
HAL Id: tel-04938802
https://theses.hal.science/tel-04938802v1

Submitted on 10 Feb 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Exploration du diagramme de phase Fe-Ni-Cr-O en
couches minces : de l’analyse microscopique à l’analyse

macroscopique
Alban Simonnot

To cite this version:
Alban Simonnot. Exploration du diagramme de phase Fe-Ni-Cr-O en couches minces : de l’analyse
microscopique à l’analyse macroscopique. Materials Science [cond-mat.mtrl-sci]. Université Paris-
Saclay, 2024. English. �NNT : 2024UPASP143�. �tel-04938802�

https://theses.hal.science/tel-04938802v1
https://hal.archives-ouvertes.fr


 

 

Exploration of the Fe-Ni-Cr-O phase 

diagram in thin films: from microscopic to 

macroscopic analysis 

Exploration du diagramme de phase Fe-Ni-Cr-O en couches minces : de 

l'analyse microscopique à l'analyse macroscopique 

 

Thèse de doctorat de l'université Paris-Saclay 
École doctorale n°564, Physique en Île-de-France (PIF) 

Spécialité de doctorat : Physique 

Graduate School : Physique. Référent : Faculté des sciences d’Orsay 

 
Thèse préparée dans l’unité de recherche Service de recherche en Corrosion et 

Comportement des Matériaux (Université Paris-Saclay, CEA) sous la direction de 

Jean-Baptiste MOUSSY, directeur de recherche, et la co-direction de Alain 

CHARTIER, directeur de recherche 

 

Thèse soutenue à Paris-Saclay, le 05 novembre 2024, par 
 

 Alban SIMONNOT 
 

Composition du Jury  
Membres du jury avec voix délibérative  

Yves DUMONT 

Professeur, Université Versailles Saint-

Quentin-en-Yvelines 

 Président  

Pascal THIBAUDEAU 

Directeur de recherche, CEA/DAM Le 

Ripault 

 Rapporteur & Examinateur 

Franck VIDAL 

Professeur, Sorbonne Université 
 Rapporteur & Examinateur 

Aurore FINCO 

Chargée de recherche CNRS, Université de 

Montpellier 

 Examinatrice 

Bénédicte WAROT-FONROSE 

Directrice de recherche CNRS, CEMES-

CNRS, Université de Toulouse 

 Examinatrice 

 

T
H

È
S

E
 D

E
 D

O
C

T
O

R
A

T
  

N
N

T
 :

 2
0

2
4

U
P

A
S

P
1

4
3

 



 

 

Titre : Exploration du diagramme de phase Fe-Ni-Cr-O en couches minces : de l'analyse microscopique à 

l'analyse macroscopique 

Mots clés : films minces épitaxiés, spinelles, structure fine, modélisation 

Résumé : Les oxydes de fer, nickel et chrome, avec la 

structure spinelle ou halite, représentent une part 

importante du système quaternaire Fe-Ni-Cr-O. Ils 

sont aussi bien présents dans les couches de 

corrosion des aciers inoxydables que dans des 

dispositifs de la spintronique. L’objectif de cette 

thèse est de relier des observations microscopiques 

comme l’occupation des sites cationiques de la 

structure spinelle à des grandeurs macroscopiques 

comme les propriétés magnétiques. Pour cela, des 

couches minces « modèles » épitaxiées seront 

synthétisées. Des outils de modélisation de spectres 

ont permis l’interprétation fine des mesures 

expérimentales.  

La première partie de la thèse est dédié à la structure 

halite et à la modélisation des phénomènes de paroi 

de domaine antiferromagnétiques dans l’oxyde de 

nickel (NiO). Les calculs ont été accomplis à l’aide de 

la dynamique atomistique de spins (ASD). Ces calculs 

montrent l’organisation à l’échelle atomique des 

parois, et les propriétés macroscopiques comme 

l’épaisseur de paroi et le champ de fuite ont été 

obtenues. Nos calculs montrent une dépendance de 

la longueur de paroi avec l’inverse de la racine carrée 

de la constante d’anisotropie, ce qui permet 

d’extrapoler les simulations et de les comparer à des 

mesures expérimentales. Ces comparaisons ont 

permis une réinterprétation de celles-ci.  

 

La deuxième partie de cette thèse est dédiée à 

l’étude des oxydes de structure spinelle, à base de 

fer, nickel et chrome. L’objectif est de relier la 

structure fine, c’est-à-dire l’ordre cationique dans 

les sites interstitiels de la structure 

cristallographique aux propriétés macroscopiques 

comme le paramètre de maille ou le comportement 

magnétique. Pour cela, des films minces cristallins 

de type FeαNiβCrγO4 ont été synthétisés par épitaxie 

par jets moléculaires assistée par un plasma 

d’oxygène atomique. Une étude approfondie des 

propriétés structurales, chimiques et magnétiques 

des échantillons a été effectuée. L’utilisation de 

techniques avancées, comme l’absorption X, le 

dichroïsme magnétique circulaire ou la diffraction 

résonnante, associées à des calculs de multiplets, a 

permis d’extraire le degré d’oxydation et 

l’environnement de champ cristallin des différents 

cations. Les résultats montrent (i) que le chrome est 

exclusivement en position octaédrique (Oh), au 

degré d’oxydation III, (ii) que le nickel est aussi 

principalement en position Oh, au degré 

d’oxydation II, à l’exception des échantillons les 

plus riches en chrome, dans lesquels on observe 

des cations Ni2+ en site tétraédrique (Td) et (iii) que 

les cations de fer sont à la fois au degré d’oxydation 

II et III, dans les sites Oh et Td. Cette répartition 

cationique a été utilisée dans un modèle 

permettant de connaître le paramètre de maille 

théorique et les angles entre les sites cationiques. 

Ces calculs ont été comparés avec les paramètres 

magnétiques (champ coercitif, aimantation). Les 

échantillons possédant les moins bonnes 

propriétés magnétiques sont aussi ceux ayant les 

angles entre sites cationiques les plus éloignés des 

angles favorisant les interactions d’échange 

magnétique. 

 

 

 



 

 

Title : Exploration of the Fe-Ni-Cr-O phase diagram in thin films: from microscopic to macroscopic analysis 

Keywords : epitaxial thin film, spinel, fine structure, modeling 

Abstract : Iron-nickel-chromium oxides, in the 

structure spinel or halite, are an important part of the 

Fe-Ni-Cr-O quaternary system. They are present in 

the corrosion layers of stainless steels as well as in 

spintronic devices. The aim of this thesis is to link 

microscopic observations such as the occupation of 

cationic sites in the spinel structure to macroscopic 

quantities such as magnetic properties. To this end, 

epitaxial model thin films will be synthesized. The use 

of theoretical models has enabled fine interpretation 

of experimental measurements.  

The first part of the thesis is dedicated to the halite 

structure and to the modeling of antiferromagnetic 

domain wall phenomena in nickel oxide (NiO). The 

simulations were performed using atomistic spin 

dynamics. These simulations allow to obtain the 

atomic-scale organization of the walls, and 

macroscopic properties such as wall width and stray 

field. Our simulations show a dependence of the wall 

width on the inverse of the square root of the 

anisotropy constant, enabling the simulations to be 

extrapolated and compared with experiment. These 

comparisons enable experimental measurements to 

be reinterpreted.  

 

The second part of this thesis is dedicated to the 

study of oxides with spinel structure, composed of 

iron, nickel and chromium. The aim is to link fine 

structure, i.e. cationic order in interstitial sites of the 

crystallographic structure, to macroscopic 

properties such as lattice parameter or magnetic 

behavior. Spinel FeαNiβCrγO4 thin films were 

synthesized by atomic oxygen plasma-assisted 

molecular beam epitaxy. An in-depth study of the 

structural, chemical and magnetic properties of the 

samples was carried out. Advanced techniques 

such as X-ray absorption, circular magnetic 

dichroism and resonant diffraction, combined with 

multiplet calculations, have made it possible to 

extract the oxidation state and crystal field 

environment of the various cations. The results 

show (i) that chromium is exclusively in the 

octahedral position (Oh), oxidation state III, (ii) that 

nickel is also mainly in the Oh position, oxidation 

state II, with the exception of the more enriched 

chromium samples, in which some Ni2+ in the 

tetrahedral site (Td) was observed, and (iii) that iron 

cations are in both oxidation states II and III, in the 

Oh and Td sites. This cationic distribution was used 

in a model to derive the theoretical lattice 

parameter and angles between cationic sites. These 

calculations are then compared with the magnetic 

parameters. The samples with the lowest magnetic 

parameters are also those with the angles between 

cationic sites furthest from the angles favoring 

magnetic exchange. 
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Résumé de la thèse en français 

Cette thèse est divisée en deux parties distinctes, chacune employant sa propre 

méthodologie. Cette section présente un rapide résumé des principaux résultats 

obtenues dans chacune des deux parties. 

La première partie de cette thèse est dédiée à l’étude des parois de domaines 

magnétiques dans le composé antiferromagnétique de l’oxyde de nickel. Cette 

partie utilise la dynamique atomique de spin.  

NiO a été sélectionné car il représente l’un des composes contenant uniquement 

un métal de transition dans le diagramme de phase quaternaire Fe-Ni-Cr-O. 

L’oxyde de nickel présente une structure antiferromagnétique complexe (type G). 

Dans ce type de composé, deux directions sont importantes : les directions [111] 

(4 possibilités, domaines “T”), qui sont la direction d’alternance 

antiferromagnétique d’un ensemble de plans (111) ferromagnétiquement alignés 

dans le plan, et les directions [112̅] (3 possibilités, domaines “S”), qui sont les 

directions faciles d’aimantation dans les plans (111). Cela donne un total de 12 

domaines magnétiques différents.  

Pour simuler cette texture magnétique complexe, deux constantes uniaxiales 

d’anisotropie ont été introduites dans l’Hamiltonien du système. Cela permet la 

simulation des domaines “T” et “S”. La seconde décision pour les simulations a 

été d’utiliser des valeurs élevées pour les constantes d’anisotropie (de l’ordre de 

la constante de super échange J2), dans le but de simuler les parois de domaines 

magnétiques dans des boites de simulation de taille raisonnable. Avec ces deux 

décisions prises, les parois S et T ont été simulé avec succès.  

En ce qui concerne les parois S, uniquement les parois S 60° et S 120° ont été 

simulé avec succès, alors que les parois S 180° ont été uniquement obtenues 

comme interférences parasites dans les autres simulations. A l’échelle atomique, 

la structure de ces parois révèle une rotation à 60° ou à 120° du vecteur 

antiferromagnétique. Les propriétés physiques de ces parois S ont aussi été 

obtenues, grâce à des simulations de pseudo XMLD-PEEM et de NVM. Le pseudo 

XMLD-PEEM montre un comportement symétrique des deux côtés de la paroi de 

domaine, alors que les images simulées de NVM présentent des variations dans 

la composante x, y ou z du signal, pendant que la norme reste constante à travers 

la paroi de domaine. 

La paroi de domaine T révèle un comportement plus complexe. L’épaisseur de la 

paroi est le résultat de deux contributions distinctes. La première partie est une 

rotation du vecteur antiferromagnétique, qui transitionne par la direction 
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commune aux deux plans T. La deuxième partie, plus intriguant, est l’existence 

d’une zone de split (schéma Figure 1). Cette zone est une conséquence de la 

nature antiferromagnétique de NiO. Dans cette zone, les spins atomiques 

maintiennent leur alignement antiferromagnétique entre plans T, tout en brisant 

leur alignement ferromagnétique dans chaque plan T. Ce mouvement complexe 

est géométriquement obligatoire pour passer d’un plan T à l’autre. L’épaisseur de 

ces parois observes en pseudo XMLD-PEEM montre un comportement 

asymétrique, lié à la présence de la zone de split. Plus grande est la rotation 

nécessaire pour atteindre la direction d’arrivée depuis la direction de départ, plus 

grande est l’épaisseur.  

 
Figure 1: Représentation schématique du mécanisme du split entre deux 

domaines T.  

Ce mécanisme identifié de corrélation entre l’épaisseur et la rotation fournit un 

critère pertinent de distinction entre parois de domaine T. Cela a permis de 

séparer les quatre parois de domaines T différents, indépendantes par symétrie, 

d’être séparée entre un singulet et un triplet. Cette séparation singulet/triplet n’a 

pas été accomplie dans les expériences de mesures d’épaisseurs entreprises par 

Arai et al.1. Les simulations entreprises avec des valeurs décroissantes de Ku
T, de 

J2 à 1/10 de J2, indiquent une dépendance linéaire entre l’épaisseur de la paroi de 

domaine et la racine de 1/Ku
T. 

L'ajustement de cette dépendance en fonction du singulet ou du triplet a permis 

une nouvelle interprétation des épaisseurs expérimentales, avec une distinction 

faite dans les distributions mesurées par Arai et al.1 grâce à la séparation 

singulet/triplet.  
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L’étude NVM menée révèle un signal fort d’environ 20 μT, sur la surface (111). Ce 

signal est exclusivement observé quand le domaine T est aligné avec la surface 

d’observation. Le signal diminue rapidement après le passage de la paroi de 

domaine.  

Quelques perspectives ouvertes par ce travail peuvent être discutées. Une version 

customisée du code de simulation Vampire2–4 a été utilisée pour étudier un 

composé avec deux constantes d’anisotropie. De la même manière, d’autres 

systèmes antiferromagnétiques ayant deux constant d’anisotropie peuvent être 

simulé, comme CoO ou MnO. Ces systèmes sont intéressants pour des 

applications en spintronique, même si leur température de Néel (TN) est en 

dessous de 300 K. Un autre système antiferromagnétique intéressant pour la 

spintronique est Cr2O3. Plusieurs équipes ont tentées d’augmenter la TN grâce à 

de l’ingénierie de la contrainte5. Le code Vampire pourrait être utilisé pour étudier 

la structure antiferromagnétique et les différents paramètres influençant 

l’épaisseur des parois de domaine dans ces systèmes. Des structures plus 

complexes peuvent être simulées dans l’oxyde de nickel comme un croisement 

entre une paroi T(100) et une paroi T(110). Dans d’autres codes de simulation, l’ajout 

de la dynamique de spin avec la dynamique atomique peut ouvrir la possibilité 

de simuler la formation des parois de domaine, par exemple dans la couche 

d’oxydes se formant sur un alliage de nickel.  

La deuxième partie de cette thèse est dédiée à la croissance cristalline de couches 

minces dans le système quaternaire Fe-Ni-Cr-O et les relations entre la structure 

fine (la position des cations dans la maille) et les propriétés cristallographiques 

ou magnétiques.  

Dans le chapitre 4, il est montré qu’il est possible de faire croitre des couches 

minces épitaxiées de composition FeαNiβCrγO4 et d’orientation (111) sur α-Al2O3 

(0001) pour différentes compositions en α, β, γ. Pour des compositions très riches 

en chrome (γ), l’utilisation d’un substrat de type spinelle (MgAl2O4 avec les 

orientations (001) ou (111)) a été nécessaire pour élaborer des oxydes de 

structure spinelle. La composition en α, β ou γ a été contrôlée précisément par 

l’utilisation de cellules à effusion individuelles dans un appareil d’épitaxie par jets 

moléculaires assistée par plasma d’oxygène (AO-MBE). Les images de diffraction 

des électrons de hautes énergies (RHEED), eneregistré en temps réel, montre une 

excellente épitaxie des couches d’oxydes, avec un mode de croissance 2D et une 

faible rugosité. Ces analyses sont confirmées par la reflectometrie des rayons X 

(XRR). La composition chimique de chaque échantillon a été sondé 

rigoureusement en utilisant la spectrocopie de photoémission des rayons X (XPS). 

Le centre et le bas de la zone spinelle a été exploré, tandis que la zone en-haut à 

gauche (zone autour de NiCr2O4, avec un faible contenu en fer) et la zone en-haut 
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à droite (zone autour de NiFe2O4, faible contenu en chrome) sont plus difficiles à 

explorer. Une analyse rigoureuse par diffraction des rayons X (XRD) a permis de 

montrer l’excellente qualité cristalline des couches et de déterminer les relations 

d’épitaxie entre les substrats sélectionnés et la struture spinelle, et les paramètres 

de maille en fonction de la stoichiométrie (Figure 2).  

 
Figure 2 : Paramètre de maille en dehors du plan en convention 

hexagonale (en Å) indiqués dans le diagramme quaternaire. 

Dans le chapitre 5, la distribution dans les sites cationiques dans les différents 

échantillons FeαNiβCrγO4 a été étudiée en utilisant deux techniques basées sur des 

rayonnements synchrotron : dichroïsme magnétique circulaire des rayons X 

(XMCD) et diffraction résonante des rayons X (RXD). En XMCD, l’ajustement de 

chaque transition L3 de chaque élément (Fe, Ni ou Cr) a été entrepris avec succès 

en utilisant la contribution théorique de chaque espèce cationique. Le chrome est 

uniquement Cr3+, dans les sites Oh. Le nickel possède la valence 2+ et est localisé 

dans les sites Oh, même si pour deux échantillons, la présence de Ni2+ dans les 

sites Td peut être observe, sans explication claire. En développant l’expérience de 

RXD (sur la transition K du Ni et du Fe), l’étude de certains pics de diffraction nous 

a permis de sonder à nouveau la distribution cationique. La simulation de ces 

spectres a été entreprise à l’aide de FDMNES. Les courbes expérimentales et 

théoriques sont en bon accord. La distribution cationique pressentie pour les 

simulations avec FCMNES est donc correcte. Cela signifie aussi qu’il n’y a pas de 

Ni2+ dans les sites Td, et que le ratio de fer entre les sites Td et Oh est correct. De 

plus, ces deux techniques sont en bon accord l’une avec l’autre.  

Dans le chapitre 6, la distribution cationique dans les sites obtenue au chapitre 5 

a été utilisé dans un modèle reliant la struture fine et le paramètre de maille 

expérimental. Cela a permis de calculer le paramètre d’anion et le paramètre de 

maille théorique. Depuis ces deux valeurs, il est également possible d’obtenir les 

différents angles entre les sites cationiques dans la structure spinelle. Avec ce 
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modèle et la connaissance du paramètre de maille expérimentale, une première 

approximation de la distribution cationique peut être établie. Les relations entre 

le paramètre de maille et la structure fine est étudiée dans deux cas différents : 

isoconcentrations en nickel et en chrome. Les isoconcentrations en fer 

comportent trop peu d’échantillons pour en tirer des tendences. Les 

isoconcentrations en nickel ont révélé des mécanismes intéressants. En effet, à β= 

0, trois régions (frontières à 0.5 et à 1.0) ont été identifié. L'augmentation de β a 

entraîné la fusion progressive de la région II avec la région I pour β = 0,25 et β = 

0,40. A β= 1, la région II a disparu et seules deux régions sont observées. En ce 

qui concerne les isolignes de chrome, à γ = 0, le paramètre de maille présente 

deux régions (augmentation suivie d'une diminution) avec une limite à β = 0,4. La 

même tendance a été observée pour γ = 0,5, alors qu'à γ = 1,04, deux régions de 

paramètres de maille presque identiques sont séparées par une chute du 

paramètre de maille, passant de la région I à la région II. En ce qui concerne les 

propriétés magnétiques, deux régions ont été observées. Les échantillons ayant 

un paramètre de position de l'oxygène, u, proche de la valeur idéale de 0,375 

présentent les propriétés magnétiques les plus élevées. Cette valeur idéale de u 

est liée aux différents angles associés aux interactions de super échange. En 

diminuant la valeur u, l'interaction de super échange magnétique diminue. Les 

échantillons à forte teneur en chrome (γ > 0,60) présentent des propriétés 

magnétiques médiocres en raison des différences entre les angles expérimentaux 

et les valeurs théoriques idéales. Les paramètres MS et HC sont liés à la teneur en 

chrome tandis que le paramètre MR semble être lié à la teneur en nickel. Dans les 

échantillons ayant les meilleures propriétés magnétiques (γ < 0.60), une 

correlation avec 𝐹𝑒𝑂ℎ
2+ a été identifié pour MS et MR. Le parameter HC ne montre 

pas de correlation claire avec 𝐹𝑒𝑂ℎ
2+. 

Quelques perspectives de ce travail peuvent être discutées. Concernant la 

croissance de nouveaux échantillons FeαNiβCrγO4, une zone a été peu explorée 

(NiCr2O4 avec peu de fer). La sélection d’un substrat avec la structure spinelle a 

été une bonne décision pour l’élaboration de la sotichiométrie NiCr2O4 avec la 

structure spinelle.  

Une autre expérience à entreprendre sur ces échantillons, notamment dans le 

domaine de la corrosion, est la mesure de la résistivité électrique. Un des 

paramètres clés contrôlant la corrosion est la conductivité électrique de la couche 

intermédiaire entre l’alliage et l’environnement corrosif. Pour obtenir ces valeurs, 

des mesures de résistivité en fonction de la température devront être menées 

dans le futur. La compréhension des liens entre la résistivité et la structure fine 

pourront être utilisé ultérieurement dans des modèles pour la corrosion.  
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 INTRODUCTION: THE FE-NI-CR-O SYSTEM 

 

 

 

 

 

 

 

 

 

 

 

This PhD thesis is based on a thor-

ough study of structural and physico-

chemical properties of the Fe-Ni-Cr-

O system in thin films. In particular, 

the corundum and spinel phases are 

the subject of an extensive research 

in the context of corrosion of stain-

less steels. In addition, these materi-

als have also been identified as po-

tential candidates for spintronics ap-

plications due to their intriguing 

magnetic properties. The following 

chapter provides an overview of the 

different crystalline structures which 

can be found in this quaternary sys-

tem, including a description of their 

structural and physical properties 

and an examination of their potential 

applications. 
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 THE FE-NI-CR-O QUATERNARY SYSTEM 

The Fe-Ni-Cr-O quaternary system, illustrated in Figure 1.1, comprises a range of 

materials, which have been extensively studied for potential applications in 

different research fields such as geology1–3, metallurgy4–6, corrosion7,8, 

electronics9, or spintronics10. In this Fe-Ni-Cr-O system, solid oxide phases can 

exhibit multiple crystallographic structures such as the halite, the corundum or 

the spinel phases. All of these oxides exhibit magnetic properties. 

 
Figure 1.1: Quaternary representation of the Fe-Ni-Cr-O system.  

