the Bi-Bi atoms gradually increases until it reaches a ϐirst maximum at the 

unstressed compound. Then dBi-Bi decreases under ൅1% and continues to increase to the 

second maximum at ൅3% under a tensile effect along the x-axis. Otherwise, this parameter 

exhibits the same behavior under strain effect along y and z axis, which present a constant 

value under tensile and compressive effects ሺFigure V.2 and Table V.1ሻ. Furthermore, the 

other bond length; dBi-O1, dBi-O2ሺiሻ, dBi-O2ሺiiሻ, dBi-O2ሺiiiሻ, dBi-O3, dBi-Bi, and dFe-O3 shown the same 

behavior along the x-axis, they increase linearly with the increase of the deformation rate. 

Under strain effect along y-axis and z-axis, the bond length between Bi-O3 ad Fe-O3 

increase gradually with the strain ratio. Otherwise, the other bond lengths changed 

slightly or doesn’t affect, producing a symmetry breaking of the studied structure after a 

strain effect along the y and z axes as presented in the XRD patterns using the VESTA 

package ሺFigure V.3ሻ.  



Chapter V. Triaxial strain effect on the structural, electronic, magnetic, and electrical         102

properties of iron-sillenite Bi25FeO40        

 

Table V.1: Selected geometric parameters ሺÅሻ of Bi25FeO40 under triaxial strain. 

  Bi-O1 Bi-O2ሺiሻ Bi-O2ሺiiሻ Bi-O2ሺiiiሻ Bi-O3 Bi-Bi Fe-O3

 0% 2.451 2.427 2.052 2.442 2.451 3.796 1.894

 0% ሾ18ሿ 2.214 2.263 2.069 2.599 2.572 3.602 1.894

x-axis 

-3% 2.388 2.373 2.006 2.396 2.396 3.629 1.851

-2% 2.412 2.398 2.027 2.421 2.420 3.666 1.870

-1% 2.437 2.422 2.048 2.446 2.445 3.721 1.890

൅1% 2.486 2.471 2.089 2.495 2.495 3.779 1.928

൅2% 2.516 2.511 2.110 2.516 2.519 3.816 1.947

൅3% 2.535 2.544 2.131 2.520 2.544 3.853 1.966

y-axis 

-3% 2.443 2.418 2.068 2.418 2.459 3.741 1.890

-2% 2.449 2.428 2.068 2.435 2.462 3.741 1.896

-1% 2.455 2.437 2.068 2.453 2.466 3.741 1.902

൅1% 2.468 2.456 2.0684 2.488 2.474 3.741 1.915

൅2% 2.474 2.466 2.068 2.505 2.477 3.742 1.921

൅3% 2.480 2.475 2.068 2.523 2.481 3.742 1.928

z-axis 

-3% 2.454 2.439 2.014 2.470 2.464 3.741 1.890

-2% 2.457 2.442 2.032 2.470 2.466 3.741 1.896

-1% 2.459 2.444 2.050 2.470 2.468 3.741 1.902

൅1% 2.464 2.449 2.087 2.470 2.472 3.741 1.915

൅2% 2.466 2.451 2.105 2.470 2.474 3.741 1.921

൅3% 2.469 2.454 2.123 2.470 2.476 3.741 1.928
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Figure V.2: Triaxial strain effect on the bond-length of iron-sillenite Bi25FeO40. 
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Figure V.3: XRD patterns of iron-sillenite Bi25FeO40 under triaxial effect. 

2.2. Magnetic properties 

Iron-Sillenite is an antiferromagnetic material, with the c-axis easy magnetization 

and a Neel temperature ranging from 246 to 265 K ሺChapter III and IV, respectivelyሻ. As 

presented in the previous chapter, that the largest contribution of the total magnetic 

moment comes from the Iron-atoms. This is due to the large exchange between spin-up 

and spin-down states of Iron atoms, with a week contribution of Bismuth and Oxygen 

elements ሺO1, O2 and O3ሻ. Table V.2 presents, the total and partial magnetic moments 

without and under triaxial strain effect along x, y, and z-axis. 

From Table V.2, one can notice strain effect have no effect on the magnetic behaviour 

of the studied compound, and this is asserted via the null value of the total magnetic 

moments. In addition to that, the magnetic moment of Fe3൅ is slightly changed under 

tensile and compressive effect along x-axis ሺTable V.2ሻ. 
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Table V.2: Spin magnetic moments of iron-sillenite under triaxial strain effect ሺμBሻ.  