The first crystallographic structure is the halite, like the rocksalt (NaCl) one, 

composed of divalent cations. The space group is 225, 𝐹𝑚3̅𝑚 (according to the 

International Tables11). The two representing components are NiO and FeO. The 

wüstite (FeO) exhibits a non-stoichiometric rocksalt structure, resulting from the 

slight oxidation of some Fe2+ cations in Fe3+ cations, while the NiO phase is 

stoichiometric. The FeO phase is only stable above 843 K and under conditions of 

minimal oxygen pressure (pO2 varying from 10-6 to 10-25 atm depending of the 

temperature). At temperature below 843 K, FeO undergoes decomposition, 

yielding Fe and Fe3O4. FeO is antiferromagnetic below 200 K, while NiO have an 

antiferromagnetic ordering below 523 K as explained in details below. 
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The corundum phase is composed of trivalent cations, arranged in the example 

hexagonal α-Al2O3-type structure (space group 167, 𝑅3̅𝑐, according to the 

International Tables11). The two representative materials of this structure are α-

Cr2O3 and α-Fe2O3. A complete binary solution is observed between Fe2O3 

(hematite) and Cr2O3 (eskolaite). These phases are stable under a wide range of 

temperatures and pressures12. The Ni2O3 phase can be observed as a result of 

irradiation of the NiO phase13. However, it is more accurately described as a 

deficient NiO form than as a corundum phase14. Cr2O3 and Fe2O3 can tolerate 

small to medium amount of Ni in their structure15,16 (15 % for Fe2O3 and 10 % for 

Cr2O3). No binary system exists between Ni2O3 and the two corundum structures, 

as the structures are not identical. Cr2O3 and Fe2O3 are typical antiferromagnetic 

materials with Neel temperatures around 307 K and 950 K respectively. 

The last crystallographic structure to be discussed is the spinel one. The structure 

is composed of divalent and trivalent cations, arranged in the MgAl2O4-type 

structure (space group 227, 𝐹𝑑3̅𝑚, according to the International Tables11). This 

structure is observed in several materials within the Fe-Ni-Cr-O system. These 

materials include Fe3O4, FeCr2O4, NiCr2O4, or NiFe2O4.  

The spinel phase (FeαNiβCrγO4 with α + β + γ = 3) displays a greater range of 

variations in the composition because this structure is able to accept divalent and 

trivalent cations. The oxides previously mentioned: Fe3O4, FeCr2O4, NiCr2O4, and 

NiFe2O4 represent the four corners of the spinel zone labelled in blue in Figure 

1.1. It should be noted that the Cr3O4 and Ni3O4 phases are not observed 

experimentally. The spinel area does not extend over the top corner and left 

corner of the ternary NiO-Cr2O3-Fe3O4 system. In the upward direction, the spinel 

zone ends at 1.0 of Ni, while in the leftward direction, the spinel zone terminates 

at 2.0 of chromium. This is due to the fact that chromium forms preferentially 

trivalent cations, while nickel prefers divalent cations. Iron is able to form both 

divalent and trivalent cations, which is the reason why Fe3O4 (magnetite) is 

observed in nature. 

The present work is focused on two stable oxides phases present in the 

quaternary Fe-Ni-Cr-O system: NiO and the spinel phase. The objectives of this 

thesis are distinct. Concerning NiO, the interest is focused on its potential 

applications in antiferromagnetic spintronics through the description of the 

magnetic domain walls. Concerning the Fe-Ni-Cr-O system, the fine structure of 

these spinel phases (i.e. the cationic ordering) plays a key role for understanding 

the physicochemical properties (magnetism and conductivity in the context of 

nanomagnetism and corrosion). The following sections present an overview of 

the structural and physicochemical properties of NiO and spinel phases. 
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 STRUCTURE, RESEARCH FIELDS AND SPINTRONICS APPLICATIONS OF 

NIO 

This section is divided into three distinct parts. The first part presents the 

crystallographic and complex magnetic structure of NiO. Then, the second part 

outlines some research fields using the physical properties of NiO. The final part 

presents more specifically the applications of NiO in the field of antiferromagnetic 

spintronics. 

1.2.1 Crystallographic and magnetic structure 

Under standard conditions of pressure and temperature, NiO represents the most 

stable form of nickel oxide. The crystallographic structure of NiO, illustrated by 

Figure 1.2, is a rock salt type, belonging to the space group 225 (𝐹𝑚3̅𝑚). The 

nickel and oxygen ions are arranged alternatively in the three directions of space 

on a fcc cubic lattice. The conventional unit cell contains four formula units and 

the lattice parameters are a = b = c = 4.18 Å17. The oxygen anions and nickel 

cations are situated in the 4b and 4a Wyckoff positions. The 4a position 

encompasses the origin of the cell.  

 
Figure 1.2: Crystallographic structure of NiO. The green circles represent 

Ni atoms, while the red ones depict oxygen anions.   

Below its Néel temperature of 523 K17, NiO exhibits an antiferromagnetic (AF) 

structure. The crystallographic structure and the magnetic order are interrelated 

through the phenomenon of magnetostriction18,19. The extensive description of 

the magnetic order and the magnetostriction phenomenon are detailed in 

chapter 2.  
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1.2.2 Research fields on NiO 

NiO is employed for its electrical and magnetic properties. Its magnetic properties 

are detailed are discussed in detail in the next subsection. Its electrical properties, 

in particular its insulating properties and its good absorption at the surface for 

organic components make NiO a promising candidate for use in gas sensors20,21. 

Additionally, NiO is utilized in electronics devices, including batteries22, dielectric 

devices23 and thin film transistors24. The integration of NiO into sophisticated 

multilayers structures offers promising applications in solar cells25, as illustrated 

in Figure 1.3. 

 
Figure 1.3: Schematic illustration of a solar cell proposed by Ukoba et 

al.25  

Additionally, NiO has been observed in the corrosion layers of multiple Ni-based 

alloys. It is present at the surface of a clean Ni sample immersed in a NaCl 

solution26 at ambient temperature. In more challenging conditions (700 °C and 

sulfuric conditions), NiO is also present27. In fused nitrates, the film of NiO is 

reported to be a barrier against further corrosion28. In molten carbonates, the NiO 

film is observed to include Ni3+ cations and accordingly nickel cation vacancies28. 

1.2.3 Antiferromagnetic materials applications in spintronics 

The potential applications of AF, and therefore of NiO, materials in spintronics 

have recently been the subject of considerable interest29–31. In comparison to their 

ferromagnetic (FM) counterparts, they offer three notable advantages.  
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The first advantage is their immunity to external electromagnetic interference. 

Their compensated magnetic structure exhibits a better resistance to perturbing 

magnetic fields, thereby rendering them insensitive to external perturbations. The 

second advantage of AF materials is their capacity for high-density data storage. 

Indeed, the magnetic domains in which the information is written do not interact 

dipolarly between them. The final advantage of these materials is their opera-

tional frequency. Indeed, their inherent THz dynamics allows operation in the do-

main of the picosecond, thereby enhancing performance. 

However, several issues remains before their effective utilization in spintronic de-

vices. For instance, the read/write operation has been studied, but for now, no 

process made the unanimity and it is device dependent32. For instance, in FM 

spin-valves, the exchange coupling between FM and AF layers is used as a mean 

to write magnetic state in the AF layer. In nickel oxide (NiO), which represents one 

of the corner of the quaternary system of Fe-Ni-Cr-O, one scheme has been pro-

posed33, which is the introduction of spin current to flip the S state of the NiO 

layer. Before proposing read/write operation, the magnetic state must be estab-

lished.  

The stabilization of a single magnetic state is already challenging. In the absence 

of any driving force, like applying strain34,35 or magnetic field36,37, a complex mag-

netic structure is observed in NiO. Between these spins structures, the transition 

zone is called Domain Wall (DW). Consequently, spins transport that can reach 

tens of nanometers in a single domain38, reveals itself more complex in complex 

spin structure. At the opposite, DWs can be used as magnetic recording media, 

by exploiting the DWs movements39, or the magnetoelastic interactions between 

them40.  

While DWs are a common feature of NiO, their atomic-scale structure remains 

poorly documented. They were initially identified through XMLD-PEEM41, a 

sophisticated X-ray absorption technique based on synchrotron radiation. Several 

studies have tried to clarify the DWs structure and behavior in NiO by using 

different techniques42–45. These experiments can be interpreted with macrospin 

models46, conventional micromagnetic47 or atomic spin dynamics33. This last 

method has the advantage to provide a more detailed description, with less 

assumptions and maintaining a classical description of spins. 

A part of this work is dedicated to the analysis of the magnetic ordering in NiO. 

The complex magnetic structure of NiO leads to the apparition of DWs between 

two magnetic orientations of the AF vector, which will be the central focus of the 

chapter 2.
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 STRUCTURE, PHYSICOCHEMICAL PROPERTIES, CORROSION CONTEXT 

AND SPINTRONICS APPLICATIONS OF THE SPINEL PHASE OF FE-NI-

CR-O QUATERNARY SYSTEM 

This section is divided into three distinct parts. The first part presents the 

crystallographic and ferrimagnetic structure of the spinel phase. The second part 

presents a comprehensive review of the literature on specific spinel compounds 

(Fe3O4, NiFe2O4, FeCr2O4 and NiCr2O4) within the quaternary Fe-Ni-Cr-O system. 

Additionally, it encompasses a detailed examination of the binaries formed 

between these compounds. The final part provides an overview of the diverse 

research areas in which these materials are used, with a specific emphasis on their 

applications in spintronics applications and corrosion studies. 

1.3.1 Crystallographic structure 

The crystallographic structure of spinel is described by the space group 227, 

𝐹𝑑3̅𝑚 in the International Tables11. The conventional cubic unit cell contains eight 

formula units, and the overall conventional unit cell contains 32 anions and 24 

cations, for a total of 56 atoms (see Figure 1.4). The oxygen anion sublattice forms 

a pseudo-cubic close packed structure at Wyckoff position 32e. The metallic 

cations occupy one-eighth of the tetrahedral interstices (Wyckoff position 8a) and 

half of the octahedral interstices (Wyckoff position 16d). Eight of the cations are 

situated in tetrahedral sites, while the remaining sixteen are located in octahedral 

sites. The tetrahedral sites constitute a diamond cubic sublattice with a lattice 

parameter equal to the lattice parameter of the spinel. Each tetrahedral site is 

isolated from the others. The octahedron are arranged in lines oriented along the 

[110] directions. The octahedron are connected by edges along these lines. In the 

remainder of this thesis, the tetrahedral sites will be referred to as Td sites, and 

the octahedral sites will be referenced as Oh sites.  

Two possible descriptions of this structure exist in the International Tables11. The 

first description (1) has its origin on a Td site (4̅3𝑚), whereas the second possible 

description (2) has its origin on a vacancy of an Oh site (3̅𝑚)48. It is possible to 

transition between the two descriptions. Whatever the convention utilized, the 

Wyckoff positions of ions remain identical. For the rest of this manuscript, the 

4̅3𝑚 (1) convention is employed. Figure 1.4 illustrates this convention.  



 INTRODUCTION: THE FE-NI-CR-O SYSTEM 

8 

 
Figure 1.4: Unit cell of a spinel structure. The Td sites are highlighted in 

orange, while the Oh sites are depicted in gray.  

Two additional parameters are required to fully describe the cubic spinel 

structure. The first parameter is the anion parameter: u. Indeed, oxygen atoms do 

not form a cubic close-packed structure. A slight deviation in position of oxygen 

anions is parametrized by this anion parameter. In the case of a perfect close 

packed structure, the anion parameter is u = 0.375 in the 4̅3𝑚 adopted 

convention. The second parameter is the inversion parameter: δ. Indeed, the 

cationic distribution is not fixed within the spinel structure. The divalent cations, 

depending on the chemical species, may exhibit a preference for either Oh or Td 

sites. This cationic arrangement is noted with the inversion parameter δ, which 

varies between 0 and 1. When δ is equal to zero, all divalent cations are placed in 

Td sites. This is the normal spinel structure. When δ is equal to one, all the divalent 

cations are located in Oh sites. This is the inverse spinel structure. The cationic 

distribution can be summarized as follows (for example NiCr2O4, a normal spinel 

with δ = 0): (Ni1−δ=1
2+ Crδ=0

3+ )Td[Niδ=0
2+ Cr2−δ=2

3+ ]OhO4. ()Td and []Oh indicate the 

composition in Td and Oh sites, respectively. The 2 in subscript of trivalent Cr 

cations indicates the presence of two times more Oh sites than Td sites.  

A notable characteristic of spinel phases is their ability to accommodate a 

significant degree of cationic disorder within the crystallographic structure. In the 

Fe-Ni-Cr-O system, the accepted cations are divalent (II) and trivalent (III). 

However, some spinels are able to accept (IV) and (VI) cations, accompanied by 

two (II) and (I) cations, respectively48.  
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In the field of nanometric samples (nanoparticles or thin films), the adopted 

method of synthesis influences the overall cationic distribution. In the context of 

nanoparticles49, the synthesis method of co-precipitation results in different 

inversion parameters in function of the second cation (M) for MFe2O4. In thin 

films, the synthesis of CoFe2O4 results in an inversion parameter of 0.8850, which 

is close to the inverse spinel structure (δ = 1) exhibited in the bulk material. 

The cationic arrangement has a significant influence on the physicochemical 

properties of the spinel structure. To illustrate, the radii of cationic species 

increase when transitioning from a Td environment to an Oh environment51. This 

has an impact on the resulting lattice parameter of the crystallographic structure. 

This change in lattice parameter influence the distance between two Oh sites, and 

thus for example the conductivity through the hopping mechanism52.  

Some authors have investigated the preference of different cations for Td or Oh 

sites53,54. The calculations presented by Navrotsky53 are based on thermodynamic 

considerations, while the calculations of Dunitz54 are based on the crystal field. In 

both cases, the order of stabilization energy in Oh sites is the following: Cr3+, Ni2+, 

Fe2+ and Fe3+. This indicates that trivalent chromium exhibits a strong preference 

for Oh sites, followed by divalent Ni. In contrast, divalent iron exhibits a slight 

preference for Oh sites, whereas the trivalent iron does not display a preference 

for either sites. 

1.3.2 Magnetic structures within the spinel structure 

Spinels present various magnetic structures. The theory of ferrimagnetism for the 

spinel phase has been first introduced by Néel55. He proposed that the magnetic 

interactions between cations of the same sublattice (Td-Td and Oh-Oh interactions) 

are ferromagnetic and weak, while the interactions between cations of distinct 

sublattice (Td-Oh interactions) are antiferromagnetic and strong. The net result of 

these interactions is an antiparallel alignment of spins in the Td and Oh sites. The 

net magnetic moment (μtotal) is defined as the difference between the Oh (μOh) and 

the Td (μTd) magnetic moments:  

𝜇𝑡𝑜𝑡𝑎𝑙 =∑𝜇𝑂ℎ −∑𝜇𝑇𝑑 (1. 1) 

The phenomenon of producing an ordered magnetic field through the interaction 

of elements is referred to as exchange interaction. The direct exchange interaction 

is a consequence of the overlap of two atomic orbitals belonging to two 

neighboring atoms or ions. Furthermore, in an oxide material, the magnetic 

exchange interaction occurs through an oxygen anion, and is referred as super-

exchange. The magnetic cations are too distant to establish a conventional 

exchange interaction through orbitals; the oxygen serves as an intermediary in 
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this process. The theory of super-exchange interactions was first introduced by 

Kramers56 and then developed by Anderson57,58, Goodenough59,60, and 

Kanamori61. A number of rules have been proposed to determine the theoretical 

sign and intensity of the magnetic interactions. The essential information to be 

retained is that the primary parameter is the degree of orbitals overlapping. The 

degree of overlapping is influenced by the crystalline geometry. Of particular 

interest are the angles between the metallic cations and the oxygen anions (Me-

O-Me, where Me represents the metallic cation) and the metal-metal distance. 

Strong overlapping results in strong coupling. To illustrate, the Td-Td interaction 

is relatively weak due to the significant distance Td-Td. 

 
Figure 1.5: Schematic illustration of the magnetic exchange interaction 

in Fe3O4. The orange color represents the Td sites, while the green color 

depicts the Oh sites. Due to crystal field effect, the 3d orbitals of the Oh 

sites are split into the triply degenerate low-energy t2g states and doubly 

degenerated high-energy eg states, whereas the Td site cations exhibit 

two low-energy e states and three high-energy t2 states. Extracted from 

Pinho62.  

The different super-exchange interactions in Fe3O4 are illustrated in Figure 1.5. 

The interacting orbitals are the 2p orbitals for oxygen anions, and 3d orbitals for 
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cations. An angle of 180° between two cations results in the maximum 

antiferromagnetic coupling57,58. This 180° configuration does not occur in spinel. 

However, the 125° angle of Td-Oh exchange yields a significant antiferromagnetic 

interaction (configuration c). Two potential interactions occur in the Oh-Oh 

configuration. The first one (a) is the Zener double exchange63. It occurs due to 

the electron transfer from Fe2+ to Fe3+. This interaction is relatively weak and often 

masked by the superexchange at 90° (b). The latter results in a subtle 

ferromagnetic interaction. 

Following Néel’s introduction of the ferrimagnetism in the spinel phase, other 

researchers demonstrated the existence of alternative magnetic structures within 

the spinel phase. The replacement of magnetic cations with other magnetic or 

non-magnetic cations results in the dilution of certain interactions64. In particular, 

when the Oh-Oh interaction is no longer negligible in comparison to the Td-Oh 

interaction, the Oh sites can be divided into two distinct sublattices, with an angle 

between each other and the Td sites. This triangular configuration was first 

proposed by Yafet and Kittel65. The angle formed by the magnetization between 

the different magnetic sublattices is referred to as the Yafet-Kittel angle, or the 

canting angle. The canted configuration is the reason for the lower magnetic 

moment observed in chromites66 (Fe3-xCrxO4 series) compared to Fe3O4. 

1.3.3 Physicochemical properties of particular compounds in the spinel area 

of the quaternary Fe-Ni-Cr-O 

This section describe the crystallographic and magnetic structure (and the 

eventual transitions) of the four corners of the spinel area depicted in Figure 1.1. 

The considered compounds are: Fe3O4, NiFe2O4, FeCr2O4 and NiCr2O4. 

1.3.3.1 Magnetite (Fe3O4)  

Fe3O4 (or magnetite) is a compound situated at the bottom right corner of the 

spinel region. Fe3O4 has an inverse spinel structure (δ = 1), with Fe2+ ions situated 

at the Oh sites, and Fe3+ ions distributed between the Td and Oh sites. This 

ordering can be summarized by the following formula: (Fe3+)Td[Fe2+Fe3+]OhO4. This 

oxide is ferrimagnetic, with a Curie temperature of 850 K 67 and has a lattice 

parameter of 8.37-8.41 Å68–70.  

At low temperatures, Fe3O4 undergoes a structural transition. This phenomenon 

is due to the charge ordering of Fe2+ and Fe3+ ions at the Oh sites. This transition 

is called the Verwey transition71 and occurs at 120 K for pure Fe3O4. The low-

temperature phase of the magnetite remains a topic of debate. Some researchers 

propose a monoclinic cell structure72, while others observe deviations from the 

proposed monoclinic cell73.  
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Above the Verwey transition at 120 K, Fe3O4 exhibits a rather low metallic 

behavior. Below the Verwey transition, the magnetite exhibits an isolating 

behavior. The conduction mechanism is a combination of two distinct 

phenomena74. The first phenomenon is that of band conductivity, while the 

second is that of hopping conductivity. This hopping is attributed to the electronic 

transfer between Fe3+ and Fe2+ in Oh sites. The maximum conductivity is observed 

at 350 K, where the two mechanisms are of equal magnitude. Another exciting 

property of this oxide is its half-metallic behavior. This effect induces the existence 

of a fully spin-polarized current for one spin direction at the Fermi level. This 

behavior can be used in spintronics devices such as magnetic tunnel junction75.  

1.3.3.2 Trevorite (NiFe2O4) 

The NiFe2O4 (trevorite) compound is placed in the top right corner of the spinel 

region. NiFe2O4 crystallizes in an inverse spinel structure (δ = 1), with Ni2+ ions 

located in the Oh sites, and Fe3+ ions distributed between the Td and Oh sites. The 

formula is (Fe3+)Td[Ni2+Fe3+]OhO4. This oxide is also ferrimagnetic, with a Curie 

temperature of 843 K76, and has a lattice parameter of 8.32-8.34 Å in bulk77–79. 

Stoichiometric NiFe2O4 has an insulating behavior.; However, modifying the 

sintering temperature allows for the reduction of Fe3+ to Fe2+, enabling the 

hopping mechanism80 to occur. Consequently, the oxide is less insulating. 

1.3.3.3 Iron chromite (FeCr2O4) 

The FeCr2O4 (iron chromite) compound is located at the lower left corner of the 

spinel region. FeCr2O4 crystallizes in a normal spinel structure (δ = 0), with Fe2+ 

ions located on the Td sites, and Cr3+ ions exclusively occupying the Oh sites. The 

formula is now (Fe2+)Td[Cr2
3+]OhO4. This oxide exhibits a lattice parameter of 8.37-

8.38 Å66,81,82.  

FeCr2O4 displays two structural transitions and two magnetic transitions. By 

decreasing the temperature, the first transition is a structural transition from the 

cubic spinel phase to a tetragonal phase (with c/a < 1) at 140 K66,83,84, attributed 

to a Jahn-Teller effect. This effect occurs when an energy degenerate system 

distorts itself in order to reduce its energy, thereby removing the degeneracy. 

Then, a magnetic transition linked with a structural transition is observed at 

approximately 90 K. The compound is then ferrimagnetic and has an 

orthorhombic structure. By decreasing the temperature further, a final transition 

is observed at 40 K, where a conical spin ordering is present.  
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1.3.3.4 Nickel chromite (NiCr2O4) 

The NiCr2O4 (nickel chromite) compound is located in the top right corner of the 

spinel region. NiCr2O4 has a normal spinel structure (δ = 0), with Ni2+ ions located 

on the Td sites, and Cr3+ ions exclusively occupying the Oh sites. The formula can 

be expressed as: (Ni2+)Td[Cr2
3+]OhO4. This oxide exhibits a lattice parameter of 8.31-

8.32 Å85,86. The NiCr2O4 electrical behavior suggests a semiconducting behavior87.  

NiCr2O4 also exhibits two magnetic transitions and two structural transitions. By 

decreasing the temperature, the first transition, occurring at 320 K is a structural 

transition from cubic to tetragonal lattice (with c/a >1)88,89. This transition is driven 

by the Jahn-Teller effect of Ni2+. At the Curie temperature of around 80 K89,90, a 

magnetic transition coupled to a structural transition occurs. The compound is 

ferrimagnetic and has an orthorhombic structure. A last magnetic transition 

observed is the apparition of a conical spin ordering at 30 K90. 

A few preliminary observations can be done on the magnetic properties of 

these spinel compounds. The inverse spinel structure exhibits a higher Curie 

temperature than the normal spinel structure. The Cr doping with γ = 2.0 in 

FeαNiβCrγO4 gives rise to complex structural and magnetic transitions.  

1.3.4 Binaries between the end members of the spinel area 

The following section examine the properties of the intermediary materials 

situated between the aforementioned four initial compounds. These zones of the 

phase diagram of the spinel area have been the subject of previous studies, with 

samples synthesized under different forms (bulk, nanoparticles, thin films…). 

These different synthesis methods diverge from the AO-MBE process selected in 

this work. We will discuss the four binaries, along the samples synthesis processes, 

comprising Fe3O4-FeCr2O4 (the bottom gray line of the spinel region), Fe3O4-

NiFe2O4 (red line), FeCr2O4-NiCr2O4 (left green line) and NiFe2O4-NiCr2O4 (top 

blue line) systems labelled in Figure 1.5. 