  μBi  μFe μO1 μO2 μO3 μT_Cell

 0% 0.00 3.84 0.00 0.00 0.10 0.00

x-axis 

-3% 0.00 3.73 0.00 0.0 0.10 0.00

-2% 0.00 3.77 0.00 0.00 0.10 0.00

-1% 0.00 3.81 0.00 0.00 0.10 0.00

൅1% 0.00 3.87 0.00 0.00 0.10 0.00

൅2% 0.00 3.91 0.00 0.00 0.10 0.00

൅3% 0.00 3.93 0.00 0.00 0.10 0.00

 -3% 0.00 3.81 0.00 0.00 0.10 0.00

y-axis 

-2% 0.00 3.82 0.00 0.00 0.10 0.00

-1% 0.00 3.83 0.00 0.00 0.10 0.00

൅1% 0.00 3.85 0.00 0.00 0.10 0.00

൅2% 0.00 3.86 0.00 0.00 0.10 0.00

൅3% 0.00 3.87 0.00 0.00 0.10 0.00

 -3% 0.00 3.81 0.00 0.00 0.10 0.00

 -2% 0.00 3.82 0.00 0.00 0.10 0.00

z-axis -1% 0.00 3.83 0.00 0.00 0.10 0.00

 ൅1% 0.00 3.85 0.00 0.00 0.10 0.00

 ൅2% 0.00 3.86 0.00 0.00 0.10 0.00

 ൅3% 0.00 3.87 0.00 0.00 0.10 0.00

 

3. Electronic properties 

In this section, we will investigate the strain effect on the electronic properties of 

Iron-Sillenite, analysing the electronic band structure, the density of states ሺDOSሻ, and the 

electronic density of charge.  
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3.1. Band structure calculation   

The calculated band structures of the Bi25FeO40 under various strains are shown in 

Figure V.4, in which the band structure for the pristine compound ሺChapter IV.3.1ሻ is also 

presented for comparison. Figure V.4 displays that the applied strains does not change the 

allowed direct transition nature of the studied material, and the proϐile of entire band 

structure still almost unchanged. It seems that the bandgap of the unstrained iron-sillenite 

presents a sensitivity with the applied strain, and it behaves differently under the 

compression and tensile effects. 

The bandgap energies Bi25FeO40 decrease with the application of a compressive 

effect from -1% to -3%, till reaching minimum values of 1.38, 1.65, and 1.65 eV along x, y, 

and z axis, respectively. Further, this parameter increases after a tensile effect from ൅1% 

to ൅3%, till reaching a maximum value of 2.27 eV under tensile effect of ൅3% along x axis. 

Otherwise, the bandgap energy behaves similarly along y and z axis and take the same 

values under ൅1% and ൅3% of 1.85 and 1.94 eV, respectively ሺFigure V.6ሻ. 
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Figure V.4: Band structure of iron-sillenite under triaxial strain effect. 

3.2. Density of state calculation   

The electronic densities of state were calculated for the overall unit cell and for the 

partial atoms ሺBi, Fe, O1, O2, and O3ሻ, with and without triaxial strain effect and presented 

in Figure V.5. We can notice from Figure V.5, that the lower part ሺbetween -6.5 and 8.0 eVሻ 

of the density of state, is principally produced via the hybridisation between the Fe-3d and 

O3-2p orbitals. Furthermore, the VB nearby the fermi level ሺbetween -5.8 and 0.0 eVሻ and 

the CB parts ሺbetween 1.0 and 5.0 eVሻ are formed via the hybridisation between the Bi-6s 

and 6p orbitals and the O-2s and 2p orbitals. 

One can observe from Figure V.5, that after tensile effect along the x-axis, the 

conduction band shifts to low energies and increasing the value of the bandgap energies, 

which attributed to linear increasing behavior of the bond length between Bi-Bi, Bi-O1, Bi-

O2ሺiሻ, Bi-O2ሺiiሻ, Bi-O2ሺiiiሻ, Bi-O3. Thus, after the compressive effect along the same axis, the 

valance and conduction bands shift to high energies and decreasing the value of the band 

gap energies. This is due to linear decreasing behavior of the same band length. 