 
Figure 1.6: Schematic illustration of the different binaries system in the 

quaternary diagram.  
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1.3.4.1 Fe3O4-FeCr2O4 binary system 

The binary system Fe3O4-FeCr2O4 is the bottom line of the spinel region. The two 

end members exhibit an opposite cationic repartition. Fe3O4 has an inverse spinel 

structure, while FeCr2O4 has a normal spinel structure. The binary system has been 

studied by different teams. Ma et al.83, Robbins et al.91 or Francombe et al.66 have 

performed measurements of the structure (lattice parameter), as well as 

investigations on the magnetic and structural transitions for bulk compounds. In 

the case of thin films, a previous study has been done in our team62. The evolution 

of the lattice parameter as a function of the chromium content shows three 

different regions66,82, as illustrated in Figure 1.7. 

 
Figure 1.7: Evolution of the lattice parameter as a function of the Cr 

doping. The gray crosses present the variations in bulk samples, while 

the red crosses depict the variations for thin films. Adapted from Pinho52.  

The region I shows a transition from an inverse spinel to an intermediate 

inversion. This region extends from α = 3.0 to α = 2.4. The decrease in lattice 

parameter is attributed to the smaller cationic radius of Cr3+ compared to Fe3+ in 

Oh sites (61.5 pm versus 64.5 pm51). In the region II, the spinel inversion remains 

intermediate, between α = 2.4 and α = 1.7. The lattice parameter increases due 

to the progressive filling of the Td sites by Fe2+. Their cationic radius is 63 pm, in 

comparison to the radius of 49 pm for Fe3+ cations in the Td sites. The region III 

displays a significant decrease in the lattice parameter. It extends from α = 1.7 to 
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α = 1.0. The spinel structure is of intermediate inversion and reaches a normal 

spinel at α = 1. The decrease is predominantly attributable to the diminished 

cationic radius of cations in Oh sites.  

 
Figure 1.8: Temperature phase diagram of FeαCr3-αO4. Figure adapted 

from Ma et al.83. 

The complete description of the crystalline and magnetic transitions in Fe2CrO4-

FeCr2O4 is presented in Figure 1.8. TC is the paramagnetic-to-collinear 

ferrimagnetic phase transition temperature, TN is the collinear-to-conical 

ferrimagnetic phase transition temperature, TS1 is the cubic-to-tetragonal lattice 

transition temperature, and TS2 is the tetragonal-to-orthorhombic lattice 

transition temperature. The solid lines show the structural and magnetic 

transitions, while the dashed lines display the possible structural distortions. 

Three distinct regions can be discussed as described in the article83. The first 

region is observed when α is below 1.3 (region 3). In this region, the spinel phase 

exhibits the normal spinel configuration (δ = 0). Two principal magnetic 

transitions are observed: the paramagnetic to collinear ferrimagnetic transition 

(TC) and the collinear to conical Yafet-Kittel transition (TN). A reduction in 
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chromium content (α increasing) results in an increase in TC, but a decrease in TN. 

From a crystallographic point of view, two distinct crystallographic transitions are 

observed, a transition from cubic to tetragonal (with c/a < 1) at TS1, and a 

transition from tetragonal to orthorhombic at TS2. A reduction in chromium 

content induces a decrease for TS1, while TS2 increases, until the two temperatures 

become the same, at 110 K, for α = 1.3. The initial crystallographic transition TS1 

is not associated with a magnetic ordering, whereas the subsequent 

crystallographic TS2 coincides with the first magnetic ordering (TC).  

In the second region (region 2, 1.3 < α < 1.7), the materials exhibit an intermediate 

spinel inversion (0 < δ < 1). Four transitions in the magnetic and crystallographic 

structure are still discernible. In contrast to the observations made in region 3, the 

variations are in opposition to the aforementioned trends. Specifically, the TC and 

TS1 values increase with a reduction of the Cr content, while the TN and TS2 values 

decrease, reaching 0 at α = 1.7. Below TS1, the tetragonal phase exhibits c/a > 1. 

The initial crystallographic transition TS1 is associated with the magnetic transition 

TC. The subsequent crystallographic transition occurs without changing the 

magnetic phase.  

The third region is obtained with α > 1.7 (region 1). The spinel inversion is 

intermediate (0 < δ < 1). The compounds are purely cubic and the 

crystallographic transitions TS1 and TS2 disappeared. The TC increases more 

abruptly in comparison to the other regions. No correlation was identified 

between structural and magnetic transitions. 

1.3.4.2 Fe3O4-NiFe2O4 binary system 

The binary system Fe3O4-NiFe2O4 is the right line of the spinel region. The two 

end members exhibit an inverse spinel structure with a high TC of approximately 

850 K. It is anticipated that Ni2+ cations will progressively replace Fe2+ cations in 

the Oh sites, and the lattice parameter variations will be linear. 

From a thermodynamic standpoint, the spinel phase (Fe3-βNiβO4)is stable up to β 

= 1.0 of Ni92, which represents the upper limit of this binary spinel system. In 

contrast to bulk properties, the Curie temperature remains constant in the case 

of fine particles93.  

The impact of progressive Ni doping on the lattice parameters of magnetite has 

been studied by different authors, with investigations on nanoparticles94–98 and 

thin films99,100. A summary of these variations can be found in Figure 1.9.  
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Figure 1.9: Evolution of the lattice parameter in Fe3-βNiβO4 from different 

works for nanoparticles (NPs) and thin films (TFs).  

The lattice parameter exhibits notable variations according to the synthesis 

method. In nanoparticles (NPs), Iranmanesh et al.96 or in thin films (TFs) Jin et al.99, 

observed a continuous decrease in the lattice parameter with the increasing Ni 

content. This is probably due to the smaller cationic radius of Ni2+ in an Oh 

environment (69 pm) in comparison with the radius of Fe2+ in an Oh environment 

78 pm51). In other publications (Rana et al.98 or Deepak et al.97), an initial increase 

in the lattice parameter can be observed, followed by a decrease with the Ni 

content. 

The values reported by Jin et al.99 and Kim et al.100 are lower than the values 

reported by the other studies, probably due to the fact that the thin film 

deposition was done on MgO and α-Al2O3 (0001) substrates, respectively. The 

strain imposed by the substrate induces a reduction of the lattice parameter. Kim 

et al.100 has grown polycrystalline thin films on α-Al2O3 (0001) substrates, which 

is the substrate also selected in this study. The authors have observed a tetragonal 

distortion for samples with a Ni content greater than 0.57, whereas those with a 

Ni content below 0.3 remain cubic. The evolution of the lattice parameter is also 

reported in Figure 1.9 with an equivalent acubic (𝑎𝑐𝑢𝑏𝑖𝑐
3 = 𝑎𝑡𝑒𝑡𝑟𝑎

2 𝑐𝑡𝑒𝑡𝑟𝑎) in order to 

be compared with the other works. The remaining reported values, despite some 

variations, converge toward a similar range (from 8.37 Å for Ni0.5Fe2.5O4 to 8.35 Å 

for NiFe2O4) for compounds close to NiFe2O4.  
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1.3.4.3 FeCr2O4-NiCr2O4 binary system 

This pseudo binary system FeCr2O4-NiCr2O4 represent the left line of the spinel 

region and has not been explored in details. The two end members of this binary 

exhibit a normal spinel structure, with a low Curie temperature. It is probably due 

to a gradual substitution of Fe2+ cations by Ni2+ cations in Td sites.  

To the best of our knowledge, the work of Gilabert et al.101 is the only article which 

describes this binary system with measurements of the lattice parameters. This 

part of the spinel region is at the intersection of two ternary systems (Ni-Cr-O and 

Ni-Fe-O systems). And, only two studies have explored this binary spinel solution 

from a thermodynamic perspective: Kjellqvist et al.12 and Kurepin et al.102. No 

evolution of the Curie temperature with the iron content is reported in the 

literature.  

In the work of Gilabert101, the measured lattice parameters indicate that the as-

synthesized spinel samples exhibit the expected stoichiometry. However, after 

post-synthesis (calcination at 800 or 1000 °C, in O2 or N2), a unique spinel phase 

of NiCr2O4, without any iron (or FeCr2O4 when no Ni is introduced in the reaction 

mix) is observed. Figure 1.10 shows the progressive vanishing of the spinel phase 

with the calcination temperature. It should be noted that the FeCr2O4 phase is not 

thermodynamically stable below 1400°C12. In the post synthesis treatment, the 

oxidizing conditions favor the formation of Fe3+. Consequently, the eskolaite 

(Cr2O3 enriched with iron) phase becomes more prevalent. 

 
Figure 1.10: Evolution of the percentages of spinel phase (a) and 

eskolaite phase (b) depending of α in Ni1-αFeαCr2O4. Adapted from 

Gilabert et al.101. 
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This is evidenced by the percentage of each phase present in the resulting mixture 

(Figure 1.10). The reaction mixture following synthesis exhibits a predominantly 

spinel phase, with an increase in eskolaite phase in a linear manner with α in post-

treatment. The use of N2 during the calcination process has been demonstrated 

to facilitate the preservation of the spinel phase at 10% within the total phase 

composition, in the instance where α = 1. 

The evolution of the lattice parameter of the as-synthesized and post-treated 

samples is illustrated in Figure 1.11. It can be observed that the as-synthesized 

and samples treated in oxidizing conditions exhibit the same behavior. Their 

lattice parameters are slightly below the expected one in the case of an ideal solid 

solution (Vegard’s law). Increasing the calcination temperature TC results in a 

reduction in the lattice parameter. In order to elucidate the parabolic decline 

observed in the treated sample exposed to an N2 atmosphere, the authors has 

formulated the following hypothesis. The transformation of the spinel phase into 

the eskolaite phase is accompanied by the transport of Fe³⁺ cations into the 

growing eskolaite phase, which results in the formation of vacancies in the spinel 

structure. Furthermore, the application of an inert atmosphere results in the loss 

of oxygen anions. As a result, the iron and oxygen vacancies lead to a notable 

reduction in the lattice parameter.  

 
Figure 1.11: Comparison of the lattice parameter evolution with the 

prediction of Vegard’s law (ideal solid solution between NiCr2O4 and 

FeCr2O4).  

Concerning the cationic distribution, the authors postulated that Ni2+ is gradually 

replaced by Fe2+ on Td sites.  
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The replacement of Ni atoms by Fe ones in Td sites is, in fact, a more complex 

process, as the FeCr₂O₄ phase is not thermodynamically stable. This binary system 

represents the intersection of two ternary systems (Ni-Fe-O and Ni-Cr-O). This is 

a potential explanation of the few available experimental data. 

1.3.4.4 NiFe2O4-NiCr2O4 binary system 

The two end members of this binary system NiFe2O4-NiCr2O4 (top line of spinel 

region) exhibit an opposed cationic arrangement. NiFe2O4 has an inverse spinel 

structure with a high Curie temperature, whereas NiCr2O4 has a normal spinel 

structure, with a low Curie temperature. The lattice parameter should display 

significant variations to accommodate this opposed cationic distribution.  

A number of authors have performed experimental studies on this system86,103–

108. The majority of authors have used synthesis methods yielding to ceramic103 

or powdered86,104 materials. The only study on nanoparticles108 exhibited lattice 

parameters markedly exceeding the others values, thus this study has been 

rejected for the rest of this discussion.  

 
Figure 1.12: Lattice parameter as a function of the Cr content (γ) in 

NiCr2O4-NiFe2O4 binary system from Ziemniak86, Allen103, 

Hosterman104, Lee106, Jahan107 and Rais105. 

The lattice parameters measured by the different authors as a function of the Fe 

content are illustrated in Figure 1.12. The NiFe2O4 compound is situated at the 

left side of the diagram (γ = 0.0), while the NiCr2O4 compound is located on the 

right (γ = 2.0). The reported values for the lattice parameters are coherent. It is 

noteworthy that the compound NiCr2O4 exhibits a tetragonal structure below 320 

K. The reported lattice parameters for this compound are consistent with a cubic-
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like lattice parameter. The cubic-equivalent structure is established as having the 

same volume as the tetragonal one (𝑎𝑐𝑢𝑏𝑖𝑐
3 = 𝑎𝑡𝑒𝑡𝑟𝑎

2 𝑐𝑡𝑒𝑡𝑟𝑎).  

A linear decreasing is observed between NiFe2O4 and NiFeCrO4 (γ = 1.0), followed 

by a linear increasing between NiFeCrO4 and NiCr2O4 (γ = 2.0). The proposed 

mechanism for the lattice parameter variations is supported by Mossbauer 

studies105 and is as follows. Starting from NiFe2O4, the Cr3+ cations substitute for 

the Fe3+ cations in the Oh sites. The smaller cationic radius (61.5 pm for Cr3+ in Oh 

sites, compared to 64.5 pm for Fe3+ in Oh sites51) results in a decrease in the lattice 

parameter, as the system transitions from NiFe2O4 to NiFeCrO4 (γ = 0.0 to γ = 

1.0). At NiFeCrO4, the cationic organization is represented by the formula 

(Fe)Td[NiCr]OhO4. Subsequently, the Cr content continues to increase in Oh sites, 

forcing Ni atoms to relocate in Td sites. This results in a reduction of iron in the Td 

sites. The cationic radii of Fe3+ are 49 pm for Td sites and 64.5 pm for Oh sites, 

while the radii for Ni2+ are 55 pm for Td sites and 69 pm for Oh sites. The Td site 

size exhibits an increase, while the Oh decrease slightly. The net result is an 

increase in the lattice parameter from (Fe)Td[NiCr]OhO4 (γ = 1.0) to (Ni)Td[Cr2]OhO4 

(γ = 2.0).  

 
Figure 1.13: Evolution of the Curie temperature as a function of the Cr 

content (γ). from Lee106, Jahan107 and Rais105. The red triangle represent 

the TC of NiCr2O4 (80 K).  

The Curie temperature has also been studied by some groups105,106,109. The results 

are presented in Figure 1.13. A general linear decrease is observed when going 

from NiFe2O4 to NiFeCrO4. These three studies present some discrepancies in the 

reported value of TC. However, similar variations are observed. The samples 

measured by Rais et al. exhibited a magnetic temperature of compensation, TK. 
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This phenomenon is associated to the magnetic ordering and manifests as a zero 

in the MS (T) curve. At TK, the compound exhibits an AF alignment, which results 

in zero net magnetization. Subsequent to this temperature point, the compound 

exhibits a remaining magnetization. The compensation temperatures converge 

with the Curie temperature at γ = 1.7.  

Because no study is available between γ = 1 and γ = 2, it is anticipated that the 

linear decrease between NiFeCrO4 and NiCr2O4 will be more pronounced than 

that observed between NiFe2O4 and NiFeCrO4. 

 
Figure 1.14: Measured solvus in the Ni(Fe1-nCrn)2O4 (2n = γ) spinel 

binary: EDX (Energy-Dispersive X-ray, open circles) and EMPA (Electron 

MicroProbe Analysis, filled circles). Arrows show solvus based on 

observed cation distributions between octahedral and tetrahedral sites 

at room temperature. Extracted from Ziemniak et al.86.  

Ziemniak86 observed the presence of an miscibility gap. The miscibility gap is 

observed below 1000 K and is characterized by a two-phase region extending 

from n = 0.27 to n = 0.67 (γ = 0.54 to γ = 1.34) at room temperature. In order to 

obtain the two phases, the samples were synthesized in molten salts and 

maintained at distinct temperatures (400 to 700°C) for an extended period of time 

(one month to six months). This miscibility gap is unlikely to be observed in this 

study.  
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1.3.5 Spinel phase of the Fe-Ni-Cr-O system in different domains 

The oxides composed of iron, nickel and chromium elements exhibit a wide range 

of applications in different research fields. 

In the context of geology and metallurgy, magnetite (Fe₃O₄) is identified as the 

most abundant iron mineral on Earth, while chromite (FeCr₂O₄) is established as 

the primary source of chromium. Chromium is considered a crucial element in the 

production of stainless steel, as it is the constituent responsible for conferring 

corrosion resistance properties to these materials.  

Some of the compounds in this system display also a semi-conductor behavior. 

The band gap can be engineered to match the wavelengths of visible light, 

enabling visible light harvesting for use in photovoltaic or photocatalytic 

applications110–113.  

Additionally, these compounds have applications in the fields of medicine and 

biology. The potential of magnetite nanoparticles as a drug delivery system has 

been the subject of some research114. 

Our interest for investigating the structural and physicochemical properties of 

spinels comprising Fe, Ni, and Cr elements is related to two distinct contexts: 

corrosion and spintronics.  

1.3.6 Spinel phases containing Fe, Ni and Cr in spintronics context 

Concerning the field of spintronics (demanding monocrystalline samples with 

precise chemical composition), Fe3O4 exhibits a half-metallic behavior at room 

temperature. A half-metal is defined as a material exhibiting a conductivity only 

for electrons with one spin direction. Consequently, the conduction electrons are 

fully spin-polarized. A lot of researches have been dedicated to the use of this 

property for spintronics applications such as tunneling magnetoresistance (TMR) 

in magnetic tunnel junctions75,115,116 or spin field-effect transistors117–119. 

The conductive behavior of thin films of NiFe2O4 are dependent on the synthesis 

conditions. It has the potential for exhibiting conductive behavior with spin 

polarization up to 45 % at room temperature10. However, when this oxide is 

insulating, it can be also integrated in magnetic tunnel barrier for spin filtering 

applications120. 

The Fe3-xCrxO4 series exhibits Curie temperatures below room temperature for 

highest Cr content (x > 1.2), thereby limiting the applications of this series in 

spintronics. However, the magnetic phase diagram is complex with exciting 

magnetic and electric properties52,62. 
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The growth of thin films of materials with magnetic properties (and other 

properties such as optical, ferroelectricity, etc.) is a crucial step in the development 

of modern spintronic applications. The lattice parameter, or the growth directions 

have significant impact on the magnetic properties of the samples. Spinel phases 

of varying compositions can be grown on different substrates, which influence 

the lattice parameter. NiFe2O4 can be grown on SrTiO3 (001)121,122, silicon (100)123, 

MgAl2O4 (001)124 or ZnGa2O4 (001)125, among other substrates. The common 

point of all these substrates is that the growth is oriented along the [001] 

direction.  

In this study, the selected substrate is α-Al2O3 (0001). It has been previously 

demonstrated that Fe3O4 or NiFe2O4 exhibit excellent growth on α-Al2O3 

(0001)126. Given the orientation of α-Al2O3 (0001), spinel phases will grow in the 

direction [111]. This orientation will enrich the possibilities for spintronics devices 

by adding new surfaces. More recently, in our laboratory, we have demonstrated 

that it is possible to elaborate Fe3-xCrxO4 thin films on α-Al2O3 (0001) with a 

controlled chromium content and tunable electric and magnetic properties52. 

1.3.7 Spinel phases containing Fe, Ni and Cr in corrosion context 

The fundamental criteria for a steel to be classified as stainless steel are the 

presence of iron, carbon, and a minimum of 18% chromium and 12% nickel in 

weight. Other alloys frequently used in industrial settings for their corrosion 

resistance properties include Fe-Cr and Ni-Cr alloys. When exposed to varying 

oxidizing environments (steam, hot water), a complex multiphasic layer is formed. 

The corrosion layer contains corundum (Cr2O3), spinels (Fe3O4) or halite-type 

phases (NiO or FeO) with diverse compositions in iron, nickel and chromium127. 

The oxidation resistance of stainless steel is primarily associated with the 

formation of a protective layer of Cr2O3
128. The spinel phase, and in particular 

magnetite is well documented to offer minimal to no corrosion resistance due to 

its conductive behavior. However, in Fe-Cr129 as in Ni-Cr127 alloys, the spinel phase 

governs the electronic and cationic transport between the alloy and the 

surrounding environment. As an intermediate between the alloy and the 

environment, the physicochemical properties of the spinel phase play a pivotal 

role in determining the future evolution of corrosion. 

Despite this key role in the corrosion mechanism, there is still much to know 

regarding the transport properties of spinel phases in the context of corrosion. 

This is due to the complex multiphasic corrosion layer, the variable composition, 

the poor crystallinity, and the complex microstructure. For example, the Figure 

1.15 presents some results from a study127 conducted on a Ni-Cr alloy corroded 

in primary cooling circuit condition of pressurized water nuclear reactor. 
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Figure 1.15: a) TEM cross-section picture of the corrosion layer observed 

on an A690 alloy (Ni – 10 % Fe – 30 % Cr in weight) in primary 

environment. b) Magnified HRTEM picture on the alloy-spinel interface. 

c) Schematic illustration of the different phases observed. Adapted from 

Marchetti127.  

As illustrated in Figure 1.15 (c), the various phases of the Fe-Ni-Cr-O quaternary 

system are present. Nodules of halite-like (NiO) and trevorite-like (NiFe2O4) 

phases are present at the top of the corrosion layer. The interfacial layer, which 

regulates cationic and electronic transport, is a chromite spinel phase (FeCr2O4), 

more or less enriched with nickel. Additionally, some inclusions of corundum-like 

(Cr2O3) structure are observed. As evidenced by the magnified HRTEM image of 

the alloy-spinel interface presented in (b), this region is poorly crystallized and 

exhibits a complex microstructure (grain boundaries, variable composition). The 

variable compositions are illustrated by the diverse stoichiometries (expressed as 

x or y) observed in the nodules and the chromite phase in (c).
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 OBJECTIVES AND ORGANIZATION OF THE MANUSCRIPT  

In summary, this thesis will be dedicated to the synthesis of model systems with 

the objectives of using these systems in spintronics devices or elucidating the 

intricate behavior of corrosion layers. The second objective of this work is to 

probe the correlations between the magnetic properties and the fine structure, 

i.e. the cationic distribution within the Oh and Td sites.  

The first part of this thesis will be dedicated to a theoretical investigation of 

simulated domain walls (DWs) in NiO (Chapter 2). The complete magnetic 

structure of NiO and its description in terms of called “T” and “S” domains will be 

performed. Subsequently, the complex magnetic structure will be described with 

a three-part Heisenberg Hamiltonian. The Vampire code130,131 will be used to 

solve the Hamiltonian and providing as output the magnetic structure. Then, the 

magnetic structure will be used for calculations in order to characterize the 

physical properties of the DWs. The atomic-scale behavior of the domain walls 

(DWs) will be first described, and subsequently, the properties of the simulated 

DWs will be discussed.  

The second part of this thesis will be dedicated to the spinel phase of the Fe-Ni-

Cr-O quaternary system. In the chapter 3, the experimental and simulations 

methods will be explained. This Chapter 3 includes the theoretical basis to 

understand the different techniques and the different information extracted from 

each of these techniques. In Chapter 4, the growth of FeαNiβCrγO4 (α + β + γ = 3) 

epitaxial thin films will be described with the objectives to obtain their magnetic 

properties for spintronics applications and their structural properties for corrosion 

applications. We will see that these layers, with 0 < γ < 2 and 0 < β < 1, can be 

synthesized by oxygen-assisted molecular beam epitaxy (OA-MBE). Structural 

data will be obtained by using electron diffraction (RHEED) and X-ray diffraction 

(XRD). Then, the chemical compositions will be probed by X-ray photoelectron 

spectroscopy (XPS). The magnetic properties will be analyzed for different 

compositions by vibrating sample magnetometry (VSM). In Chapter 5, the cationic 

distribution in the Oh and Td sites of the spinel structure will be probed. For doing 

that, collaborations will be done with the synchrotron SOLEIL, and two techniques 

will be developed: Resonant X-ray diffraction (RXD) on the “SiXS” beamline and 

X-ray absorption spectroscopy (XAS/XMCD) on the “Deimos” beamline. 

Additionally, some hysteresis loops will be recorded on the “Deimos” beamline in 

order to probe the magnetic arrangement in the spinel phase. In Chapter 6, a 

model linking the fine structure and the lattice parameter will be explained and 

subsequently applied to the synthesized samples. Based on this model, a 

comprehensive study of the relationships between the fine structure and the 

magnetic properties will be discussed. In Chapter 7, some conclusions will be 

drawn and some limitations and perspectives will be discussed.
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The second chapter of this thesis is a 

study of the magnetic domain wall 

(DW) in NiO. Herein, the methodol-

ogy adopted is atomic spin dynam-

ics, with the Vampire code. After the 

parameterization of the main varia-

bles, two types of DW are simulated. 

The simulated DWs are analyzed us-

ing NVM and XMLD-like techniques. 

The T-wall, the magnetic transition 

from one T-domain to another, re-

veals intriguing mechanisms. Indeed, 

a splitting zone is observed, corre-

sponding to the breaking of the in-

plane FM alignment, while maintain-

ing the overall AF alignment. 
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The following sections present the magnetic structure of NiO and the methodol-

ogy adopted for the simulation of domain walls (DWs). The Hamiltonian com-

prised three parts. The super-exchange and anisotropy constants are determined, 

which enables the simulations of “T” and “S” domain walls. Subsequently, the var‐

ious analytical techniques are outlined. These techniques are inspired from X-ray 

Magnetic Linear Dichroism (XMLD) and Nitrogen Vacancy Magnetometry (NVM). 

As a conclusion, the results are presented: the atomic spin behavior and their 

associated physical properties.   

 MAGNETIC STRUCTURE OF NIO 

Herein, the structure of NiO is presented, followed by its magnetic structure and 

the link between the magnetic structure and the crystallographic structure, which 

is magnetostriction.  

The structure of NiO is a rocksalt (halite, space group 225), with a lattice 

parameter a = 4.17-4.19 Å1,2. Below the Néel temperature of 523 K1–3, NiO exhibits 

an antiferromagnetic (AF) order of type G. In this specific type of AF order, two 

directions are of particular importance:  

- The stacking direction: the experimentally observed AF order consists of 

ferromagnetic (FM) planes that alternate in one direction. In the case of NiO, 

this direction is one of the four [111] directions that exist in a cubic crystal. 

The four red arrows, illustrated in Figure 2.1 (a), indicate the four equivalent 

[111] directions (respectively [111], [1̅11], [11̅1], [111̅], see Table 2.1). It can be 

observed that they have a Td symmetry. Furthermore, the atomic spins are 

fixed in these (111) planes. These directions are designated as the T-domain.  

- The spin direction: in the case of NiO, three easy-axis spin directions are 

favored. This is one of the six [112̅] directions. As NiO exhibits AF behavior, 

only three [112̅] directions are distinguishable. This direction is referred to as 

the S-domain. In Figure 2.1 (b), the three in-plane arrows indicate the three 

[112̅] directions in the case of T [111] (respectively [2̅11], [12̅1], [112̅], see 

Table 2.1). They point to the three corners of an equilateral triangle. The angle 

between two S directions is 120°. The two blue colored planes represent the 

FM planes, which alternate along the out-of-plane arrow (T direction).  

Consequently, NiO exhibits 12 distinct magnetic domains within a single crystal.  
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Figure 2.1: a) T directions in a cubic lattice. b) In the case of T [111] 

domain, the T and S directions are indicated. 

Furthermore, the magnetic order of NiO is associated with the crystalline structure 

of NiO through magnetostriction2. A primary deformation is linked to the T-

domain, exhibiting a slight contraction along the T-directions (the [111] 

directions), which removes the degeneracy of the first coordination shell around 

one Ni atom. The second deformation is linked to the direction of the S-domain 

([2̅11] directions), though it is relatively weak and challenging to observe2,4,5. In 

the following discussion, only the magnetostriction associated with the T-domain 

will be considered.  

Table 2.1 provides an overview of the different T domains and their respective S 

domains. These notations will be utilized throughout the subsequent chapter. For 

instance, when a T1S2 domain is formed, it refers to a T1 domain, which is 

characterized by a [111] contraction axis and an easy axis spin direction along 

[12̅1], which is the S2 direction corresponding to T1 domain.   

Table 2.1: Summary of the twelve magnetic domains in NiO. The 

contraction axis (T direction, the FM planes alternating directions) and 

the S domain (easy axis direction for atomic spins) are highlighted. The 

three S directions are all at 90° with respect to the contraction axis. 

 T1 T2 T3 T4 

Contraction axis [111] [111̅] [11̅1] [1̅11] 

S1 [2̅11] [2̅11̅] [2̅1̅1] [211] 

S2 [12̅1] [12̅1̅] [121] [1̅2̅1] 

S3 [112̅] [112] [11̅2̅] [1̅12̅] 
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 METHODS FOR DOMAIN WALL SIMULATION 

The adopted methodology to simulate DW is based on Atomic Spin Dynamic 

(ASD) with the Vampire code6,7. This section presents the theoretical 

considerations, the parametrization of each part of the Hamiltonian and the 

construction of the DWs.  

2.2.1 Heisenberg Hamiltonian 

The complex magnetic structure of NiO is described by using a classical 

Heisenberg Hamiltonian  ℋ𝑇𝑆 on a rigid face-centered cubic (fcc) lattice for nickel 

ions as follow:  

ℋ𝑇𝑆 = −∑𝐽𝑖𝑗𝑺𝒊𝑺𝒋
𝑖<𝑗

− 𝐾𝑢
𝑇∑(𝒖𝑻 ⋅ 𝑺𝒊)

2

𝑖

−𝐾𝑢
𝑆∑(𝒖𝑺 ⋅ 𝑺𝒊)

2

𝑖

 (2. 1) 

In Equation (2.1), three terms are employed: the first term describes super-

exchange interactions in NiO. The second term imposes the T domain, while the 

third term imposes the S domain. 

The first term represents the conventional description of the super-exchange 

interaction. Si and Sj represent the two interacting spins on site i and j, with the 

same magnitude of magnetic moment, ||Si|| = ||Sj|| = 2 μB. In the case of NiO, 

super-exchange interactions up to the fourth coordination shell have been 

obtained1. In this instance, the most significant exchanges originate from the first 

two coordination shells. The two coordination shells and the super-exchange 

constants between the different Ni atoms are illustrated schematically in Figure 

2.2.  

The first coordination shell is composed of 12 nearest neighbors (NN) interactions 

surrounding a central nickel atom, at a distance of 𝑎 √2⁄  ≈ 2.96 Å (a=4.18 Å) with 

the sequence Ni-O-Ni forming an angle of 90° through the O atom. This exchange 

is modeled with the J1 constant1,8, which exhibits a relatively weak magnitude and 

is FM. 

The second coordination shell is made of the six next nearest neighbors (NNN), 

which are at a distance of 4.18 Å, around the central Ni atom. In this case, the Ni-

O-Ni sequence forms an angle of 180° through the O atom. This interaction is 

described by J2. J2 is AF and is at least one order of magnitude above J1
1,9. 

Finally, it is important to consider the magnetostriction of NiO. As previously 

described elsewhere10, NiO undergoes a crystalline transition at its Néel 

temperature, to contract along one of the [111] directions (yellow arrows on 

Figure 2.2). This is linked to the alternating directions of FM planes (T domains). 
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To provide a comprehensive description of this phenomenon, the J1 interaction is 

split into two groups of six interactions each due to the rhombohedral 

contraction10. This splitting also prevents the stabilization of the incorrect type B 

structure described by Li11. The separation between the two J1 constants is called 

ΔJ1 and is added to the J1 in-plane (in the same T plane) super-exchange constant, 

resulting in 𝐽1
+ = 𝐽1

− + Δ𝐽1. The 𝐽1
+ and 𝐽1

− parameters describe, respectively, the in-

plane J1 interaction and the out-of-plane J1 interaction. In this manner, spin Si 

exhibits an energy preference for FM alignment with the atomic spins Sj within 

the same T-plane, and an AF alignment with the six others out-of-plane.  

 
Figure 2.2: Schematic illustration of the super-exchange constants. The 

green circles represent the Ni atoms, while the red one depict O atoms. 

The blue planes depict the T1 planes ([111]) and the yellow arrows 

represent the magnetostriction linked to T1.  

The second and third terms in Equation (2.1) describe anisotropy terms that 

render the T and the S domains, respectively. Both are described with a uniaxial 

easy axis type of anisotropy. Ku
T is used to render an easy plane orientation, and 

thus it is chosen negative. Conversely, Ku
S is used to render an easy axis direction, 

and thus a positive value is used.  

The choice of an easy axis anisotropy constant to describe the T and S domains 

in this Hamiltonian results in the imposition of a single TS domain, which is at odd 

with others simulations12, where any S domain can be stabilized from a given T 

domain (see Table 2.1). However, this constraint is essential for the precise control 

of the desired TS domain on either side of the DW (see section 2.2.3).  

All calculations are conducted using a custom version of the Vampire code6,7. In 

this custom version of the code, two distinct uniaxial constants have been 

introduced: one for the easy plane orientation 𝐾𝑢
𝑇 and another for the easy axis 
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orientation 𝐾𝑢
𝑆. These two anisotropy constants permits the control of the given 

TS domain from either side of the magnetic wall.  

The supercells employed have dimensions of 26.7×26.7×26.7 nm3 (1048576 Ni 

atoms) for an artificially high value of the anisotropy constant 𝐾𝑢
𝑇 = J2. For lower 

values of the anisotropy constant, down to 10 𝐾𝑢
𝑇 = J2, supercells with sizes 

ranging from 106.8×26.7×26.7 nm3 (4194304 Ni atoms) up to 76×38×38 nm3 

(12058624 Ni atoms) are considered, for T(100) and T(110) DWs, respectively.  

The spin configurations are optimized using the Monte Carlo algorithm, which is 

implemented in the Vampire code, with two stages. The initial stage of the 

optimization process lasts for 330000 Monte Carlo steps. It begins with a random 

spin configuration and the application of a high value of ∆J1. Subsequently, 

320000 Monte Carlo steps are conducted with a reduced value of ∆J1 (see below). 

Each step is conducted at 1 K for DWs. The average configurations are taken from 

an additional 10000 Monte Carlo steps.  

2.2.2 Super-exchange and anisotropy constants determination 

The values of the super-exchange constants J1 and J2, which relate to the 

interactions between the central atom and its first and second coordination shells, 

respectively, have been the subject of numerous experimental1,3,13–16 and 

theoretical studies17–22.  

Table 2.2: Theoretical and experimental J1 and J2 (in meV). The employed 

technique is presented in first column, while the J1 and J2 are depicted in 

the final two columns. 

Technique J1 (meV) J2 (meV) 

Theoretical 

UHF 18 0.8 -4.6 

CASSCF 18 0.5 -5.0 

CASPT2 18 1.2 -16.7 

LDA 18 11.9 -71.3 

B3LYP 18 2.4 -26.7 

PBE 22 1.3 -44.5 

Super-exchange 23 small -19.8 

Experimental 

Neutron scattering 1 1.35/1.39 -19.0 

Raman scattering 13 small -18.4 
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Table 2.2 presents various super-exchange values. While most experimental 

works report consistent values for both constants, from 1 up to 3 meV for J1 and 

from -20 up to -18 meV for J2, theoretical studies have yielded more disparate 

results. In particular, theoretical values reported for J2 range from -71 up to -5 

meV21,22. It is therefore necessary to investigate their impact on the Néel 

temperature TN with the Heisenberg Hamiltonian presented above. For the 

determination of super-exchange constants, the simulations begin at 1 K with 

high ∆J1 and is repeated with 5 K steps until 801 K is reached. 

The adjustment of J1, ΔJ1 and J2 is performed using a single magnetic TS domain, 

which is defined by the Hamiltonian ℋ𝑇𝑆 (Equation (2.1)). It is evident that the 

total magnetization of NiO cannot be employed as an order parameter to probe 

the Néel temperature TN, as its value is zero. Instead, a staggered magnetization 

MS
24 must be calculated for a specific T domain, as defined here: 

𝑀𝑠 = |∑𝑐𝑜𝑠(𝑸 ⋅ 𝒓𝒊) ⋅ 𝑺𝒊
𝑖

| (2. 2) 

In Equation (2.2), the directions of the local spins Si, situated on position vectors 

ri, are inverted with a period defined by Q= π/a uT, where a is the cell parameter 

and uT is the stacking direction of the T domain. As a result, the staggered 

magnetization MS exhibits finite values below TN (see Figure 2.3). The evolution 

of MS with temperature T can then be mapped with the following equation: 

𝑀𝑠(𝑇) = 𝑀0 (1 −
𝑇

𝑇𝑁
)
𝛽

(2. 3) 

In Equation (2.3), M0 represents the staggered magnetization at 0 K (here 

normalized to M0 = 1), β denotes the critical exponent, and TN is the Néel 

temperature. 

As might be expected, calculations show that the first neighbor super-exchange 

constants (𝐽1
+ and 𝐽1

−) exert a negligible influence on the Néel temperature. It is 

therefore fixed arbitrarily to 1.76 meV, in agreement with experimental 

values1,3,13,15,16. ΔJ1 is set to 0.66 meV (thus, 𝐽1
− = 1.76 meV and 𝐽1

+ = 2.42 meV) 

which is high enough to suppress the degeneracy between the different T 

domains, to remove the type B structure11 and to control the T domain wanted. 

This value is used for the first stage of the optimization of the DWs. It should be 

noted that ΔJ1 is decreased to a value of 0.034 meV while the mean of the two 

previous values is kept constant for the second stage of the optimization 

mentioned above. Out-of-plane 𝐽1
− and in-plane 𝐽1

+ super-exchange constants are 

therefore set to 2.078 meV and 2.112 meV, respectively. 
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Figure 2.3: Normalized staggered magnetization MS (T) function of the 

temperature, calculated using the Heisenberg Hamiltonian (see 

Equation (2.1)) with J2= - 26 meV. 

The second neighbor super-exchange constant J2 is intimately related to TN, as 

shown by Figure 2.3. TN varies linearly with J2 (see the inset of Figure 2.3), and a 

value of J2 = - 26 meV gives a Néel temperature TN = 530 K in good agreement 

with the experimental value of 523 K1. 

Finally, the ratio of the anisotropy constants 𝐾𝑢
𝑇/𝐾𝑢

𝑆 is fixed at 100 in the range of 

previous calculations25,26. The magnitudes of these parameters have been 

explored in detail below, with absolute values ranging from 1 to one tenth of J2 

magnitude. Despite the unphysical nature1 of these values, they permit the 

simulation of DWs in reasonable supercell sizes and macroscopic situations will 

be extrapolated from them. 

2.2.3 Description of domain walls 

Given the presence of 12 magnetic structures within a single crystal, it is 

reasonable to hypothesize that these domains may interact with one another. In 

the interaction between two distinct magnetic structures, a magnetic transition 

zone will be formed, i.e. a domain wall, to switch from one domain to the other 

one. Two different cases can be distinguished. In the first case of DW, a 

reorientation of the spin vectors occurs without changing the T planes and the 

contraction axis. This process is designated as an S (spin) domain wall. In the 

second case of DW, a T DW will be formed, resulting from the alteration of the 

contraction axis along this wall. This process creates a twin within the 

crystallographic structure, which is why it is referred to as a T wall.  
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2.2.3.1 S domain wall 

In the case of a S Wall, the T plane remains constant through the DW, while the 

AF vector undergoes a change from one S domain to another. With one S domain 

imposed for the left side of the wall, three possibilities for the transition remain:  

- S 60° Wall. The magnetic vector will remain on the same T-plane, with a 

rotation of 60° between the initial and final state. This type of wall has been 

successfully simulated.  

- S 120° Wall. The magnetic vector will remain on the same T-plane too, with a 

rotation of 120° between the initial and final states. Although the imposed TS 

at either sides of the DW are identical to those of the S 60° wall (see Table 

2.3), the change in direction of rotation, from clockwise to counterclockwise, 

results in a change in the rotation length, from 60° to 120°. This configuration 

of wall has been successfully simulated.  

- S 180° Wall. This particular S wall is more intricate. Within the same T plane, 

atomic spins will undergo a transition from one direction to its opposite, 

thereby effecting a 180° rotation. This particular configuration of wall has not 

been successfully simulated. It can be observed as an unanticipated outcome 

in Vampire simulations, yet no proper S 180° wall was obtained for itself. 

2.2.3.2 T domain wall 

A T wall is generated when a change of T plane occurs along a specific direction, 

which subsequently becomes the DW. For each T domain, three S domains exist 

(see Table 2.1). In consideration of the aforementioned factors, nine possible 

combinations are possible.  

 
Figure 2.4: Schematic illustration of the two possible orientations of a 

magnetic transition wall for T1 (blue plane) to T4 (green plane). The 

transparent black planes represent (100) and (011) planes. 
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The selection of the DW plane27 also encompasses the T domain on both sides of 

the DW. This is due to the necessity of maintaining the symmetry of the 

contraction axis through the selected plane. The Figure 2.4 illustrates this point 

with the example of a magnetic transition from T1 to T4. The two possible DW 

planes are (100) and (011), as presented on the left and right, respectively. It can 

be observed that the two T planes are symmetrical with respect to the DW plane. 

Consequently, only two kinds of magnetic T walls are possible: 

- T(100) Wall. This indication unites T walls when the change plane is one of these: 

(100), (010), or (001). The plane profile of the magnetic Ni cations is that a 

face-centered cubic (fcc) structure. This particular type of wall has been 

successfully obtained, see the T(100) wall between T1 and T4.  

- T(110) Wall. This indication unites T walls when the change plane is one of these: 

(110), (101), (011), (11̅0), (101̅) or (011̅). These directions can be visualized as 

the two diagonals of a square. The six distinct directions are derived from the 

premise that a cube is composed of three squares. This particular type of wall 

has been successfully obtained, see the T(110) wall between T1 and T2. 

2.2.4 Construction of domain walls 

Domain walls are constructed by the combination of two distinct TS domains 

among the twelve enumerated in Table 2.1. The two distinct TS domains are 

generated by implementing the corresponding ℋTS Hamiltonian on two sections 

of a supercell, thereby defining the DW at the interface. Each part corresponds to 

one side of the DW, and two choices of direction must be made to define ℋTS:  

- A given direction uT of the ferromagnetic planes and the rhombohedral 

contraction (first line of Table 2.1). 

- Another direction uS of spin easy axis direction within each ferromagnetic 

plane (one of the three possible S domains for each T domain in Table 2.1) is 

also given. 

The magnetic DW is always situated in the center of the simulation box (the grey 

plane). For the remaining part of this section, the term “left side of the wall” (TSL) 

refers to the portion of the DW with a coordinate value of x<xsimu/2, while the 

term “right side of the wall” (TSR) is defined as the portion with a coordinate value 

of x>xsimu/2. Indeed, xsimu represents the size of the simulation box. The 

rectangular simulation box is viewed from a lateral perspective, with x increasing 

towards the right. 
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Table 2.3 provides a summary of simulated DWs. The designation of the simulated 

DW is provided in the first column. The second and third columns, respectively, 

indicate the crystal orientation in relation to the supercell and the periodic 

boundary conditions (PBC). The fourth column indicates the DW plane with 

respect to the supercell. In more precise terms, as T(110) DWs are simulated in a 

[110] oriented supercell, the (110) supercell plane corresponds to the (100) of the 

simulation lattice. The final two columns indicate the T-S domain from either side 

of the DW. It should be noted that all nine T-S combinations have been 

considered for T walls. 

Table 2.3: Summary of simulated DWs with the main parameters 

indicated.  

Domain 

Walls 

Crystal 

orientation 
PBC DW plane TSL TSR 

S 60° Wall 

[100] No 

(100) T1S3 T1S2 [010] Yes 

[001] Yes 

S 120° Wall 

[100] No 

(100) T1S3 T1S2 [010] Yes 

[001] Yes 

T(100) Wall 

[100] No 

(100) 

T1S1 T4S1 

[010] Yes T1S2 T4S2 

[001] Yes T1S3 T4S3 

T(110) Wall 

[110] No 

(110) 

T1S1 T2S1 

[11̅0] Yes T1S2 T2S2 

[001] Yes T1S3 T2S3 

A schematic illustration of the construction presented in Table 2.3 is given in 

Figure 2.5. The upper illustration depicts the S DW. The structure is made of a 

single T plane, yet the S direction undergoes a transformation throughout the 

DW. Depending on the direction of rotation, two distinct S-walls can be 

generated: S 60° and S 120°. The middle and bottom illustrations of Figure 2.5 

provide the three S directions corresponding to each of the three T planes. The 

various orange arrows represent the S directions associated with the T1 plane, 

while the various yellow arrows represent the S directions associated with the T4 

plane. The green arrows illustrate the S directions associated with the T2 plane. 
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Figure 2.5: Schematic illustration of the DW construction. The top figure 

represents the construction of S walls, while the two bottom figures 

depict the construction of T(100) and T(110) DW, respectively. 

For each case, specific boundary conditions are applied (see Table 2.3). For 

instance, the S60° wall T1S3-T1S2 is constructed using cubic supercells oriented 

along the conventional axis, separated in two sections, left and right. The S60° 

wall is positioned along the (100) plane with periodic boundary conditions (PBC) 
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applied in the two other directions, in order to have only one magnetic transition. 

Without this condition, a secondary DW will be created at x = 0. The T1S3 and 

T1S2 domains are created on the left and right sides of the supercell, respectively. 

These are obtained using ℋT1S3 and ℋT1S2 by fixing uT1=[111] for the T domain 

and the contraction direction on both sides of the DW, and uS3 = [112̅] for the S3 

domain on the left side and uS2 = [12̅1] for the S2 domain on the right side (see 

Table 2.1).  

2.2.5 Symmetry considerations 

Some T DWs configurations are equivalent by symmetry. It can be observed in 

Figure 2.5 that two directions are at an angle of 30° to the common direction at 

the two T planes, whereas only one direction is at an angle of 90° to the common 

direction at the two T planes, named “common direction” in the following.  

Four distinct spins configurations have been identified by looking at the angle 

between the S directions and the common direction. They are summarized in 

Table 2.4. The four distinct configurations are referenced with the angle between 

the S direction and the common direction, for the two T planes. It can be further 

detailed by S4 or S5 which indicate the scalar product between the two S 

directions. The first number is the angle in the T1 plane used as a reference as it 

is present in the two T wall configurations, while the second number is the angle 

in the second T plane. For a T(100) wall, the reference 30°-90° signifies an angle of 

30° in the T1 plane between the S directions and the common direction [01̅1], 

and an angle of 90° between the [01̅1] direction and the S directions in the T4 

plane. 