Moreover, after tensile and compressive effect along y and z axis, we can notice that 

the total and partial densities of state behave approximately in the same way, and this is 

due to slightly change in the bond length. 

One can conclude that the responsible on the proϐile of band structure and the 

density of state nearby the fermi level, is the hybridization between the Bi-6s and 6p 

orbitals and the O-2s and 2p orbitals. Thus, the change in the bond length related to the 

bismuth atoms, allowing the modiϐication of the bandgap energies. 
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Table V.3: Electronic bandgap energies EgሺeVሻ of iron-sillenite under triaxial strain effect. 

 -3% -2% -1% 0% ൅1% ൅2% ൅3%

x-axis 1.38 1.50 1.65 1.87 1.94 2.22 2.27

y-axis 1.65 1.68 1.71 1.87 1.85 1.88 1.94

z-axis 1.65 1.71 1.77 1.87 1.85 1.91 1.94
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Figure V.5: Total and partial DOS of iron-sillenite under triaxial strain effect. 
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Figure V.6: Electronic bandgap energies of iron-sillenite under triaxial strain effect. 

3.3. Electronic density of charge calculation   

The calculation of the electronic charge density, which is usually presented in a plane 

or along a direction, gives us information about the charge transfer and consequently 

about the ionic or covalent nature of the bond. Thus, to visualize the nature of the bonding 

character of the pristine and strained iron-sillenite from -3% to ൅3% along x, y, and z axis, 

we calculated the electronic density of charge in the ሺ011ሻ plane ሺFigure V.7ሻ. 

The Bi atoms are wider with many valence electrons compared to the Fe atoms. 

Further, O atoms have more core electrons that accumulate near the nucleus, resulting in 

a higher charge density near the nucleus. The large difference in electronegativity 

between Fe and O, and between Bi and O results in a charge transfer between Iron ሺcationሻ 

and oxygen ሺanionሻ, thus, between Bismuth ሺcationሻ and oxygen ሺanionሻ. From Figure V.7, 

one can conclude the ionic bond between Bi and O atoms. Besides, the distribution 

between Fe and O atoms seems to be homogenous, revealing that Fe and O atoms are 

covalently bonded. The electronic charges are accumulated along Fe-O bond and increase 

with the strain effect along x–axis. Thus, it decreases with the strain effect along y and z 

axis. 
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Figure V.7: Electronic density of charge of iron-sillenite under triaxial strain effect. 

4. Electrical properties of iron-sillenite Bi25FeO40 under strain effect 

The electrical properties of the strained iron-sillenite, will be calculated using the 

BoltzTraP package based on the Boltzmann model via the Boltzmann transport equation 

ሾ163ሿ. Boltzmann transport theory has proven its validity in many applications where the 

calculated transport coefϐicients can be easily compared with experimental results. The 

calculation of electrical properties was achieved at room temperature, by the calculation 

of the Seebeck coefϐicient S, electrical conductivity σ, electrical resistivity ρ, and electrical 

thermal conductivity Ƙel ሺFigure V.8 and Table V.4ሻ. 
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Figure V.8: Electrical properties of iron-sillenite under triaxial strain effect. 

4.1. Seebeck coefficient 

The calculation of the Seebeck coefϐicient allows to quantify the ratio between the 

electric potential and the thermal potential. It was established by the experiment that the 

values for the usual materials are of the order of the µV. K-1. 

Figure V.8ሺaሻ, illustrates the evolution of the Seebeck coefϐicient ሺSሻ under 

compressive and tensile effect, calculated in room temperature. The evolution of the 

Seebeck coefϐicient reveals that it increases progressively as a function of the strain ratio 

from -3% to ൅3% along x. However, the strain effect along y and z-axis have the same effect 

on S, that become approximately constant under tensile effect from ൅1% to ൅3%. 

Indeed, the positive sign of the Seebeck coefϐicient suggests a conduction of the 

material through positive charge carriers ሺholesሻ, so this material is a P-type. Likewise, 

the Seebeck coefϐicient exhibits a positive sign after an application of the tensile and 
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compressive effect. This is revealing that the strain along x, y, and z-axis from -3% to ൅3% 

has no effect on the conduction mechanism. 

Table V.4: Electrical properties of Bi25FeO40 under triaxial strain effect, calculated at 
room temperature. 