Table 2.4: Summary of the observed symmetry between the different T-

S domains for T(100) and T(110) DWs. 

T(100) DWs: T1 as TSL / T4 as TSR  

Common direction [01̅1] 
T1S1 (90°) T1S2 (30°) T1S3 (30°) 

T4S1 (90°) 90°-90° 30°-90° 30°-90° 

T4S2 (30°) 90°-30° 30°-30° S4 30°-30° S5 

T4S3 (30°) 90°-30° 30°-30° S5 30°-30° S4 

T(110) DWs: T1 as TSL / T2 as TSR 

Common direction [1̅10] 
T1S1 (30°) T1S2 (30°) T1S3 (90°) 

T2S1 (30°) 30°-30° S4 30°-30° S5 90°-30° 

T2S2 (30°) 30°-30° S5 30°-30° S4 90°-30° 

T2S3 (90°) 30°-90° 30°-90° 90°-90° 
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 TECHNIQUES FOR DOMAIN WALL ANALYSIS 

This section provides an overview of three analytical techniques which will be 

employed to ascertain the physical properties of DW. The techniques under 

consideration are stereographic projection, XMLD-PEEM and NVM.  

The use of stereographic projections will prove helpful in the analysis of the 

atomic spin behavior. The XMLD-PEEM calculations will facilitate the 

measurement of the DW width, while the NVM calculations will enable the 

measurement of the stray field generated by the DW. It should be noted that this 

work is composed solely of simulations, and the descriptions of the XMLD-PEEM 

and NVM techniques are provided exclusively for establishing analogies with the 

simulation techniques. 

2.3.1 Stereographic projection 

In order to facilitate the visualization of the spin structure crossing the DW, given 

the intricate nature of the 3D AF structure, a single plane representation, that is a 

stereographic projection, can be beneficial. Given that atomic spins lie in T-planes, 

therefore the selected plane must be one of the two T-planes from either side of 

the DW.  

 
Figure 2.6: Schematic illustration of one stereographic projection in the 

T1 plane. The distinct S direction are indicated by orange arrows, while 

the (100) plane is illustrated in grey.  
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Figure 2.6 illustrates the schematic representation of a stereographic projection 

construction employing the T1 planes as a reference. T1 planes correspond to the 

(111) planes. The various S directions are depicted by blue stars. The reference S 

direction is chosen to be T1S3, which will be indicated by its north position in the 

stereographic projection. Additionally, the crossing line between the (111) plane 

and the (100) plane is indicated (i.e [011̅]) by black stars. Given that spins vector 

norms have by definition a length of 1, points on the radius of the unit circle are 

projected onto the unit circle itself, while points outside the unit radius circle will 

be out-plane. 

Prior to the application of the stereographic projection, points are reoriented 

along the (111) axis, with a usual change-base matrix. To illustrate, for a change 

in (111) orientation, the following matrix is utilized: 

𝑀𝑛𝑏 =

(

 
 

1
√6
⁄ 1

√6
⁄ −2

√6
⁄

1
√2
⁄ −1

√2
⁄ 0

1
√3
⁄ 1

√3
⁄ 1

√3
⁄ )

 
 

(2. 4) 

In this transformation (2.4), if the spin vector is in the (111) plane, the new Sz will 

be 0. The new Sx and Sy will be respectively the projections on [112̅] and on [11̅0], 

respectively, which are two perpendicular directions between them and 90° away 

from [111].  

A stereographic projection is a polar plot in which the coordinates (r, φ) are 

calculated in accordance with the following formula:  

𝑟 =  𝑆𝑥
2 + 𝑆𝑦

2

𝜙 = 𝑎𝑟𝑐𝑡𝑎𝑛2(𝑆𝑦 , 𝑆𝑥)
(2. 5) 

In Equation (2.5), Sx and Sy represent the spin coordinates in the new base 

oriented in one of the four [111] directions. The arctan2 function is employed to 

ensure the identification of an appropriate angle Ф between the x and y 

coordinates. 

Figure 2.7 provides a summary of the main directions for T(100) with T1 and T4 

planes, and for T(110) with T1 and T2 planes. Table 2.1 provides a correspondence 

between names and directions. The reference plane is the T1 plane, which is 

represented by the gray circle. The main directions are indicated by small stars. 

The blue stars represent the important directions (principally the three S 

directions for the two T-domains involved). The blue stars on the gray circle 

represent S directions of the T1 plane, whereas blue stars inside the gray circle 

represent S direction of T4 (a) and T2 (b), respectively. These directions form an 

ellipse due to the fact that T1 and T4 (and T2) are not perpendicular to each other 

(see Figure 2.1). The black stars indicate the common directions at the two T 
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planes involved ([01̅1] for T1 and T4 and [1̅10] for T1 and T2.). It can be observed 

that these common directions are at an angle of 60° from one another. The green 

stars and green squares will represent the direction of the initial and the final 

states, respectively. 

 
Figure 2.7: Stereographic projection for T(100) (a) and T(110) (b) walls  

2.3.2 XMLD-PEEM 

The XMLD-PEEM will facilitate the calculation of the DW width through the atomic 

spin projection on a selected axis.  

2.3.2.1 Theoretical considerations 

X-ray Magnetic Linear Dichroism (XMLD) and PhotoEmission Electron Microscopy 

(PEEM) are two commonly employed technics for the study of AF systems28,29.  

In XMLD, linearly polarized x-rays are employed to investigate the anisotropy of 

the sample, which may originate from the sample structure or magnetism. The 

principal effect of XMLD is observed at the L edge, where 2p → 3d transitions 

occur. Consequently, the X-rays are tuned to the L3 or L2 edge of the magnetic 

element. Two local spectra are recorded, one with X-ray linearly s-polarized and 

one with X-ray linearly p-polarized. The difference between the two spectra is the 

XMLD spectrum. 

As the sample is illuminated with X-rays, some photons are absorbed and 

electrons are ejected by the photoelectric effect. The electrons are then collected 

and lead to a PEEM image. Matter has a significant absorption of electrons, only 

electrons produced by the first nanometers of the sample, near the surface, are 

ejected and can be collected by the detector. Therefore, PEEM is a surface 

investigation technique, up to 10 nm in depth.  
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The XMLD-PEEM technique is a combination of the two aforementioned 

techniques, which are employed to obtain the AF imaging of a system. 

Synchrotron sources are employed to illuminate the sample with monochromatic 

X-rays, resulting in the generation of two images:  one with linear left polarization, 

and one with linear right polarization. The difference between the two recorded 

images gives a picture of XMLD-PEEM.  

In particular, the contrast observed in a XMLD-PEEM picture29 is linked to:  

𝐼𝑋𝑀𝐿𝐷 = |𝑀
2|(3 − 𝑐𝑜𝑠2 𝜙(𝑨, 𝑬)) (2. 6) 

In Equation (2.6), IXMLD represents the recorded intensity, M denotes the domain 

magnetization, and Ф is the angle between the AF axis A and the light linear 

polarization E. 

By modifying the angle between the surface normal and the incoming polarized 

light (ω), different contrast can be obtained30. The Figure 2.8 represents the 

contrast variation in function of the ω angle. Knowing the angle between the 

sample and the light, as well as the possible TS orientations, one can determine 

the effective orientation of the TS domains.  

 
Figure 2.8: XMLD-PEEM contrast variation in function of ω, angle 

between the surface normal and the incoming polarized light. Adapted 

from Arai et al.30. 

2.3.2.2 Simulation of XMLD-PEEM 

Once the DWs in NiO have been simulated, a pseudo XMLD-PEEM spectrum is 

generated in order to probe the DW width. The angle between the AF axis and 

the pseudo-light is adjusted to achieve maximum contrast between the two 

domains imposed in Vampire simulations.  

As an illustration, one may consider the T1S1-T4S2 T(100) DW. In the Vampire 

simulation, T1S1 is imposed on the left side, thus a projection along T1S1 is used. 

From the right side of the wall, T4S2 is imposed, thus a second projection along 

T4S2 is also employed. The contrast difference between the two recorded spectra 

enables the determination of the DW width. The width is calculated according to:  
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𝛱(𝑥) = (
1 𝑖𝑓 𝐼𝐿,𝑅(𝑥) > 𝐼𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
) (2. 7) 

𝐼𝐿,𝑅(𝑥) =
1

2𝑁𝑥
∑|𝑺𝒊 ⋅ 𝒖𝑺𝑳,𝑹|

2𝑁𝑥

𝑖=1

(2. 8) 

The function Π(x) defines the DW width. The normalized pseudo XMLD-PEEM 

intensity in the right and left of the simulation, respectively, is denoted by IR or IL. 

Nx represents the number of atom in a single slice that is parallel to the wall 

direction. This slice is a (100) slice for T(100) and a (110) slice for T(110). As a 

projection along the AF axis is made, the pseudo XMLD-PEEM will vary between 

1 and -1, as a result of AF order in NiO. In order to study the AF vector, it is 

necessary to take the absolute value of the projection. In order to record smooth 

XMLD-PEEM variations in the wall, the mean of two consecutive slices is taken. 

Consequently, the mean is based on 2Nx atoms. The mean of two consecutive 

slices is the reason for the step-like XMLD-PEEM spectra observed in the graphs 

of section 2.4. However, this approach ensures a relative smoothing of the XMLD-

PEEM signal, which is important in the evaluation of the DW width. Given these 

conditions, values of IR,L vary between 0 and 1. Ithreshold is fixed arbitrarily at 98 %. 

The DW width is defined as the length of Π (x) = 0. 

2.3.3 Nitrogen Vacancy Magnetometry 

The NVM-like simulations will facilitate the calculation of the stray field generated 

by the DWs.  

2.3.3.1 Theoretical considerations 

Nitrogen Vacancy Magnetometry (NVM) is an experimental technic which 

employs a tip grafted with a diamond engineered to have nitrogen vacancy (NV) 

defects. A total of more than 100 luminescent defects have been identified in 

diamonds31,32. The one made of single substitutional nitrogen reveals sensitive to 

small magnetic fields. It displays a pronounced absorption at 637 nm in 

photoluminescence (PL) spectra, which changes into two absorption peaks in the 

presence of a magnetic field. The energy difference between the two peaks is 

correlated with the magnetic field created by the surface, according to the 

following formula:  

𝐵 =
𝛥𝐸

2𝑔𝜇𝐵
(2. 9) 

In Equation (2.9), ΔE represents the measured energy difference between the two 

absorption peaks in PL spectrum. The Landé g-factor, g, and the Bohr magneton, 

μB are included in the denominator. 
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2.3.3.2 Simulation of NVM 

In order to simulate NVM, it is first necessary to choose the observed surface. 

Given that the AF order is oriented along one of the four [111] directions, along 

any (100) surface, the surface magnetization is fully compensated. However, if the 

selected surface is the (111) surface corresponding to the T-domain, a simulated 

NVM surface measurement can be probed (see Figure 2.9). The signal probed by 

the simulated tip is the following: 

𝑩(𝑥, 𝑦, 𝑑) =
𝜇0
4𝜋
∑

3(𝑺𝒊 ⋅ 𝒖𝒊)𝒖𝒊 − 𝑺𝒊

𝑟𝑖
3

𝑟𝑖<𝐷

𝑖

(2. 10) 

The magnetic field B, as measured by the nanoprobe located at (x,y,d), is the sum 

of  each spin Si at position ri situated in a sphere of radius D. The contribution 

from each spin Si is calculated as the projection along the direction ui between 

its position (of the atomic spin) and the nanoprobe and mitigated by its distance 

ri to the nanoprobe. The calculations are performed at a distance d = 400 Å from 

the sample, which is within the range of the experimental probe-to-sample 

distance. The sphere of integration with a radius D = 410 Å reveals sufficient to 

account for the magnetic contribution of spins in close proximity. In the following, 

Bx, By and Bz components of the magnetic field B correspond, respectively, to 

directions perpendicular to DWs (Bx), parallel to DWs (By) and normal to the 

surface (Bz). The Figure 2.9 illustrates the various directions, and the two important 

distances: the tip to surface distance d and the cutoff distance D.  

 
Figure 2.9: Illustration of the simulated NVM setup. 
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 ATOMIC STRUCTURE OF DOMAIN WALL IN NIO 

In this section, the atomic structure at 1 K of each type of DW will be elucidated 

using the stereographic projections. The results will be presented in a manner 

that progresses from the relatively simple to the more complex, beginning with 

the S DWs, then proceeding to the T DWs, and finally examining the geometrical 

requirement of the splitting zone that appears in T DWs. 

2.4.1 Rotation of atomic spins throughout S domain walls 

This type of DW is simpler than a T wall, as only one T plane is retained along the 

DW.  

The T1S3-T1S2 DW is constituted by a T1S3 domain on the left side of the wall 

and a T1S2 domain on the right side of the wall. The general schemes are depicted 

in Figure 2.10. In each case, the S domains are identical (see Table 2.3), yet the 

rotation direction differs. For (a), a counterclockwise rotation from left to right 

across the simulation cell is observed, forming a S 60°. For (b), a clockwise rotation 

from left to right across the simulation cell is obtained, forming a S 120°.  

 

Figure 2.10: a) Schematic representation of a S 60° DW. b) Schematic 

representation of a S 120° DW. The T1 planes are depicted in cyan, and 

the red and blue arrows represent the atomic structure of the DW, which 

is the transparent black plane.  
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These two S directions are indicated by green disks and green squares, 

respectively, on the stereographic projections of Figure 2.11. In this projection, 

one can follow the rotation of spins from the left domain (T1S3) to right domain 

(T1S2) by utilizing the color scale, which ranges from black to yellow. It is evident 

that the spins of both ferromagnetic layers in the T1S3 domain rotate in the T1 

plane in order to reach the orientation of the T1S2 domain, as all spins remain on 

the unit-radius circle. It can be observed that the rotations are concomitant in all 

layers, as the central symmetry is maintained in the stereographic projection. 

Consequently, all spins maintain their perfect antiferromagnetic alignment 

between FM layers throughout the DW. The 60° rotations are smooth and occur 

in the counterclockwise direction. They are designated as R60°. R is used to 

indicate Rotation and 60° represents the rotation angle (see Table 2.5). It should 

be noted that the other S 120° DW exhibits rotations of 120°. Consequently, its 

mechanism is therefore quoted as R120° (see Table 2.5). 

 
Figure 2.11: Stereographic projection of spins for S 60° (a) and for S 120° 

(b). 6 𝐾𝑢
𝑇 = J2 is employed in both simulations.  

Table 2.5: Mechanisms of spin rotations for S domain walls. The first 

column present the two TS domains imposed at the right and at the left 

of the simulation lox. The second column depict the rotation mechanism. 

TSL → TSR: Common plane T1 (111)  S DW mechanisms 

T1S3→T1S2 R60° 

T1S3→T1S2 R120° 
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2.4.2 Rotation of atomic spins throughout T domain walls 

The rotation of spins is more complex for the T1S1-T4S3 T(100) DW as shown in 

Figure 2.12 (a). Starting from the T1S1 domain, spins of each ferromagnetic layer 

(the two green circles) first split into two populations when approaching the wall. 

This results in four different populations of spins, two for each ferromagnetic 

layer. Such bisections (quoted B in Table 2.6) can be seen as projected spins 

(purple dots) rotating in both clockwise and counterclockwise directions around 

green filled circles. Since all spins remain on the unit-radius circle of the 

stereographic projection, they all rotate in-plane with respect to the T1 domain. 

In fact, the rotations operate symmetrically (central symmetry on the 

stereographic projection) and in opposite directions for each subpopulation of a 

given FM layer. This means that while the spins split and rotate in the T1 plane, 

they maintain their perfect AF alignments between FM layers. Subsequently, after 

a rotation of 90° (denoted R90°), all spins gradually join the direction common to 

both T1 and T4 planes, that is the [011̅] direction (black stars). The four 

populations gather together (quoted G) and reduce to two at this very common 

direction (marked ”→” in Table 2.6), one for each ferromagnetic T4 layer. 

 
Figure 2.12: Stereographic projection of spins. Figures (a) and (b) 

correspond, respectively, to T(100) DW (T1S1-T4S3) and to T(110) DW 

(T1S2-T2S2), which are both viewed from the (111) surface. The 

anisotropy constant is set at 10 𝐾𝑢
𝑇 = J2. The remaining symbols are 

identical to those depicted in Figure 2.11. 

It should be noted that the bisects (B), rotations (R), and gatherings (G) are 

geometrically mandatory for spins to reorganize from the T1S1 domain into T4S3. 

This phenomenon can be observed in Figure 2.14 wherein the spins along two 

first neighbor lines of nickel atoms are compelled to rotate in opposite directions 

in order to transition from T1S1 into T4S3. These opposite, in-plane rotations are 

located in the T1 plane, in close proximity to the DW. Subsequently, following 
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their convergence at the common direction, the spins emerges from the T1 plane 

(see Figure 2.12). Their projection thus deviates from the circle. Atomic spins then 

smoothly reach the directions of the T4S3 domain, with a rotation of 30° (quoted 

R30°) within the T4 plane.  

Such a sequence is shortly quoted: B+R90° 
𝐺
→ R30° in Table 2.6. It again means 

split of the spins (B), then rotation of 90° (R90°) and gathering (G) at the common 

direction (here [011̅] and represented by ”→”) and finally rotation of 30° (R30°). 

This mechanism can be summarized as a 90°-30° mechanism. The atomic spins 

begin at 90° of the common direction, gather at the common direction and then 

undergo a final rotation of 30°. 

Table 2.6: Mechanism of spin rotations for T domain walls. The T DWs 

are classified according to the symmetry considerations of the Table 2.4. 

The mechanism are divided into two groups. The first group undergoes 

a total 120° rotation, whereas the other group undergoes an overall 180° 

rotation.  

T(100): Common direction [01̅1]  T DWs and mechanisms 

T1S1→T4S3 (90°-30°) 𝐵 + 𝑅90°
𝐺
→ 𝑅30° 

T1S2→T4S2 (30°-30° S4) 𝑅60° + 𝐵 + 𝑅90°
𝐺
→ 𝑅30° 

T1S2→T4S3 (30°-30° S5) 𝑅30°
𝐵
→ 𝑅90° + 𝐺 + 𝑅60° 

T1S1→T4S1 (90°-90°) 𝐵 + 𝑅90°
𝐺
→ 𝑅90° 

T(110): Common direction [1̅10]  T DWs and mechanisms 

T1S3→T2S2 (90°-30°) 𝐵 + 𝑅90°
𝐺
→ 𝑅30° 

T1S2→T2S2 (30°-30° S4) 𝑅30°
𝐵
→ 𝑅90° + 𝐺 + 𝑅60° 

T1S2→T2S1 (30°-30° S5) 𝑅60° + 𝐵 + 𝑅90°
𝐺
→ 𝑅30° 

T1S3→T2S3 (90°-90°) 𝐵 + 𝑅90°
𝐺
→ 𝑅90° 

The complexity of the spin rotations increases for the T1S2-T2S2 T(110) DW as can 

be seen on Figure 2.12 (b), top panel. Initiating the sequence from the T1S2 

domain, spins undergo a 30° rotation towards the common direction to the T1 

and T2 planes. Subsequently, the spins bisects, separating into four distinct 

populations and undergo a 90° rotation up to the T2S3 directions, where they 

gather back in two populations. Finally, they rotate from T2S3 to T2S2. This 
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sequence is reported as R30° 
𝐵
→ R90°+G+R60° in Table 2.6. This type of DW can 

be summarized as a 30°-30° mechanism. Spins begin at an angle of 30° relative 

to the common direction, gather at the common direction and end at a direction 

at an angle of 30° relative to the common direction.  

The four examples presented above are representative to all DWs, being S60°, 

S120°, T(100) and T(110) DWs, as can be seen on Table 2.5 and Table 2.6 . The 

mechanisms are composed of rotations with various angles. A splitting zone, or 

alternatively the B+R90°+G mechanism, is systematically present in all T DWs. This 

splitting zone is geometrically mandatory, as explained in the next section. It 

should be noted that in the case of the overall 180° rotation, it is not possible to 

predict the T plane where the splitting zone will occur. The initial configuration 

presents both sides at 90°, or at 30° of the common direction. 

2.4.3 Geometrical requirement of the splitting zone 

The most exotic part of these T DWs is the spin splitting that occurs in the middle 

of the magnetic transition. The geometrical requirement of the splitting zone is 

illustrated on the Figure 2.13. Atomic spins at the left side of the DW need to be 

ferromagnetically aligned in the T1 planes. These T1 planes are colored in blue 

and red to indicate the AF alignment between T1 planes. Without the DW, this 

alignment will continue along the [11̅0] diagonal directions. However, at the right 

side of the DW, these same diagonals exhibit AF alignment of atoms. This is 

evident by observing the red diagonals across the DW. This create a frustration 

that the system relieves by adopting a splitting zone.  

 
Figure 2.13: Schematic illustration of the geometrical requirement of the 

splitting zone.  
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This splitting zone is a balance between two effects: 

- Minimizing the angle between the spins in each FM layer, since it is directly 

related to the super-exchange energy in the Hamiltonian (see (2.1)).   

- Minimizing the splitting zone itself to reduce the number of spins with non-

zero angles. 

Figure 2.14 illustrates the inside of the splitting zone. The atomic positions are 

represented by small blue and red spheres, and the atomic spins are colored 

according to their x-axis magnitude. Along the [100] direction, atomic spins are 

linked through J2 interactions, while between two lines of atomic spins, the atomic 

spins are linked with J1. It can be observed that the two lines of atomic spins turns 

in two opposite directions, effectively breaking the J1 interaction, without 

breaking the J2 interaction, which is approximately one order of magnitude 

greater than J1. This disposition results in the apparition of a deviation angle in 

T1 planes. It is defined as the angle between two successive atomic spins in the 

direction of the DW.  

 
Figure 2.14: Schematic representation of the splitting zone.  

The splitting zone is summarized as the mechanisms “B+R90°
𝐺
→” in the Table 2.6. 

Therefore, the splitting zone is defined as a deviation from the ideal in-plane FM 

alignment, beginning at 90° with respect to the common direction to reach the 

common direction. Consequently, the rotation angle traversed through the 

splitting zone is always 90°.
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 PHYSICAL PROPERTIES OF DOMAIN WALL IN NIO 

This section presents the different physical properties of the various simulated 

DWs. In the initial section, the results of the simulations of the NVM are presented. 

In the second part of this section, the widths extracted using the simulated XMLD-

PEEM are presented. In order to facilitate a comparison with the experimental 

width, the extrapolation principle is presented before the comparison with the 

experimental results.  

2.5.1 Simulated domain walls vs stray fields 

The stray fields and their components are reported on lower panels of Figure 2.15 

for S60° and S120° DWs, and Figure 2.16 for T1S1-T4S3 DW and T1S2-T2S2 DW, 

respectively. These figures pertains to the surface of observation (111). It should 

be noted that other surfaces reveal no magnetic field at all.  

 
Figure 2.15: Spin projections (upper panel), and stray field (bottom 

panel) for S 60° DW (T1S3-T1S2) (a) and S 120° DW (T1S3-T1S2) (b), 

seen from the (1 1 1) surface and plotted as a function of their positions 

(nm) in the simulation cell with 6 𝐾𝑢
𝑇 = J2. Normalized intensities of spin 

projections IL,R are reported for uT1S3 (blue line) and uT1S2 (orange line) 

directions. The rectangular function Π (green line) indicates the width δ 

(nm). The stray field intensity is shown (red line - quoted Norm in μT) 

with its Bx, By, and Bz components (respectively, blue, orange, and green 

lines). 
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It is evident that the S DWs has a minimal impact on the magnetic field as it 

remains constant (red line). In the case of S60°, the Bx component (perpendicular 

to the DW) shows the most significant change, with positive and then negative 

values, respectively, on the left and right sides of the wall. In the other case 

(S120°), it is the By component which exhibits the greatest fluctuations. This 

evolution is analogous to that observed for Bx in the case of S60°.  

 
Figure 2.16: First panels illustrate spin projections, second panels present 

the deviation angle from the optimal AF alignment of spins (quoted 

splitting, in degrees), and lower panels show the stray field. Figures (a) 

and (b) pertain, respectively, to T(100) DW (T1S1-T4S3) and to T(110) DW 

(T1S2-T2S2), which are both viewed from the (111) surface. The 

anisotropy constant is set at 10 𝐾𝑢
𝑇 = J2. The deviation angles are shown 

as gray crosses. They are fitted using a Lorentzian function for which the 

FHWM is reported. The remaining symbols are identical to those 

depicted in Figure 2.15. 

Conversely, both stray fields of the T1S1-T4S3 and the T1S2-T2S2 DWs (red lines 

in the Figure 2.16, last panels) exhibit strong steps separating constant values of 

approximatively 20 μT on the left side and zero on the right side. The asymptotic 

values on either side are related to the FM and AF configurations of spins at the 

(111) surface, respectively. This phenomenon is observed in all T DWs. As 

anticipated, the steps in the stray fields are precisely located at the splitting zone, 

where the spins are not perfectly aligned. Given that the splitting zone is smaller 



 ATOMIC SCALE STRUCTURE OF DOMAIN WALLS IN NIO 

66 

than the total zone of rotations (i.e. the DW width as defined by the projection, 

see below), the steps are themselves of the same order of magnitude than the 

splitting zone for all T DWs. In other words, it should be regarded as a Heaviside 

function for anisotropy constants comparable to those observed in experiments. 

2.5.2 Widths of domain walls from XMLD-PEEM 

The first investigated DW width is the T1S3-T1S2 DW. The first panel of Figure 

2.15 depicts the intensities of spin projections. The two directions uT1S3 and uT1S2 

are indeed employed for the spin projections (respectively, the blue and the 

orange lines), since they correspond to optimal directions on the left and right 

sides of the DW. It can be observed that the spins projection along uT1S3 exhibits 

a decrease from a value of one (at the extreme left of the simulation box) as it 

approaches the DW. The projection smoothly converges toward the asymptotic 

value of 0.5, which is cos(60°), the angle between spins on the left and the right 

sides of the DW (see again the top panel). A symmetric behavior is evident in the 

projection along uT1S2 (orange line). The width of the DW is obtained from the 

rectangular function (green line) for the (1 1 1) surface. It is calculated to be δ = 

18.3 nm for 𝐾𝑢
𝑇= 4.33 meV (see Table 2.7). It should be noted that for 𝐾𝑢

𝑇 = 26 

meV the width is δ = 7.3 nm, which is considerably smaller and in agreement with 

expectations as will be recalled below. 

Spins projections of T(100) shown in the first panel of Figure 2.16 (a) exhibit 

markedly disparate shapes. The intensity of the projection on the uT1S1 direction 

(blue line) declines rapidly to zero, starting from T1S1 domain (extreme left of the 

simulation box). This phenomenon can be attributed to the 90° rotation between 

spins at the initial position (green circles, top panel) and the gathering point 

(black stars). Consequently, the projection is cos (90°) = 0. This decrease to zero 

is also related the B+R90°+G mechanism mentioned above, wherein spins deviate 

from their alignment in the T1 plane (see second panel of Figure 2.16 (a)). 

Subsequently, the intensity rises once more, and converges to the asymptotic 

value of ⅙, which is the cosine of the angle between uT1S1 and uT4S3 (filled circles 

and filled squares on top panel of Figure 2.12). The behavior of the intensity 

projected on the uT4S3 direction (orange line) is not symmetric, in contrast to the 

observed behavior for S60° or S120° DW. However, starting from T4S3 (extreme 

right of the simulation box), a pronounce decrease emerges in the same DW 

region, and the intensity once again converges towards the value of ⅙. 
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Table 2.7: Widths of S DWs and T DWs, calculated from atomic spins 

projections for different domains and for two different surfaces. The 

column with 𝐾𝑢
𝑇 = 0.005 meV reports the widths obtained by 

extrapolating the simulations (± 10 %). The experimental values are 

extracted from the work of Arai et al.30 (see text for details). The behaviors 

of spins are determined from stereographic projections (see Table 2.5 and 

Table 2.6). * denotes values obtained by projections. 

S DWs and mechanisms Widths (nm) 

Common plane T1 Surface (001) Surface (111) 

TSL → TSR 𝐾𝑢
𝑇= 26 4.33 0.005 Exp. 26 4.33 0.005 Exp. 

T1S3→T1S2 R60° 6.3 14.6 430 - 7.3 18.3 527 - 

T1S3→T1S2 R120° 10.5 25.9 775 708 12.9 31.8 949 867* 

T DWs and mechanisms Widths (nm) 

 T(100) DW 

Common direction [01̅1] Surface (001) Surface (111) 

TSL→TSR 𝐾𝑢
𝑇= 26 2.6 0.005 Exp. 26 2.6 0.005 Exp. 

T1S1→T4S3 𝐵 + 𝑅90°
𝐺
→ 𝑅30° 7.9 15.8 272 259 9.4 19.4 333 317* 

T1S2→T4S2 𝑅60° + 𝐵 + 𝑅90°
𝐺
→ 𝑅30° 9.8 23.6 

514 555 

11.9 29.1 

629 680* T1S2→T4S3 𝑅30°
𝐵
→ 𝑅90° + 𝐺 + 𝑅60° 10.4 25.9 12.5 31.6 

T1S1→T4S1 𝐵 + 𝑅90°
𝐺
→ 𝑅90° 11.7 28.0 14.2 33.6 

 T(110) DW 

Common direction [1̅10] Surface (1̅10) Surface (111) 

TSL→TSR 𝐾𝑢
𝑇= 26 2.6 0.005 Exp. 26 2.6 0.005 Exp. 

T1S3→T2S2 𝐵 + 𝑅90°
𝐺
→ 𝑅30° 7.8 15.5 265 409 13.3 26.7 459 708* 

T1S2→T2S2 𝑅30°
𝐵
→ 𝑅90° + 𝐺 + 𝑅60° 9.8 23.2 

511 728* 

17.1 40.1 

885 1261* T1S2→T2S1 𝑅60° + 𝐵 + 𝑅90°
𝐺
→ 𝑅30° 9.8 25.6 17.5 44.6 

T1S3→T2S3 𝐵 + 𝑅90°
𝐺
→ 𝑅90° 11.4 27.8 19.8 47.7 
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The intensities of spins projections of T(110) (see first panel of Figure 2.16 (b)) show 

some similarities with those of the T1S1-T4S3 DW. The intensities decrease once 

more in the splitting zone, where spins deviate from their AF alignments in the T2 

plane (see second panel). It should be noted that the drop does not reach zero 

(blue line) because the angle between the spins in T1S1 and T2S3 is not 90°. The 

asymptotic value is ⅔ (the cosine of the angle between uT1S1 and uT2S1).  

The calculated widths for T1S1-T4S3 and T1S2-T2S2 are δ = 19.4 nm and δ = 40.1 

nm respectively for 𝐾𝑢
𝑇= 2.6 meV (see surface (111) in Table 2.7). These two cases  

are quite distinct, and it is important to emphasize that it this is due to the distinct 

behaviors of two different contributions. One of these contributions is related to 

the splitting zone, while the other is related to the travelled angles of spins. 

Regarding first the splitting zone, it can be observed that its width is between 5 

and 10 nm for both T1S1-T4S3 and T1S2-T2S2 DWs. This is evidenced by the 

FWHM of the deviation angle from the optimal AF alignment of spins reported in 

second panels of Figure 2.16. This splitting zone is the result an optimization 

process of the spins configurations with respect to the total energy. Since the 

splitting is geometrically mandatory, the system faces two opposite constraints: 

firstly, the angles between spins in each FM layer must be minimized, as this is 

directly related to the energy of super-exchange in the Hamiltonian (see Equation 

(2.1)). Secondly, the splitting zone itself must be minimized in order to reduce 

the number of spins with non-zero angles.  

The second contribution to the widths is the travelled angles of spins rotations. 

For instance, the traveled angles of T1S2-T2S2 are longer than the one of T1S1-

T4S3 DW. The former configuration (T1S2-T2S2) totals rotations of 90° (the sum 

of R30° and R60°) apart from the splitting zone, while the latter shows a smaller 

angle of 30° only. Consequently, the calculated widths (for each 𝐾𝑢
𝑇) are higher 

for T1S2-T2S2 DW compared to T1S1-T4S3 DW.  

This trend can be corroborated in all DWs, including the S DW. This relationship 

between the traveled angles and widths is nearly bijective. The calculated widths 

are very similar to each other for a given traveled angles. This is demonstrated for 

both T(100) and T(110) DWs. Three of them (gathered lines in Table 2.7) show 

comparable widths at both constants of anisotropy 𝐾𝑢
𝑇 with mechanisms 

comprising by B+R90°+G and traveled angles of 90°. In contrast, the cases 

following B+R90°+G and traveled angles of 30° stand out.  

It is therefore relevant to gather T DWs according to their mechanisms of rotation, 

and consequently according to their widths. Thus, out of the four T(100) DWs 

independent by symmetry (see Table 2.4), two distinct mechanisms and 

thicknesses can be distinguished. One corresponds to a singlet of DWs, and the 
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other to a triplet of DWs. A comparable distinction can be made regarding the 

T(110) DWs. The two groups of singlets and triplets are T1S1-T4S3 and (T1S1-T4S1, 

T1S2-T4S2, T1S2-T4S3) for T(100) DWs and T1S3-T2S2 and (T1S3-T2S3, T1S2-T2S2, 

T1S2-T2S1) for T(110) DWs (see Table 2.7 for the calculated widths and Table 2.4 

for the symmetry equivalence).  

2.5.3 Extrapolation of simulated domain walls 

As evidenced in Table 2.7, the widths presented are markedly smaller (on the 

order of tens of nanometers) than those observed in experiments, which ranged 

from 200 nm up to 1 μm 30,33. This discrepancy originates from the choice of both 

the 𝐾𝑢
𝑇 and the 𝐾𝑢

𝑆 anisotropy constants for the simulations.  

It should be noted that high values (ranging from 𝐾𝑢
𝑇= J2 down to 10 𝐾𝑢

𝑇= J2) are 

required to afford calculations in tractable supercells, which typically comprise 

millions of magnetic atoms. The realistic values of anisotropy constants are orders 

of magnitude lower, approximatively 5 μeV30,34. Nevertheless, it is well established 

that the width of DWs, δ, is related to the constant of anisotropy K35: 

𝛿 ∝  
1

√𝐾
(2. 11) 

In order to extrapolate the results of our simulations to describe macroscopic 

situations, an investigation was conducted regarding the evolution of the widths 

of DWs as a function of the anisotropy constants. The super-exchange constants 

J2, 𝐽1
+ and 𝐽1

− were maintained at fixed values. The ratio of 100 between 𝐾𝑢
𝑇 and 

𝐾𝑢
𝑆 was also retained. Figure 2.17 presents the evolution of widths for S60° and 

S120° DWs, T(100) and T(110) DWs, respectively, across the first, second, and third 

panels.  

It is evident that variations in widths are consistent with the predictions of 

Equation (2.11), thereby strengthening the calculations. It also evident that the 

slopes of different DWs mechanism vary, which conforms to the known angular 

dependence of the widths with the rotation of spins throughout the DWs 35. 

Furthermore, the singlets and triplets of T DWs previously discussed are easily 

discerned by the blue and red symbols, respectively, in the middle and bottom 

panels of Figure 2.17. S60° and S120°, and the singlet and the triplet of each T(100) 

and T(110) DWs are fitted independently (see red/blue lines). In order to extrapolate 

the widths of the calculated DWs and to compare with experimental data, 𝐾𝑢
𝑇 is 

set at 5 μeV (and indeed 𝐾𝑢
𝑆 at 0.05 μeV), in the range of the experimental values1.  
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Figure 2.17: Evolution of the widths (in nm) of S60° and S120°, T(100) and 

T(110) DWs as a function of 𝐾𝑢
𝑇 calculated from spins projections. The 

super-exchange constants were maintained at a fixed value.   

The results are reported in Table 2.7. The widths of S DWs were found to be 527 

nm and 949 nm, respectively, for S60° and S120°. The latter value is in close 

agreement to the experimental value of 867 nm30. With regards to T DWs, two 

distinct widths are observed for each type, one for the singlets and another one 

for the triplets. The T(100) and T(110) widths are strikingly similar. The singlet present 

a value of 272 and 265 nm for T(100) and T(110) widths, respectively. The triplet value 

is 514 and 511 nm for T(100) and T(110) widths, respectively. 

2.5.4 Comparison of simulated domain walls with experiment 

It is noteworthy that the experimental measurements reported by Arai et al30 for 

T(001) and T(011) DWs show a bimodal distribution of the widths (see Figure 2.18 (b) 

and (c)). In the light of the aforementioned simulations, each bimodal distribution 

is fitted using two Gaussian functions, with ratio of three between their areas, 

corresponding to the ratio between the triplets and the singlets. The results of 

the fitting process are illustrated in Figure 2.18.  
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Figure 2.18: Widths (in nm) of DWs measured by Arai30 using XMLD-

PEEM images (histogram in black) and fitting (green lines) using one 

Gaussian function for S120° DW (a) and two Gaussian functions (blue 

and red lines) for each T DW (T(011) for (b) and T(001) for (c)). 

It is notable that the experimental widths extracted by these two Gaussian 

functions and the ones extrapolated from simulations are strikingly similar for 

T(100) (see Table 2.7). The extrapolated widths for T(100) on the (001) surface are 272 

nm for the singlet and 514 nm for the triplet, respectively. These values are to be 

compared with the experimental widths of 259 nm and 555 nm, respectively. The 

discrepancy is greater for T(110), with the extrapolated singlet width at 265 nm to 

be compared with the experimental value of 409 nm and the triplet width at 511 

nm for to be compared with 728 nm. This disagreement may be attributed to the 

deviation of the DW plane from 90° angle with respect to the surface in the 

experimental setting.
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 CONCLUSIONS 

In this Chapter, atomistic spin simulations have been employed to provide 

insights on the internal structures of Domain Walls (DWs) in NiO. All T DWs and 

two S DWs have been considered using high anisotropy constants, thus allowing 

for a reasonable numerical simulation to be conducted. The orientations of spins 

throughout the DWs have been carefully analyzed. The mechanisms observed 

give a strong basis to understand the experimental XMLD-PEEM images, which 

have been emulated by calculations of spins projections. Additionally, they offer 

insights into the anticipated experimental NVM signals, which have been 

simulated from calculations of stray fields.  

The detailed analysis of the simulations indicates that the spins adopt 

mechanisms of reorientation throughout the DWs, which involve only two specific 

characteristics. The first one is common to all DWs. Spins accommodate the 

difference in orientations of bordering domains by rotations with various angles. 

They always keep their AF alignments between FM layers and transit to common 

directions when two different T planes are involved, i.e. in the cases T DWs. The 

second characteristic does appear only in T DWs. Spins break their FM alignments 

in each T plane, still keeping their AF alignments between previously FM layers. 

This break or splitting zone is geometrically necessary.  

Calculations of the widths of DWs from spins projections exhibit various values 

depending on the type of wall and on the constants of anisotropy. In fact, the 

change of widths is related to the travelled angles of spins throughout DWs, with 

an almost bijective relation between both. The higher the travelled angles – apart 

from the splitting zone - the higher the width of the DW.  

Incidentally, the mechanism/width couple reveals a relevant criterion to 

distinguish T DWs. It allows to separate the four DWs of each T(100) and T(110) wall 

that are independent by symmetry into a singlet and a triplet. This separation as 

singlet/triplet was not done in experiments by Arai et al.30 for their estimations of 

widths.  

Calculations also show that widths change with the constant of anisotropy and 

are proportionnal to 1 √𝐾𝑢𝑇⁄ . This indeed strengthens the calculations. More 

interestingly, it opens the possibility to extrapolate calculated widths at 

experimental values of constants of anisotropy. Doing so, widths close to the 

experimental ones refitted with singlets and triplets were obtained.  

Finally, atomic spins simulations confirm that stray fields are null for all surfaces 

of observation where spins are AF at the surface. Indeed, surfaces (111) show finite 

values (of around 20 μT at a probe-to-surface distance of 40 nm) when a FM 
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surface is exposed. As a consequence, only steps in the magnetic field are 

generated by DWs for this surface. This step can likely be seen as a Heaviside 

function in experiments.
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The experimental techniques and 

simulation methods employed for 

the characterization of the 

FeαNiβCrγO4 spinel thin films are pro-

vided in this chapter. The growth 

technique (OA-MBE) is first pre-

sented, along with structural (RHEED, 

XRR, XRD), chemical (XPS), and mag-

netic (VSM) characterizations. Addi-

tionally, two synchrotron based ex-

perimental methods dedicated to the 

fine structure investigation are pre-

sented: X-ray magnetic circular di-

chroism (XMCD) and Resonant X-ray 

diffraction (RXD). These two methods 

require theoretical model spectra for 

a quantitative analysis. The theoreti-

cal basis of spectrum calculations are 

then outlined.  
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 EPITAXIAL GROWTH BY OXYGEN-ASSISTED MOLECULAR BEAM 

EPITAXY 

In order to investigate the crystallographic structure and physical properties of 

the FeαNiβCrγO4 spinel system, it is necessary to elaborate thin films of varying 

stoichiometry in α, β, and γ. The growth method chosen must allow to obtain high 

crystalline quality thin films, be versatile (in order to access a multitude of 

compositions), and be precise in terms of composition. 

The Oxygen-plasma Assisted Molecular Beam Epitaxy (OA-MBE) method has 

been selected1. Samples produced by OA-MBE exhibit high crystalline quality2,3. 

The compositions can be modified by adjusting the temperature of the cells in 

which the metals are evaporated (Knudsen effusion cells), in contrast to another 

well-known technique for the oxide growth: the Pulsed Laser Deposition (PLD) 

technique. In this case, the growth of thin films with different compositions and/or 

a fine doping involves the use of multiple targets with the required stoichiometry.  

Figure 3.1 provides a schematic illustration of an OA-MBE apparatus. The 

fundamental principle of molecular beam epitaxy (MBE) is the generation of a 

molecular or atomic beam activated by thermal energy. The atomic or molecular 

beams are then directed on a substrate, wherein an epitaxy can occur in 

agreement with the crystalline structure of the selected substrate. The term 

“epitaxy” is used to describe the crystalline coherence between the substrate and 

the film, which is related to the crystalline structure and lattice parameter of the 

substrate and the film. 

 
Figure 3.1: Schematic illustration of the AO-MBE apparatus. Adapted 

from Vila-Fungueiriño et al.4. 
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In order to reduce surface defects and ensure a high crystalline quality, it is 

generally essential to maintain a low evaporation rate. In practice, the optimal 

growth rate is in the range of a few to tens Å. min-1. At these growth rates, the 

atoms have sufficient time to migrate on the surface, thereby reducing the defects 

in the growing film. Additionally, mechanical shutters are employed to control the 

beginning and end of the deposition, thus enabling the growth of multilayers. 

Figure 3.2 presents the specific AO-MBE setup developed in CEA-SPEC and used 

in this work. 

 

Figure 3.2: The OA-MBE setup developed in CEA-SPEC. 

The MBE growth of the samples is performed under ultra-high vacuum (UHV) 

conditions. The pumping system of the MBE setup, comprising turbomolecular, 

ionic, and titanium sublimation pumps, is used to maintain a partial pressure of 

10-10 mbar. These conditions minimize the contaminations due to external 

pollutants (H2O, C, etc…), and allow the use of the Reflection High-Energy Electron 

Diffraction (RHEED) technique to record in situ and in real-time the growth of the 

layers. This technique gives information on the crystallographic properties of the 

surface and also on the growth mode (2D vs 3D) of the sample (cf. section 3.2).  

For an Oxygen-plasma assisted set-up, the oxygen flux is introduced into the MBE 

chamber via an atomic oxygen radio-frequency plasma source. The plasma source 

is comprised of a water-cooled quartz cavity. A constant oxygen pressure (PO2) is 

introduced into the quartz cavity (0.1 < PO2 < 0.5 Torr) via a molecular oxygen 

(O2) gas bottle. Once within the cavity, an electrical discharge or RF power (Pf) 

varying between 250 and 450 W generates the atomic oxygen plasma. This 

discharge results in the dissociation of some molecular oxygen species into 

atomic oxygen via electronic dissociation. The atomic oxygen is finally introduced 
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into the chamber via an effusion hole with a diameter of 200 μm. This oxygen 

species serves as the primary oxidizing agent. The quantity of atomic oxygen 

introduced is of course a key point for the metallic oxidation states and the 

crystalline quality of the oxide.  

The metallic fluxes of nickel, iron, and chromium are controlled by the 

temperature of each Knudsen effusion cell. An initial value of the deposition rate 

is obtained by using a quartz balance. However, these measurements are done at 

room temperature and in the absence of oxygen plasma, whereas the deposition 

is made on a hot substrate with the oxygen plasma. These measurements are 

therefore purely indicative. It will be necessary to check the film thickness, 

stoichiometry and structure by using different techniques as detailed below. 

The growth conditions result in the thermodynamic equilibrium not being 

reached. Consequently, MBE can be defined as a kinetic process. The MBE growth 

process comprises four primary steps1. The initial stage of the process is the 

adsorption of atoms on the surface. Subsequently, the atoms migrate, then 

incorporate into the substrate or growing layer. Finally, the atoms that are not 

incorporated undergo thermal desorption. 

The growth mechanisms are governed by the kinetics of the surface reaction 

between the incoming atomic beams and the growing layer. Three general modes 

of crystal growth on surface (see also Figure 3.3) can be distinguished1:  

- The layer-by-layer mode (Frank-van der Merwe mode). The atoms are strongly 

bonded to the surface, forming a complete monolayer.  