  S ሺV.K-1ሻ σ ሺS.cm-1.s-1ሻ/ τ ρ ሺΩ.cm.sሻ/ τ Kel ሺW.m-1.K-1.s-1ሻ/ τ

 0% 1.73 10-3 1.90 1010 5.27 10-11 1.72 107 

x-axis 

൅1% 1.80 10-3 4.97 109 2.01 10-10 4.92 106 

൅2% 1.93 10-3 6.89 108 1.45 10-9 7.83 105 

൅3% 2.05 10-3 1.17 108 8.53 10-9 1.49 105 

-1% 1.58 10-3 9.70 1010 1.03 10-11 7.53 107 

-2% 1.46 10-3 4.74 1011 2.11 10-12 3.13 108 

-3% 1.33 10-3 2.34 1012 4.28 10-13 1.29 109 

y-axis 

൅1% 1.74 10-3 1.15 1010 8.68 10-11 1.07 107 

൅2% 1.76 10-3 7.90 109 1.27 10-10 7.55 106 

൅3% 1.79 10-3 5.01 109 2.00 10-10 4.94 106 

-1% 1.66 10-3 3.45 1010 2.90 10-11 2.92 107 

-2% 1.61 10-3 5.82 1010 1.72 10-11 4.66 107 

-3% 1.53 10-3 1.30 1011 7.72 10-12 9.45 107 

z-axis 

൅1% 1.72 10-3 1.50 1010 6.65 10-11 1.36 107 

൅2% 1.76 10-3 7.86 109 1.27 10-10 7.49 106 

൅3% 1.78 10-3 5.38 109 1.86 10-10 5.24 106 

-1% 1.67 10-3 2.98 1010 3.36 10-11 2.56 107 

-2% 1.61 10-3 5.82 1010 1.72 10-11 4.66 107 

-3% 1.53 10-3 1.26 1011 7.96 10-12 9.22 107 
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4.2. Electrical conductivity and electrical resistivity 

The electrical conductivity as function of the strain ratio is presented in Figure 

V.8ሺbሻ. From this figure, one can notice that σ/τ decreases slightly under tensile effect 

along x-axis. Otherwise, it increases till reaching a maximum value of 2.34 1012 S. cm-1. s-

1, following the same direction. Similarly, the strain effect has the same impact along y and 

z-axis. In addition to that, the electrical conductivities along the y-axis are approximately 

equal to those calculated along the z-axis. 

Contrariwise, the electrical resistivity varies inversely to the electrical conductivity 

ሺFigure V.8ሺcሻሻ, which increases under tensile strain, till reached a maximum value of 8.53 

10-9, 2.00 10-10, and 1.86 10-10 Ω.cm.s along x, y, and z-axis, respectively. Besides, ρ 

decreases under compressive effect. 

4.3. Electrical thermal conductivity 

The thermal conductivity curves versus the strain ratio are illustrated in Figure V.8 

ሺdሻ. One can notice that the evolution of the thermal conductivity is the same as that of the 

electrical conductivity, which decreases slightly under tensile effect. Otherwise, it 

increases after an application of the compressive effect from -1% to -3%, till reaching a 

maximum value of 1.29 109, 9.45 107, 9.22 107 W.m-1.K-1.s-1, along x, y, and z-axis, 

respectively. 

5. Conclusions 

In this chapter, we investigate the triaxial strain effect on the structural, magnetic, 

electronic, and electrical properties, by means of the density functional theory ሺDFTሻ. 

After studying the physical properties of iron-sillenite, theoretically and experimentally in 

chapter IV and III, respectively, we are examined in this chapter, the effect of the tensile 

and the compressive effect, allowing the enhancement of the electronic band gap energies 

under a negative strain effect, that reached a minimum value of 1.38 eV under a 

compressive strain of -3% along x-axis. This is due to the bond length change between Bi-

Bi, Bi-O1, Bi-O2ሺiሻ, Bi-O2ሺiiሻ, Bi-O2ሺiiiሻ, Bi-O3 under the strain effect along x-axis. Afterward, 

this is produced modiϐication on the mechanism of the s-p hybridisation between Bi-6s 

and 6p orbitals and the O-2s and 2p orbitals, allowing the improvement of the value of 

bandgap energy. The electrical and thermal conductivities behave similarly under tensile 
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and compressive effect, that improved at -3%. Contrariwise, the electrical resistivity 

enhanced under ൅3% tensile effect. Based on the positive sign of the Seebeck coefϐicient 

suggests a conduction of the material through holes, allowing the P-type direct 

semiconductor behavior of Bi25FeO40 with and without strain effect. This is revealing that 

the strain along x, y, and z-axis from -3% to ൅3% has no impact on the conduction 

mechanism of iron-sillenite, similarly, to the magnetic properties, that remain unchanged 

under tensile and compressive strain. 
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In this thesis, we aim to investigate and understand the characteristics of the 

photocatalysis process for water treatment, pollutant and/or dye degradation, as these 

are the main applications of Bi25FeO40. Iron-sillenite has been considered as a promising 

candidate for the photodegradation of dyes and pollutants, that can be easily recycled and 

collected by magnetic separation. Bi25FeO40 contains many oxygens and ionic vacancies, 

leading to reduction of the recombination of electron–hole pairs, responsible for the 

enhancement of photocatalytic activity. 

The main idea of this manuscript is the combination of experimental and theoretical 

studies on the physicochemical properties of iron-sillenite. We aimed to understand the 

mechanism of photocatalytic activity of Bi25FeO40, as well as the origin of the magnetic 

properties of this material, using theoretical methods such as the density functional 

theory and the Monte-Carlo simulation. Moreover, we have studied the effect of aluminum 

substitution and the triaxial strain on structural stability, thus on the physicochemical 

properties of iron-sillenite using experimental and theoretical methods, respectively. 

Indeed, we initiated our thesis work by studying of new sillenites Bi25Fe1-xAlxO40, 

where x takes values of 0%, 20%, and 50%. They are synthesized using the conventional 

solid-state reaction process. Physicochemical characterizations of these compounds 

revealed a set of interesting results. 

The structural analysis of the Bi25Fe1-xAlxO40 systems showed that all these phases 

represent a common cubic structure ሺI23, N°197ሻ. The decrease of the cell parameters as 

a function of the substitution ratio is explained by the relative difference of the ionic radii 

of Al3൅ and Fe3൅ ions. A structural transition from a centred cubic structure ሺγ-Bi25FeO40ሻ 

to a monoclinic one ሺα-Bi25FeO40ሻ is observed at 700 K, that afϐirmed by the X-ray 

diffraction spectra recorded at high temperature ሺXRD-HTሻ. The inϐluence of aluminium 

size on vibrational properties is also studied. Thermal analysis by differential scanning 

calorimetry revealed the appearance of various phenomena related to the structural 

transition characteristic of sillenite materials and to the structural transition observed by 

HT–XRD. 
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The frequency and temperature dependent dielectric behavior are also studied in 

this manuscript. The frequency dependence of the electrical conductivity is analyzed 

using Jonscher's law, and the conductivity process is conϐirmed by the correlated barrier 

hoping mechanism. Besides, the temperature dependence of the electrical conductivity is 

used to estimate the activation energies. It suggests that the conduction process is 

governed by the motion of oxygen vacancies at high temperatures. Impedance 

spectroscopy results conϐirm the appearance of the relaxation phenomenon in these 

samples, exhibiting semiconductor behavior with both a positive temperature of 

resistance coefϐicient ሺPTCRሻ and negative temperature of resistance coefϐicient ሺNTCRሻ. 

The magnetic properties reveal the antiferromagnetic-paramagnetic transition of 

Bi25FeO40 and Bi25Fe0.80Al0.20O40 below Neel temperature of about 268 and 265 K, 

respectively. Otherwise, Bi25Fe0.50Al0.50O40 sample shows paramagnetic behavior. The 

narrow band gap and the high absorption in the UV and visible ranges make these 

materials suitable candidates for photocatalysis and for dye dye-sensitized solar cells 

applications. 

On the other hand, we performed a theoretical investigation of the structural, 

electronic, optical, photocatalytic, electrical, and magnetic properties of the pristine 

compound Bi25FeO40 by means of DFT and MCs. It was found that the optimized cell 

parameters were agreed well with the obtained experimental results. Furthermore, the p-

type semiconductor behavior of Bi25FeO40 with a direct allowed transition was asserted 

using the electronic and electrical properties. The optical properties disclose that iron-

sillenite exhibits good absorption in UV and Visible regions. The calculated optical 

bandgap energy is about 2.38 eV, which is in accordance with the experimental results. In 

addition, the magnetic properties indicate that the transition from the ordered magnetic 

state to the paramagnetic state occurs below TN of about 255 K, that is in good agreement 

with the experimental value of 268 K. 