- The island mode (Volmer-Weber mode) is characterized by the formation of 

discrete islands of crystals on the surface. The atoms exhibit a preference for 

binding between themselves over binding at the surface. The formation of 

small clusters of the growth materials at the surface then leads to their growth 

into islands of the desired materials.  

- The layer plus island mode (Stanski-Krastanov mode). After the formation of 

the first monolayers and their covering of the surface, atoms have an energetic 

preference for forming clusters, which will evolve into islands. This mode is a 

combination of the two previous modes. It begins at a layer-by-layer mode 

and evolves into an island mode. 

As a process governed by kinetics, the substrate is usually submitted to high 

temperatures in order to obtain the desired phase. In the MBE configuration, a 

heater is located close to the sample holder. The heater is heating by Joule effect 

and the temperature is recorded by a thermocouple situated in the immediate 

vicinity of the sample holder.  
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It should be noted that the MBE apparatus is also equipped with an in situ XPS 

(see below), to determine preliminary elemental composition without any organic 

pollutant.  

The objectives of this study is to synthesize FeαNiβCrγO4 thin films in a large 

composition range for a comprehensive investigation of their physicochemical 

properties with the metallic content. Each desired composition should be 

therefore the result of a delicate compromise between UHV conditions, 

deposition time, temperatures of the Knudsen cells and of the substrate.
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 STRUCTURAL CHARACTERIZATION OF THIN FILMS  

This section presents an overview of the structural characterization techniques 

used in this work. The section begins with a description of Reflection High Energy 

Electron Diffraction (RHEED), and concludes with a presentation of two X-ray 

methods: X-Ray Reflectivity (XRR), and X-Ray Diffraction (XRD). 

3.2.1 Reflection High Energy Electron Diffraction 

Reflection High Energy Electron Diffraction (RHEED) is a widely used technique 

for the observation in real-time and in situ of the film growth modes and the 

crystalline structure during the deposition. In the RHEED gun, a high-energy 

electron beam (U = 30 kV and If ~ 1.7 A) is directed towards the substrate at a 

grazing incident angle (θ < 4°). The emission current (Ie) is near 10 mA. The 

diffracted electrons from the surface are collected on a fluorescent screen and 

the resulting diffraction pattern is recorded by a CCD camera with the KSA 400 

software. 

The spatial resolution in RHEED analysis for a well-collimated electron beam is 

typically in the range of 100 nm. In the case of two-dimensional materials, the 

observations made on the screen originate from the intersection of the rods of 

the reciprocal space with the Ewald sphere.  

Two directions are systematically probed: [11̅00] (or called D1 in the following) 

and [12̅10] (or called D2 in the following) for the sapphire substrate (α-Al2O3 

(0001). The number and position of streaks represent the reciprocal lattice of the 

surface along the direction perpendicular to the electron beam. The 

crystallographic structure of the growing layer is thus deduced from the RHEED 

patterns.  

Figure 3.3 illustrates the typical RHEED patterns that can be observed according 

to the growth mode. If the atomic terraces in the probed plane exceed the beam 

coherence (Figure 3.3 (a)), bright spots will be visible on the screen. In the case of 

well-ordered two-dimensional materials, such as the sapphire substrates used in 

this experiment, the observation of bright lines emanating from the spot is 

indicative of the presence of Kikuchi lines, which are a consequence of inelastic 

scattering processes. In instances where the atomic terrace sizes are close to that 

of the electron beam, it is possible to distinguish the presence of fine streaks, as 

illustrated in Figure 3.3 (b). These streaks are associated with the broadening of 

the points due to the presence of small out-of-phase domains, with a 

characteristic length scale which is approximately the electron beam coherence 

length. The width of the streaks is inversely proportional to the average domain 

size. 
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Figure 3.3: Schematic illustration of RHEED patterns for different surface 

morphologies. The first column depicts a schematic illustration of the 

growing layer, the second illustrates the expected RHEED pattern and 

the third column presents one experimental example.   

When the growth conditions are not optimized, the presence of spots along the 

streaks can be observed, as illustrated by Figure 3.3 (c). This is indicative of a 

three-dimensional (3D) growth mode. In order to gain insight into this particular 

RHEED pattern, it is necessary to revisit the concept of layer-by-layer deposition. 

As the roughness of the domain increases, intensity modulation along the streaks 

is observed. This modulation is the result of interference between the various 

terraces, which exhibit different heights and widths. If the aforementioned trend 

persists, only points along the streaks will be observed, behavior which is 

characteristic of a 3D growth mode. In this work, the objective is to elaborate thin 

layers with a very low roughness, i.e to obtained b) patterns.  
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As said previously, the RHEED patterns were recorded in two distinct directions 

according to α-Al2O3 substrates: [11̅00] (or D1) and [12̅10] (or D2). Different 

information can be extracted from the RHEED patterns:  

- The crystalline quality and the growth mode of the layer. The RHEED pattern 

allows for the identification of whether the growth mode is layer-by-layer or 

3D islands (see Figure 3.3).  

- The evolution of the in-plane lattice parameter can be monitored by using the 

substrate as a reference. The distance between streaks in the reciprocal space, 

is inversely proportional to the atoms spacing in the real space. By measuring 

the distance between the streaks of the substrate and between the streaks of 

the film, it is possible to determine the in-plane lattice parameter. However, 

this method is not accurate. The streaks have a notable width, which presents 

a challenge in identifying the maximum. This analysis can be partially cor-

rected by selecting a large area in the image and by averaging the profile. 

- The crystalline structure. Indeed, different structures in the ternary oxide sys-

tem can crystallize, such as corundum-type (e.g. α-Cr2O3, α-Fe2O3), halite-type 

(FeO) or spinel-type (Fe3O4) structures. The RHEED patterns of these structures 

are different. In the case of an α-Cr2O3 (0001) layer grown on top of α-Al2O3 

(0001) sapphire, the space group remains unchanged, and only a broadening 

of the bright spots of the α-Al2O3 substrate in fine streaks is observed as the 

layer is growing. In the case of a spinel-type structure, due to the epitaxial 

relationship between the substrate and the spinel phase, an evolution of the 

RHEED patterns is observed along the [11̅00] and [112̅] directions. This is evi-

denced by the apparition of additional streaks associated to the spinel phase. 

Along the D1 direction, the spinel streaks apparition is combined with the dis-

appearance of two streaks of the sapphire (see chapter 4). In the D2 direction, 

only two additional streaks associated to the spinel phase appear without any 

disappearance of sapphire streaks. 

3.2.2 X-ray methods and thin film specifications 

This subsection will describe two distinct types of X-ray experiments: X-Ray 

Reflectivity (XRR)5,6 and X-Ray Diffraction (XRD)6,7, which will be used for the 

access to the film thickness, roughness and the crystalline structure of the 

FeαNiβCrγO4 thin films. 

The X-ray diffractometer is defined by five distinct components: the X-ray source, 

the incident optics, the goniometer, the receiving optics, and the detector. Figure 

3.4 illustrates the location of each component.  
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The X-ray source is a compact tube comprising two electrodes. The electrons are 

generated by a tungsten cathode. These electrons are then accelerated through 

the application of a high voltage, typically in the range of 10 kV, and subsequently 

collide with an anode comprising a variety of materials. The most commonly 

material used is the copper, for which both Kα and Kβ radiations are well-known 

(= 1.54059 Å for Kα1 = 1.54443 Å for Kα2 and = 1.39223 Å for Kβ). Note that 

the selection of anodes with a shorter wavelength enables the analysis of a larger 

area in the reciprocal space.  

The incident and receiving optics can be used in two distinct configurations: 

Bragg Brentano geometry for powder diffraction and parallel beam geometry for 

thin film diffraction.  

The goniometer is a fundamental part of the diffractometer. It is used to control 

the different angles, as detailed in Figure 3.4. ω is the angle between the incident 

X-ray beam and the Bragg planes (i.e. the planes for which diffraction occurs). θ 

is the angle between the reflected beam and the Bragg plane. 2θ is the angle 

between the reflected beam (i.e. the detector) and the incident beam. The tilting 

angle, ψ, is the angle associated to the rotation of the Bragg planes around the 

horizontal plane. This angle is generally used for pole figures. The azimuth angle, 

Φ, is the angle of rotation in a horizontal position. Additionally, another angle, χ, 

can be defined by the following relationship: χ = 90° - ψ. Such setups are 

commonly defined as four-axis diffractometers, related to the four angles (ω, θ, 

ψ and Φ).  

 
Figure 3.4: Schematic illustration of the various angles employed in a 

thin film diffractometer, from Harrington et al.7 

The final component of the diffractometer is the detector. The detector is utilized 

to transform X-ray radiation into an electrical signal. The nomenclature of 

detectors is based on their dimensionality, which can be classified as a point 

detector (0D), line detector (1D), or area detector (2D). In function of the incoming 
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X-rays, attenuators may be necessary in order to reduce the incoming signal, to 

prevent non-linearity, and accelerated ageing. The maximum count is usually in 

the range of 104 to 106 counts per second (cps). In the spinel layers grown on top 

of α-Al2O3 (0001) substrates, an intensity of around 106 cps are observed for the 

(0006) peak of the sapphire.  

3.2.3 X-ray Reflectivity of thin films 

In the case of X-Ray Reflectivity (XRR), the thickness and the roughness will be 

probed. The X-ray beam arrives at an angle close to the critical angle. Below the 

critical angle, the X-ray intensity is totally reflected on the surface, and the curve 

displays a flat signal. At the critical angle, the X-ray begins to probe the film, and 

thus the reflected intensity begins to decrease. Above the critical angle, the 

interferences between the X-ray beams reflected at the surface of the sample and 

at the surface of the substrate induce oscillations in the signal. The XRR 

measurement is a purely optical measurement due to the difference of refractive 

indexes (n) between the layer and the substrate. 

The refractive index n of the material is determined to be: 

𝑛 = 1 −  𝛿 − 𝑖𝛽 (3. 1) 

𝛿 = (
𝑟𝑒𝜆

2

2𝜋
)𝑁0𝜌

∑ 𝑥𝑖(𝑍𝑖 + 𝑓𝑖
′)𝑖

∑ 𝑥𝑖𝑀𝑖𝑖

(3. 2) 

𝛽 = (
𝑟𝑒𝜆

2

2𝜋
)𝑁0𝜌

∑ 𝑥𝑖(𝑍𝑖 + 𝑓𝑖
′′)𝑖

∑ 𝑥𝑖𝑀𝑖𝑖

(3. 3) 

δ and β represent the real and imaginary part of the refractive index (n), 

respectively. re is the classical radius of an electron. N0 is the Avogadro number. λ 

is the X-ray wavelength. ρ represents the density in g/cm3. Zi denotes the atomic 

number of the ith atom. Mi signifies the atomic weight of the ith atom. xi is the 

atomic ratio of the ith atom, and f’i et f’’i are respectively the real and imaginary 

atomic scattering factors of the ith atom. The critical angle θc is directly 

proportional to δ by the given formula:  

𝜃𝑐 = √2 𝛿 (3. 4) 

Given that δ is proportional to the density of the film, it follows that the critical 

angle is proportional to the square root of the film density.  
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Figure 3.5: Effect of roughness variation (a), density variation (b), and thickness 

variation (c) on the resulting signal in XRR.  

The fitting of the XRR curves by using REFLEX8 or SimulReflec software, allows to 

extract three parameters such as: film thickness (t), roughness (RMS), and density 

(ρ). All these parameters and their impact on the XRR signal are shown in Figure 

3.5. The blue curve is the same between the three subfigures, and parameters 

used to generate this curve are the following. The thickness has been fixed at 10 

nm, roughness at 0.1 nm, density at 5 g.cm-3, f’ at 100 fm and f’’ at 10 fm, which 

is close to the magnetite values of 5.85 g.cm-3, 108 fm and 9.7 fm for density, f’ 

and f’’ respectively.  

- Density. The critical angle is a direct indication of the material density. An 

increase of the density generates a more important critical angle. 

- Thickness. The interferences from the X-rays reflected at the surface of the 

sample and the X-rays reflected at the surface of the substrate exhibit 

oscillations depending both on the sample thickness and δ index, as defined 

in equations (3.1) and (3.2). Thicker the film, more important is the oscillation 

frequency. 

- Roughness. The magnitude of oscillations are related to the surface 

roughness. It has been observed that the rougher the interface, the less 

intense the amplitude of the oscillations. 

3.2.4 X-ray Diffraction of thin films 

In the case of X-ray Diffraction (XRD), the thickness, the crystalline quality and the 

lattice parameter will be probed. The X-ray wavelength is of the same order of 

magnitude as the interatomic distances in a thin film. This phenomenon will result 

in constructive or destructive interferences between the reflected beams on the 

different atomic planes. The Bragg law describes the inter-planar distance:  

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃𝐵 (3. 5) 



 EXPERIMENTAL TECHNIQUES AND SIMULATION METHODS 

88 

n represents the order of the reflection, λ denotes the X-ray wavelength, dhkl is 

the interatomic planar spacing in which h k l subscript refers to the Miller indices 

associated to the (h k l) plane and θB is the Bragg angle between the incident X-

rays and the atomic plane. The interatomic d spacing calculated in the cubic and 

hexagonal structures are respectively:  

𝑑ℎ𝑘𝑙
𝑐𝑢𝑏𝑖𝑐 =

𝑎𝑐𝑢𝑏𝑖𝑐

√ℎ2 + 𝑘2 + 𝑙2
(3. 6) 

𝑑ℎ𝑘𝑙
ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙

=
1

√
4
3
ℎ2 + 𝑘2 + ℎ𝑘
𝑎ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙
2 +

𝑙2

𝑐ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙
2

(3. 7)

 

The a and c denote the lattice parameters in the two different systems: cubic and 

hexagonal. These two structures can be used for spinel oxides considered in this 

thesis due to the [111] growth orientation of the spinel layer on sapphire. 

Usually, the spinel structure is described by a cubic lattice (acubic = bcubic = ccubic). 

However, due to the strain induced by the [111] growth orientation on sapphire , 

it adopts a hexagonal lattice (ahexagonal = bhexagonal ≠ chexagonal). These two lattices 

are related by the following relations: 

𝑎ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙 =
𝑎𝑐𝑢𝑏𝑖𝑐

√2
⁄

𝑐ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙 = √3 𝑎𝑐𝑢𝑏𝑖𝑐

(3. 8) 

Different measurements were done on each sample: 2θ/ω and rocking curves 

(RC). The 2θ/ω measurement is the thin film equivalent of the 2θ/θ measurement 

for powder diffraction. In a 2θ/ω scan, the incident angle (ω) is maintained at half 

the scattering angle (2θ). The Bragg plane is maintained in parallel with the 

surface of the sample. Consequently, the Bragg condition (see equation (3.5)) is 

only fulfilled for (h k l) planes parallel to the sample surface. In our case, the spinel 

phase grows on the [111] crystallographic orientation on the (0001) plane of the 

sapphire substrate. Consequently, only the out-of-plane lattice parameter can be 

probed here. In-plane lattice parameters measurement requires an alternative 

configuration of the diffractometer, with a distinct variation of diffractometer 

angle (2θ/ϕ).  

A Gaussian function is employed to fit the film peaks, thereby extracting both the 

position and full width at half maximum (FWHM) values of each peak. The peak 

position will be used to determine the lattice parameter (see equations (3.5) and 

(3.6)). The FWHM can be used as a preliminary estimation of the thickness of the 

layer, according to the Scherrer law:  
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𝑡 =
0.89 ∗ 𝜆

𝐹𝑊𝐻𝑀 ∗ 𝑐𝑜𝑠 𝜃
(3. 9) 

t represents the crystallite size, λ the wavelength of the X-ray source, FWHM the 

full width at half maximum (in radians) of the peak, and θ the position of the peak 

(in radians). In the case of 2D growth mode, the crystallite size probed by the 

Scherrer law is the size in the direction normal to the surface sample, i.e. the layer 

thickness.  

A rocking curve (RC) is defined as the variation of the incident angle ω around 

the center Bragg angle 2θ (which is kept constant). This process aligns planes that 

are not parallel with the surface sample in the Bragg plane. The result is a Gaussian 

curve, which provides insight into the distribution of planes as a function of 

surface tilt. The full width at half maximum (FWHM) is influenced by factors such 

as mosaic spread, dislocation, and substrate curvature. A smaller FWHM value 

indicates a higher crystalline quality of the grown phase.  

The XRR and XRD measurements were done at room temperature on a Rigaku 

SmartLab diffractometer available in the SPEC/LNO laboratory. The wavelength 

was a monochromatic Cu Kα radiation (λ = 1.54186 Å). The sample is initially 

moved in the z-direction to ensure that the X-ray intensity is divided by two. It is 

then aligned to guarantee that the normal to the diffractometer goniometer is 

also the normal to the surface of the sample. Subsequently, the XRR measurement 

is done, and the resulting XRR curve is fitted. Subsequently, an XRD measurement 

is done with 2θ/ω varying between 35° and 42° for the sapphire substrate. A 

Gaussian function was employed to obtain position and FWHM of the (222) 

substrate peak, whereas a pseudo-Voigt function was employed for the (0006) 

substrate peak. In addition, some in-plane lattice measurements were performed.  
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 CHEMICAL CHARACTERIZATION OF THIN FILMS 

This section presents an overview of X-ray Photoemission Spectroscopy (XPS), 

outlining its underlying principles and key features, and providing insights into 

the determination of the chemical composition of our samples. 

3.3.1 Theoretical considerations 

The XPS method is a surface analytical technique in which the surface of the 

sample is excited by soft X-rays9, resulting in the emission of electrons through 

photoelectric effect. These electrons are then analyzed to obtain information 

regarding the elemental composition, elemental oxidation state or crystal field 

surrounding atoms. 

The two most commonly utilized sources of soft X-rays in a commercial XPS setup 

are Mg Kα (1253.6 eV) and Al Kα (1486.6 eV). Once the photons are created, they 

interact with the surface region of the sample, providing energy to the surface 

atoms and thus causing some electrons to be emitted via the photoelectric effect. 

The energy of the photoemitted electrons is described by energy conservation 

law:  

𝐾𝐸 = ℎ 𝜈 − 𝐵𝐸 −  𝜑 (3. 10) 

hν represents the energy of the incident X-ray photons, BE is the binding energy 

of the atomic orbital from which the electrons are emitted, and φ is the work 

function of the spectrometer. The binding energy can be regarded as the 

difference between the initial and final states of an electron. In the initial state, 

the electron is located within the electronic cloud and thus the atom is in a neutral 

state A0. In the final state, the electron leaves the electronic cloud, resulting in the 

creation of a cation A+. 

Each element has a unique set of binding energy values for these electronic levels, 

enabling surface elements to be identified. The elemental concentration can be 

determined by analyzing the area below the respective elemental peak (cf. section 

3.3.2). In the case of transition metals (Fe, Ni and Cr), the quantification is 

generally achieved with 2p core levels. These levels exhibit the greatest intensity 

(greater excitation probability). In addition to the quantification, according to 

fluctuations in the core levels binding energies, resulting from factors such as 

chemical potential, oxidation state or bond character, the BE can serve as an 

indicator of the chemical state of an element.  

The XPS 2p core levels spectra of transition metal oxide are particularly complex 

to interpret for various reasons10–13. Firstly, the p, d, and f orbitals undergo a 
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splitting phenomenon at the stage of ionization, consequence of the spin-orbit 

coupling. Secondly, some additional satellite peaks can be observed. In the case 

of transition metals, the phenomenon is attributed to a shake-up process. When 

an excitation and ejection of a core level electron occurs, energy can be 

transferred to other electrons. This phenomenon promotes the electrons to 

higher energy levels. This transition leads to a loss of energy of the main 

photoelectron. Satellite peaks can be then observed at higher binding energy 

sides. Finally, spectral asymmetry and peak broadening are also observed in 

transition metals oxides due to coupling between the core-hole and the unpaired 

electrons in the 3d outer shell. This effect is referred as intra-atomic multiplet 

coupling11,14. This complex interpretation of 2p core levels spectrum is illustrated 

in Figure 3.6 for Fe-2p core levels spectra of various iron compounds. Broad peak 

are observed due to the multiplet coupling. The chemical state of iron (Fe2+ or 

Fe3+) will result in the appearance of different satellite peaks, which can provide 

preliminary insights into the charge of iron. Indeed, in α-Fe2O3, when all the iron 

atoms are only in the oxidation state +3, a satellite peak is observed at 8 eV after 

the main Fe 2p3/2 peak. In contrast, in pure Fe²⁺ compounds such Fe2SiO4, the 

satellite peak appears at 4 eV after the main Fe 2p3/2 peak.  

 
Figure 3.6: XPS Fe-2p core levels spectra for different reference iron 

oxides15. 
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In addition, the photoemission process can also lead to the emission of Auger 

electrons. These electrons are emitted due to the energy given by the relaxation 

of an electrons in the hole created by photoemission process.  

Once an electron has been created, it must leave the sample in order to be 

detected by the spectrometer. However, the probability of an electron interacting 

with matter is significantly higher than that of a photon interacting with matter. 

A photon exhibit mean free path of few micrometers, and thus the ionization 

process described above arrives in the initial micrometers of the sample. In 

contrast to photons, electrons can leave the sample without losing energy due to 

interactions with matter within the first 10 nm of the surface.  

3.3.2 Quantification of the stoichiometry of the thin films 

In this work, the XPS measurements are performed mainly to estimate the thin 

film compositions (α, β and γ). The number of photoelectrons per second received 

by the detector for a given peak and for a homogeneous sample is given by the 

following equation: 

𝐼 = 𝑛𝑓𝜎𝜃𝑦𝜆𝐴𝑇 (3. 11) 

In equation (3.11), I represents the number of photoelectrons per second, n 

represents the number of atoms of the element per cm3 of the sample, f 

represents the X-ray flux (in photons.cm-2.s-1). The photoelectric cross-section, σ, 

for the atomic orbital under study is expressed in cm², while the angular efficiency 

factor, θ, represents the instrumental arrangement. y represents the efficiency of 

the photoelectric process. The mean free path of the photoelectrons in the 

sample is represented by λ. The irratiated area of the sample is represented by A, 

while the detection efficiency is represented by T. The value of interest is n, which 

represents the number of atoms of the studied element. The equation (3.11) can 

be reorganized as follows:  

𝑛 =
𝐼

𝑓𝜎𝜃𝑦𝜆𝐴𝑇
(3. 12) 

The denominator can be considered as an atomic sensitivity factor, S. Finally, a 

general expression can be formulated for the determination of the atomic fraction 

Cx of a constituent in a given sample:  

𝐶𝑥 =
𝑛𝑥
∑𝑛𝑖

=
𝐼𝑥 𝑆𝑥⁄

∑ 𝐼𝑖 𝑆𝑖⁄
(3. 13) 
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In equation (3.13), the fraction of each constituent x (Cx) is therefore the fraction 

of the corresponding area, normalized by its sensitivity factor Sx on the sum of 

areas of other constituents i, normalized by their respective sensitivity factors Si.   

Once the area has been measured and given that the atomic sensitivity factor is 

known, the atomic stoichiometry can be determined. In this case, the Scofield 

sensitivity factor is used15.  