After studying the physicochemical properties of iron-sillenite, theoretically and 

experimentally in Chapters IV and III, respectively, we examine in the las chapter the strain 

effect along x, y, and z axis. Electronic bandgap energies are enhanced and reached a 

minimum value of 1.38 eV under a compressive strain of -3% along x-axis. This is due to 

the change of the bond length between Bi-Bi, Bi-O1, Bi-O2ሺiሻ, Bi-O2ሺiiሻ, Bi-O2ሺiiiሻ, Bi-O3 

under the strain effect along x-axis. Afterward, a change in the s-p hybridisation between 
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Bi-6s and 6p orbitals and the O-2s and 2p orbitals is produced, that improves the bandgap 

energy value. The electrical properties indicate that the electrical conductivity improved 

at -3%. Contrariwise, the electrical resistivity enhanced under ൅3% tensile effect. 

Moreover, the positive sign of the Seebeck coefϐicient suggests conduction of the 

material through the holes, allowing us to state that Bi25FeO40 is a direct p-type 

semiconductor, with and without strain effect. This reveals that strain along x, y, and z-axis 

from -3% to ൅3% has no impact on the conduction mechanism of iron-sillenite, as well as 

on the magnetic properties, that remain unchanged under tensile and compressive strain. 

In perspective, there was not enough time to present the theoretical results of the 

new synthesized sillenite materials. Thus, to implement the results related to the triaxial 

effect on the optical and photocatalytic properties. For this reason, we intend to complete 

our thesis work by: 

- Introduction of a theoretical investigation of the Bi25Fe1-xAlxO40 systems, using various 

substitution ratio. 

- Accomplish the optical, and the photocatalytic properties of the strained iron-sillenite, 

and thus examine the effect of the compression and tensile effect on the mechanism of 

the photocatalytic activity. 
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ABSTRACT
The electronic, magnetic and magnetocaloric properties of the Iron-
Selenite Bi25FeO40 compound have been investigated using first-
principles calculations and Monte Carlo simulations (MCs). It was found
that Bi25FeO40 is a p-type semiconductor with an indirect bandgap of
about 2.16 eV which is in good agreement with the previous
experimental and theoretical results. The studied compound displays a
ferromagnetic behaviour with a spin moment of the unit cell of about
4.06 μB. The Bi25FeO40 compound exhibits a weak ferromagnetic
behaviour around TC = 271.96 K; this value is in good agreement with
experimental results. In addition, it shows a magnetocaloric effect (MCE)
around the Curie temperature (TC), with the maximum values of the
magnetic entropy change (DSMax

m ) and relative cooling power (RCP) are
2.56 J.kg−1.K−1and 55.01 J/Kg, respectively, under applied an external
magnetic field of h = 5.00 T. The good magnetocaloric properties reveal
the applicability of Bi25FeO40 compound to the magnetic refrigeration
around TC.
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1. Introduction

Bismuth-based oxides (BO) have been used in many applications in environmental pollution reme-
diation, among them; bismuth-based iron oxides (BFO). Compared to perovskite-type BiFeO3,
there were a few works focused on Selenite bismuth ferrite Bi25FeO40 [1]. Selenites are a large
group of compounds with interesting physical and chemical properties: photorefractive, piezoelec-
tric, electro-optic, and photoconductive properties; formed by doping Bi2O3 with metal oxides [2].
In addition, a new field of application for Iron-Selenite was assumed based on the reflectivity spec-
tra, which is coating materials [3]. Bi25FeO40 is isostructural to γ-Bi2O3, which crystallizes a body-
centred cubic system with a space group I 2 3 (N° 197). In the previous study, Infante et al. has pro-
vided two possible chemical formulas for bismuth Iron-Selenite Bi25FeO40 and Bi25FeO39 [4].
According to Craig et al. [5] and Devalette et al. [6] one Bi ion per unit cell exists in the oxidation
state 5+ resulting in the formula Bi3+24(Bi5+Fe3+)O40. Further, the Bi3+ ions occupy the octahedral
positions forming a BiO5E-polyhedrons (E = inert 6s2 electron pair), whereas Bi5+ and Fe3+ ions
are sharing the tetrahedral positions [5]. Contrariwise, Radaev et al. [7] suggest that Bi3+ is located
in the tetrahedral position accompanied by oxygen vacancies. Moreover, Sun, Xiong et al. [8] using
UV-visible absorption spectroscopy, found that the Bi25FeO40 has more visible light absorption
compared to BiFeO3. In addition, Bi25FeO40 is considered a promising photocatalyst due to its
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Abstract
The iron-sillenite  Bi25FeO40 has been synthesized using the solid-state reaction route. The elaborated material crystallizes 
in a cubic structure. The studied material exhibits an anomaly, noticed via the DSC analysis and dielectric measurements at 
671 K. This anomaly can be attributed to the occurrence of a thermally activated relaxation in the  Bi25FeO40 sample. Besides, 
the magnetic study revealed the antiferromagnetic behaviour of γ-Bi25FeO40 sillenite, with a 240 K of Neel temperature  TN, 
Curie constant of 9.18  10–8  m3.K/mol, resulting in a magnetic moment of 6.37 μB. Furthermore, the band gap of  Bi25FeO40 
is about 2.02 eV and the magnetic behavior makes it an appropriate candidate as a photocatalyst for water and/or wastewater 
treatment, and degradation of pollutants, that can be simply recycled by magnetic separation.

Keywords Iron-sillenite · Optical properties · DSC · Dielectric · Magnetic measurement · Antiferromagnet

1 Introduction

Among different phases of Bismuth ferrites, iron-sillenite 
 Bi25FeO40 has attracted much interest due to its physical/
chemical properties and high-tech applications such as; 
gas sensing, digital memory, piezoelectric, photorefrac-
tive, photoconductive, and electro-optic properties [1, 
2].  Bi25FeO40 is widely investigated via several synthesis 
methods such as solid-state reaction [3, 4], hydrothermal 
method [1, 2, 5–7], combustion-like process [1], molten 
salt growth [8], and co-precipitation method [9], produc-
ing  Bi25FeO40 with a particle size ranging from 25 nm 

[10] to 10 μm [2]. Iron-sillenite  Bi25FeO40 is similar to 
γ-Bi2O3 formed by doping γ-Bi2O3 with iron metal oxides; 
γ-Fe2O3 [7]. iron-sillenite crystallizes in a body-centered 
cubic structure (space group I23 (No 197)) with a cell 
parameter of 10.18 Å. This structure includes a lot of 
oxygen and ionic vacancies [11]. Overall, an ideal sil-
lenite is characterized by the general formula  Bi12MO20, 
where the  Bi3+ occupy the octahedral positions, and the 
M atoms occupy the tetrahedral positions with a tetrava-
lency of M, as in  Mn4+ and  Fe4+ forming ideal sillenites, 
such as  Bi12MnO20 [12], and  Bi12FeO20 [13]. Furthermore, 
Valant et al. [14] developed the general formula of sil-
lenite materials,  Bi12(Bi4/5-nxMn+5x)O19.2+nx, describing 
the possible homogeneity area depending on the charge 
of the tetrahedral  Mn+ cations. According to Infante et al. 
[15] iron-sillenite exhibit two possible chemical formu-
las;  Bi25FeO40 and  Bi25FeO39. Contrariwise, Craig et al. 
[11] and Devalette et al. [17] revealed that one Bi cation 
per unit cell exists in the oxidation state 5 + follow-on the 
formula Bi3+

24
(Bi5+Fe3+)O40. Moreover, the octahedral sites 

were occupied by the  Bi3+ creating  BiO5E-polyhedrons 
(E = inert  6s2 electron pair). While the tetrahedral sites 
were shared by  Bi5+ and  Fe3+ cations [11]. Lu et al. [17] 
and Harwig [18] report from the DSC measurements a 
phase transition of  Bi2O3 from monoclinic phase (α-Bi2O3) 
to face-centered cubic phase (δ-Bi2O3) at 1030 K. Besides, 
and during cooling under the melting point, two types 
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Summary

The electronic, optical, photocatalytic, and thermoelectric properties of inor-

ganic halide cubic perovskite AGeI2Br (A = K, Rb, Cs) are investigated using

the density functional theory, in order to use these compounds in different

fields. The aim of our investigation is to bring a prediction of the free lead

halide mixed compound which is still not synthesized until now, and show the

potential use of these materials in the solar field. The results show that the

studied compounds exhibit remarkable properties like their high absorption

coefficient (over 105 cm�1) in the visible range, but the only inconvenience of

these materials is that they have slightly low bandgap energy. For this purpose,

the tensile effect is investigated to recognize its effect on the bandgap values

and how it can be helpful to be more useful for photovoltaic application.

Besides, the mechanism of photocatalytic water-splitting was studied based on

the calculated bandgap energy, relative ratios of effective mass, and the

valence band and the conduction band edge potential.

KEYWORD S

bandgap energy, optical properties, perovskite AGeI2Br compound, solar cell,
thermoelectric properties

1 | INTRODUCTION

The increase in economic development and energy insuf-
ficiencies are resulting in the exhausting of fossil fuels
and increasing global environmental issues. Nowadays,
numerous candidates are offered, such as nuclear power,
wind force, and hydraulic power. The solar energy is
mostly focused in the near-infrared, ultraviolet, and visi-
ble area from 1.03 to 4.13 eV (ie, [300-1200 nm]). As
though, a year's worth of sunlight supplies more than
100 times the energy of the world's entire known fossil
fuel reserves. Clean and inexhaustible solar energy has
attracted much interest. Therefore, requiring renewable

and clean energy has been getting considerable interest.1

For this reason, photocatalysis and photovoltaic are two
of the more important process used for solar energy. The
production of hydrogen from photocatalysis by water
splitting was a promising economic and friendly environ-
ment process.1,2 The photocatalysis mechanism is based
on converting solar energy to produce H2 as a potential
clean energy vector using a semiconductor that possesses
small bandgap energy, redshift absorption, as well as
appropriate sites of the conduction band (CB) and
valence band (VB) edges for reduction and oxidation
reactions respectively.3 Currently, lead halide perovskites
are known for their potential application, likewise, for
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Properties of Hydrazinium (1+) Hexafluorosilicate 
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Abstract: The material (N2H5)2SiF6 was reinvestigated by XRD, IR, and Raman spectroscopy. It 

crystallizes in the monoclinic space group P21/n (Z=2). The characteristic bands in FT-IR (450-4000) 

cm-1 and FT-Raman (50-3500) cm-1 spectra were interpreted using factor group analysis considering 

the D2 factor group, in which SiF6
2- anions and N2H5

+ cations occupied Ci and C1 symmetry sites, 

respectively. Against the previous assignment, the Infrared bands (651, 474, 435 cm-1) are not due to 

the Raman active modes [ν1 (Si-F), ν2 (Si-F), and ν5 (F-Si-F)] of SiF6
2- anion, theoretically not infrared 

active in the P21/n space group. The electronic structure, optical, photocatalytic, and thermoelectric 

properties of (N2H5)2SiF6 are investigated using the Full-Potential Linearized Augmented Plane Wave 

(FP-LAPW) method based on the density functional theory (DFT) as implemented in Wien2k package. 
Hence, the direct band gap energy, with valence band (VB) maximum and conduction band (CB) 
minimum too located at point Г, is calculated at 7.04 eV. The photocatalytic reaction mechanism of 
(N2H5)2SiF6 is described. The optical properties comprising absorption, conductivity, reflectivity, and 

refractivity index (1.2 for λ > 200 nm), were evaluated versus wavelength (100-1000 nm). The high 

absorption coefficient (50×104 cm-1 in small wavelength) indicates absorption in the ultraviolet range. 

The optical conductivity, decreasing to zero for λ > 200 nm, implies a very high conductivity of this 
salt for high wavelength applications. The transport properties studied at ambient temperature show 

high electrical conductivity (2.04 1018 S.cm-1.s-1), high thermal conductivity (2.81 1013 W.m-1.K-1.s-1), 

and low and positive Seebeck coefficient (1.67 10-4 V.K-1) of the perspective material (N2H5)2SiF6. 

Keywords: IR; Raman; FP-LAPW method; optoelectronic; photocatalytic; thermoelectric properties. 
© 2023 by the authors. This article is an open open-access article distributed under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

1. Introduction  

Hybrid materials have attracted more attention to research merging characteristics of 
both organic and inorganic components [1-9]. Especially, 2D perovskites were investigated for 
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