The area of each spectrum region is determined through a three-step process. 

Initially, a Shirley background is generated and subtracted from the signal15. 

Subsequently, the overall area of the region is determined. Ultimately, each area 

is divided by the corresponding Scofield factor, thereby yielding the sample 

stoichiometry in terms of metallic cations.  

This study employs both in situ (within the MBE apparatus) and ex situ XPS setups. 

The in situ XPS is situated at the SPEC/LNO, while the ex situ XPS is located at the 

S2CM/LECA. The in situ XPS can use both Mg and Al Kα sources, whereas the ex 

situ XPS uses only Al Kα. However, this source is monochromated, which enables 

a better energy resolution. The in situ XPS is used just after the growth in order 

to obtain preliminary elemental composition data and is realized with the Mg Kα 

anode. The definitive composition is determined with the ex situ XPS (Al Kα 

anode), which possesses superior energy resolution and is equipped with a flood 

gun. The flood gun is employed for the purpose of fixing charge effects. It is used 

for less conductive samples when necessary. High-resolution spectra are done at 

room temperature in the ex situ apparatus. The binding energies are corrected by 

fixing the 1s line of carbon at 285.0 eV. The carbon originates from organic 

contamination. The spectra are adjusted by using the commercial “AVANTAGE” 

or “CASAXPS”16 software. The resulting chemical composition have uncertainties 

of approximately 10 %. 
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 FINE STRUCTURE CHARACTERIZATION OF THIN FILMS  

The fine structure characterization aims at the determination of the cationic site 

distribution. In this work, synchrotron-based methods for probing this fine 

structure will be explored: X-ray Absorption Spectroscopy (XAS), X-ray Magnetic 

Circular Dichroism (XMCD) and Resonant X-ray Diffraction (RXD). This section will 

describe the principles and key features of these techniques. 

3.4.1 X-ray Absorption Spectroscopy and X-Ray magnetic circular dichroism 

X-Ray Absorption Spectroscopy (XAS)17 refers to a wide range of different 

synchrotron-based techniques. Depending on the photons energy (or studied 

transitions), XAS techniques have many designations. For example, X-ray 

absorption near edge spectroscopy (XANES), Extended X-ray Absorption Fine 

Structure (EXAFS) or Resonant X-ray Diffraction (RXD, technique that combines 

XAS and XRD) study the K edge of the element (1s → continuum transition). These 

two techniques have been employed in various spinel systems to determine the 

oxidation state, cationic distribution, or coordination number18–23. In order to 

investigate the fine structure of the FeαNiβCrγO4 spinel thin films, XAS and XMCD 

analyses have been done.  

The following section will examine the L2,3 edge of nickel, chromium, and iron. 

The XAS signal in spinel oxides is primarily described by the 2p→3d transition, 

which occurs through electron dipole transition (2p63dn→2p53dn+1). One of the 

most significant applications of the L2,3 edges XAS experiment is the use of 

polarized X-rays to assess local magnetic properties in ferromagnetic or 

ferrimagnetic systems. More detailed information can be found in literature17,24–

26. The dichroism signal originates from the difference in X-ray absorption. Indeed, 

the X-rays absorption in ferromagnetic or ferrimagnetic systems differs according 

to the X-ray polarization (right or left circular polarization, or even horizontal or 

vertical polarization). This discrepancy can be attributed to the different 

populations of electrons that are probed and the allowed transitions within the 

3d states. If left or right circular polarization is used, the technique is called X-ray 

Magnetic Circular Dichroism (XMCD). If horizontal or vertical polarization is used, 

the technique is called X-ray Magnetic Linear Dichroism (XMLD). The latter 

technique is employed to study AF systems, as detailed in Chapter 2.  

The fundamental principle underlying this technique is the measurement of the 

energy-dependent fine structure of the X-ray absorption coefficient (μ(E)) of a 

specific element, near the absorption edge. The probability that X-rays will be 

absorbed is described by the Beer-Lambert’s Law: 
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𝐼𝑠𝑎𝑚𝑝𝑙𝑒 = 𝐼0𝑒
−𝜇𝑡 (3. 14) 

𝜇 ≈
𝜌𝑍4

𝐴𝐸3
(3. 15) 

Isample represents the intensity of the X-ray transmitted through the sample, I0 

denotes the X-ray intensity incident to the sample, μ is the absorption coefficient 

and t represents the sample thickness. The value of μ is significantly influenced 

by the energy (E) and atomic number (Z) according to the formula presented in 

Equation (3.15), where ρ represents the sample density and A denotes the atomic 

mass of the studied element.  

In this process, a core electron is excited into an empty state. Therefore, a 

significant increase in absorption is observed when the incident X-ray has the 

same energy as the Binding Energy (BE) of a core electron. This intense peak is 

referred as the absorption edge. In the case of L2,3 edges, the 2p electrons are 

excited into the 3d state. Similar to the XPS technique, the position and shape of 

XAS signal is sensitive to the electronic structure and the local environment. Given 

that the excited electrons are in a 3d state, the obtained signal is very sensitive to 

the crystal field (i.e. octahedral or tetrahedral sites) surrounding the absorbing 

atoms. The incident X-rays are tuned to the energy L2,3 edges of one of the three 

elements: iron, nickel, or chromium. As a result, this technique is chemically and 

orbitally selective. In the particular case of iron, the slight deviation in position 

between Fe(II) and Fe(III), as well as between octahedral and tetrahedral sites, 

permits the decomposition of all the entire iron contribution, as the XMCD signal 

is a linear combination of all individual sites.  

In the case of XMCD technique, a magnetic field is applied in the same direction 

as the wave vector of incident photons in order to align atomic spins. Two spectra 

are recorded, one with right circular polarization (σ+) and one with left circular 

polarization (σ-). The XMCD intensity is thus given by:  

𝐼𝑋𝑀𝐶𝐷 = 𝜎
+ − 𝜎− (3. 16) 

Figure 3.7 describes the two-steps process of the XMCD experiment. Primarily, an 

electron is excited through left or right circularly polarized X-rays (yellow arrows). 

A portion of the angular momentum carried by photons is converted into spin via 

spin-orbit coupling. The acquired spin moment is dependent on the polarization 

orientation and spin-orbit coupling (l + s in L3 edge and l - s at the L2 edge). 

Subsequently, the second step is the spin-conservative transition (black arrows) 

into the 3d valence band, whereby a spin-up electron is prevented from entering 

the down valence band. As the samples exhibit magnetic ordering, the spin down 

valence band is not symmetric with respect to the spin up valence band. This 
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asymmetry results in a non-zero signal in XMCD. In addition to the previously 

discussed chemical and orbital selectivity, XMCD also probes the magnetic 

moment of an element. 

 
Figure 3.7: Schematic illustration of a XMCD experiment. The left circular 

X-rays probe spin-up electrons, while the right circular X-rays probe 

spin-down electrons. 

The XMCD technique can also be used to record magnetic hysteresis loops 

associated with the distinct magnetic species. In the case of iron spinel, two 

geometries (Td and Oh) and two cationic species (Fe2+ and Fe3+) can be present in 

the material. In contrast to XMCD spectra, magnetic hysteresis are obtained by 

varying the magnetic field at a given energy. The selection of this energy allows 

for the separation and the determination of the magnetic contribution of each 

iron species. 

In this study, XAS and XMCD experiments were performed on the L2,3 edge for 

iron, nickel and chromium. The measurements were done at the DEIMOS 

beamline of Synchrotron Soleil, in collaboration with Dr. Philippe OHRESSER, Dr. 

Edwige OTERO, and Dr. Antoine BARBIER, and at the ESRF ID 32 beamline, in 

collaboration with Dr. Pamela VASCONCELLOS. The two end stations of the 

DEIMOS beamline, CroMag and MagneTwo, were used, in the initial and the 

subsequent runs. The CroMag station permits the utilization of a magnetic field 

strength up to 7 Tesla, in contrast to the 2 Tesla limit of the MagneTwo station. 

The samples were subjected to a magnetic field of ± 2 Tesla (up to ± 4 Tesla, for 

the samples studied in the CroMag station and at ESRF), oriented parallel to the 

wave vectors of the incident photons. Spectra were obtained at 300 K for all 

samples, and for some samples at low temperatures (T= 4 K, 20 K or 107 K). In the 

majority, the angle between the beam and the sample surface was 35°, but some 
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experiments were performed at 90°. The signal was recorded in Total Electron 

Yield (TEY). As the emitted electrons are strongly absorbed, the probed electrons 

are coming from a depth of around 2-5 nm. All experiments were carried out in 

an ultra-high vacuum, with a partial pressure of approximately 10-10 mbar. Two 

information were deduced from the XAS/XMCD spectra:  

- The cationic site distribution. As previously said, the XMCD spectrum is a linear 

combination of all the individual contributions. The decomposition of the 

spectrum allows the quantification of each cationic contribution.   

- The magnetic hysteresis loops of individual species. The recording of magnetic 

hysteresis allows to analyze the contribution of each individual species on the 

magnetic properties. 

3.4.2 Resonant X-ray diffraction 

Resonant X-ray Diffraction (RXD) is an experimental technique combining X-ray 

diffraction (XRD) with X-ray Absorption Spectroscopy (XAS). The RXD technique 

is defined as the study of diffraction peaks in the vicinity of an absorption edge. 

It was pioneered by different authors27 in the 90s. This technique combines the 

elemental selectivity allowed by the XAS technique and the structural sensibility 

of the XRD technique, and therefore is a perfect tool for fine structure 

investigations.  

The XRD signal is generated by the long-range order of a crystal, with some 

atomic planes leading to the constructive interference of X-ray in accordance with 

the Bragg law (see equation (3.5)). The diffraction peaks intensity is directly 

proportional to the structure factor by the following relation:  

𝐼ℎ𝑘𝑙 = |𝐹ℎ𝑘𝑙|
2 ⋅ 𝑀ℎ𝑘𝑙 ⋅ 𝐿𝑃(𝜃) ⋅ 𝑇𝐹(𝜃) (3. 17) 

The peak intensity of a given atomic plane of Miller indices (h k l) is denoted by 

Ihkl. The aforementioned intensity is affected by a number of factors: the structure 

factor Fhkl; the multiplicity of plane factor Mhkl; the Lorentzian and polarization 

factor LP(θ); and the temperature factor TF(θ). The final two factors are linked with 

the experimental conditions, while the first two terms are linked to the 

crystallographic structure of the materials. The structure factor is given by: 

𝐹ℎ𝑘𝑙 =∑𝑓𝑖(𝑸, 𝐸) ∗ 𝑒𝑥𝑝(−𝑗2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖))

𝑖

(3. 18) 

fi represents the atomic scattering factor for the ith atom, depending on both Q, 

the wave vector transfer and the energy E. h, k and l denote the Miller indices of 

the (h k l) plane of reflection, and xi, yi and zi signify the fractional coordinates of 
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the ith atom in the crystal lattice. Consequently, one part is related to the chemical 

composition of the sample (fi), while the second part is related to the 

crystallographic structure ((h k l) plane). In the spinel structure, peaks such as (622) 

or (222) are sensitive only to the Oh cations, while peaks such as (202) or (602) are 

sensitive only to the Td cations. Some peaks can also show a contribution from 

both sites ((531) or (400)).  

In the case of transition metals, the atomic scattering factors fi are close, as it is 

approximately proportional to Z, the atomic number. Consequently, the direct 

XRD experiment does not permit the discrimination between the contributions of 

iron, nickel, and chromium species. Conversely, the RXD experiment, through the 

chemical selectivity allowed by the energy selection, can discriminate between 

the distinct metallic cation, because the atomic scattering factor is dependent on 

the X-ray energy. In the vicinity of a transition, the atomic scattering factor fi can 

be decomposed into three contributions: 

𝑓𝑖(𝑸, 𝐸) = 𝑓𝑖,0(𝑸) + 𝑓𝑖
′(𝐸) + 𝑗𝑓𝑖

′′(𝐸) (3. 19) 

The first term in equation (3.19) is independent of energy (but dependent on the 

wave vector transfer Q), and the second and third terms, respectively, denote the 

real and imaginary parts of the anomalous factor of the atom i, dependent of the 

energy. These two terms become significant in the vicinity of an absorption edge. 

Figure 3.8 presents the variation of the real part and the imaginary part of the 

anomalous factor for the iron K edge (7120 eV, black dotted line). The real part 

displays a deep well, while the imaginary part exhibits a step-like variation at the 

K edge. Consequently, by studying the energetic variations of a peak and by 

tuning the X-ray energy to the desired elemental K edge, it is possible to obtain 

signals where one of the contributing factors is the presence of the probed 

element in Oh or Td sites. 

 
Figure 3.8: Energy variation of the two terms of the anomalous scattering 

in the case of iron, in multiple of scattering of one electron (2.82e-15 m). 



 EXPERIMENTAL TECHNIQUES AND SIMULATION METHODS 

99 

The RXD technique was performed at the beamline SiXS at the synchrotron Soleil. 

Experimental station 2 (open-air, without deposition apparatus) was selected, 

with a beryllium dome with inert N2 atmosphere to protect samples from the 

deposition of pollutants. The local contact was Dr. Alina VLAD, in collaboration 

with Dr. Antoine BARBIER. This beamline has an X-ray range of 5 keV to 20 keV. 

Experiments in Grazing Incidence X-ray Diffraction (GIXD) were performed at 15 

keV, which permits a comprehensive exploration of the reciprocal space and the 

choice of the peaks to perform RXD. The RXD experiments on the K-edge were 

performed for two elements: iron (7120 eV) and nickel (8300 eV). The chromium 

RXD experiment was not accomplished due to the limitations of the beamline. 

The chromium K-edge is localized at 6 keV, which is close to the limit for the 

beamline (5 keV). Consequently, a significant decrease in signal results from this 

close proximity with the limit. The GIXD and RXD experiments allow the extraction 

of two principal information: 

- The epitaxial relationship between the substrate and the film. The GIXD 

experiment allow a complete assessment of the reciprocal space, and 

therefore the epitaxial relationship between the substrate and the film. 

- Partial site distribution for iron and nickel species. The RXD experiment is not 

very sensitive to the cationic charge, but can distinguish between Td or Oh 

occupancy.
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 SIMULATION OF XMCD AND RXD SPECTRA 

In order to extract the cationic site distribution of our FeαNiβCrγO4 spinel thin films 

from the XMCD and RXD spectra, simulations of these spectra are necessary. The 

following section will provide a description of the software developed to calculate 

the XMCD spectra (Quanty), and the software used to calculate the RXD spectra 

(FDMNES). 

3.5.1 Quanty simulation of XMCD spectra 

In order to extract the local structure of Ni, Fe and Cr cations from L2,3 edge XMCD 

spectra, it is necessary to perform simulations of the different reference spectra. 

The underlying principle governing the simulation of XMCD spectra is the Fermi 

golden rule: 

Γ𝑖→𝑓 =
2𝜋

ℏ
|⟨Φ𝑓|𝑇|Φ𝑖⟩|

2
𝛿𝐸𝑓−𝐸𝑖−ℎ𝜈 (3. 20) 

𝛤𝑖→𝑓 represents the transition probability per unit of time, ⟨𝛷𝑔|𝑇|𝛷𝑖⟩ denotes the 

transition matrix between the final state Фf and the initial state Фi. The Dirac 

operator 𝛿𝐸𝑓−𝐸𝑖−ℎ𝜈 guarantees the conservation of energy by ensuring that the 

final energy (Ef) is equal to the initial energy (Ei) plus the transition energy. The 

transition matrix T incorporates the selection rule of photoexcitation and the 

polarization. The initial and final state wave functions (Фi and Фf), which are 

unknown, necessitate the use of approximation by the calculation software. The 

methodology for making these approximations is discussed elsewhere in the 

literature17.  

In this study, Quanty28–30 was chosen as the simulation tool to generate the 

theoretical curves. The Quanty simulation uses a localized approach based on 

atomic multiplet theory in order to describe many-body effects. This approach is 

referred to as crystal field multiplet (CFM). In this context, an atomic Hamiltonian 

describes the interaction with the absorbing atom (Hatom). The crystal field 

Hamiltonian (HCF) encompasses symmetry aspects of the solid, and a Zeeman 

Hamiltonian (HZeeman) describes the interaction between the atoms and the 

magnetic field. These three contributions are summarized in the following 

equation:  

𝐻𝐶𝐹𝑀 = 𝐻𝑎𝑡𝑜𝑚 + 𝐻𝐶𝐹 + 𝐻𝑍𝑒𝑒𝑚𝑎𝑛 (3. 21) 

The first part of a Quanty simulation is the simulation of the initial and final states 

multiplet (Фi and Фf). A multielectronic state is described with quantum mechanics 

with the following Hamiltonian: 
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𝐻𝑎𝑡𝑜𝑚 = 𝐻𝐾𝑖𝑛 + 𝐻𝑒 𝑁⁄ + 𝐻𝑒 𝑒⁄ + 𝐻𝑆𝑂 (3. 22) 

HKin represents the kinetic energy of electrons, He/N denotes the nucleus-electron 

coulombic attraction, He/e signifies the coulombic repulsion between electron-

electron pairs, and the final term HSO represents the spin-orbit coupling of each 

electron. 

The second phase of the Quanty simulation involves the incorporation of solid-

state effect (𝐻𝐶𝐹). A transition metal situated within a crystalline structure will 

undergo a splitting of its five-fold degenerate 3d orbitals, which will occur 

according to the repartition of anions surrounding the transition metal cation. 

This splitting is commonly referred as Δ, the crystal field parameter. Two distinct 

anionic environment are possible in a spinel structure: octahedral (Oh) or 

tetrahedral (Td), as illustrated in Figure 3.9. In the case of Oh symmetry, the six-

fold coordinated anions are positioned along the three axes of the Cartesian 

symmetry, with two anions positioned along each axis. Therefore, when the 

anions approach the metallic cation, the 3d cation orbitals pointing in the 

Cartesian directions are destabilized (3dx²-y² and 3dz²), while the remaining three 

are stabilized, as their orbitals do not point in the direction of the anions (3dxy, 

3dxz, 3dyz). The group of orbitals formed with increased energy is described as ‘eg’ 

group, while the other group is designated as the ‘t2g’ group. The crystal field 

splitting term is subsequently designated as ΔO or 10 Dq, which is employed to 

describe the energy difference between these two groups of orbitals.  

 
Figure 3.9: Energy level diagram illustrating the 3d orbitals splitting for 

an Oh anionic arrangement and a Td anionic arrangement. Energy 

between orbitals is given in terms of crystal field parameters.  
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In the case of tetrahedral symmetry, the anions are situated on the alternate 

vertices of a cube with the cation in the center. In this instance, the stabilized 

orbitals are now the orbitals pointing in the Cartesian directions (i.e. 3dx²-y² and 

3dz²; e symmetry), while the destabilized orbitals are the three remaining ones 

(3dxy, 3dxz, 3dyz, t2 symmetry). The crystal field splitting term is then referred to as 

ΔT. In the case of identical cation-anion distance, the octahedral and tetrahedral 

parameters are linked with the following relation: ΔT= -4/9*ΔO. The negative sign 

indicates the inversion of the two orbitals groups.  

The final term in the crystal field multiplet Hamiltonian is the interaction with the 

applied magnetic field (𝐻𝑍𝑒𝑒𝑚𝑎𝑛). In a XMCD experiment a magnetic field (Bapp) is 

applied to aligned atomic spins. This Hamiltonian is composed of two parts, one 

incorporating the local mean exchange field created by neighboring atoms (Bexc) 

and the orbital part interacting with the applied field (Bapp).  

𝐻𝑍𝑒𝑒𝑚𝑎𝑛 = 𝜇𝐵𝛾𝐵𝑒𝑥𝑐𝑆𝑧 + 𝜇𝐵𝐵𝑎𝑝𝑝𝐿𝑧 (3. 23) 

The term μB represents the Bohr magnetron, while γ denotes the gyromagnetic 

ratio. The assumption is made that Bexc has the same direction as Bapp. Given that 

Bapp is applied in the z direction, only the z contribution of atomic spin moment 

Sz and orbital angular momentum Lz are employed.  

All of these parameters are included in the Quanty simulation. The last step is the 

effective calculation of the resulting spectra. The code uses second quantization 

and Lanczos recursion method to calculate the spectra under the form of a Green 

function (G(ω)), thus avoiding the final state calculation.  

3.5.2 FDMNES simulations of RXD spectra 

The selected simulation software for predicting RXD behaviors is FDMNES (for 

Finite Difference Method Near-Edge Structure) package, developed by Joly et al. 

at ESRF31. This a free, ab initio and open source package. FDMNES is able to 

generate both the crystallography and the X-ray absorption in the same 

calculation. When a periodic system is created within the code, FDMNES 

generates a cluster around the absorbing atom. The FDMNES model of the 

anomalous factors (f’ and f’’ of Equation (3.19)) is defined as follows:  

𝑓𝑗
∗(𝜔) =

𝑚𝑒
ℏ2
∑
(𝐸 − 𝐸𝑔

(𝑗)
)
2

⟨𝜓𝑔
(𝑗)
|𝑂̂𝑜𝑢𝑡
∗ |𝜓𝑓⟩ ⟨𝜓𝑓|𝑂̂𝑖𝑛|𝜓𝑔

(𝑗)
⟩ 

ℏ𝜔 − (𝐸 − 𝐸𝑔
(𝑗)
) +

𝑖
2 Γ𝑓

(𝐸)𝑓,𝑔

(3. 24) 

The superscript * of 𝑓𝑗
∗(𝜔) denotes the real or imaginary part of the anomalous 

factor for atom j. me represents the electron mass, ℏω denotes the photon energy, 
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Eg and E signify respectively the energies of the ground state 𝜓𝑔
(𝑗)

 and the photo-

excited state 𝜓𝑓. X-ray absorption necessitates a core localized level as a ground 

state, thus the index j describes one atom in the unit cell. The summation over j 

in the structure factor (see equation (3.18)) adds the contributions of all the 

atoms in the unit cell. The final state 𝜓𝑓 is an unoccupied state of the continuum, 

thus its j index is omitted. The quantity Гf is the sum of the inverse of the final 

state and the core hole lifetimes, and thus depends on the chemical type of the 

absorber. The 𝑂̂𝑖𝑛 and 𝑂̂𝑜𝑢𝑡
∗  terms represent, respectively, the incoming photon 

field and the outgoing one. The subscripts of the sum denote the ground state 

(g) and the final, photo-excited state (f).   

The electron-photon interaction is described classically by means of a field 

operator Ô. In the X-ray regime, the magnetic part of the electromagnetic field 

can be neglected, and a satisfactory development comprises the first two terms 

of the multipolar expansion. The first term is the excitation of the electric dipole, 

while the second term is the excitation of the electric quadrupole.  

The calculations are accomplished following the following steps. The initial step 

is to perform a self-consistent atomic calculation in order to get the initial level 

ψg for the absorber and the atomic densities for the atoms in the cluster. To 

calculate the absorption signal, an excited electronic configuration for the 

absorbing atom is assumed, i.e. the core electron is placed on the first available 

unoccupied level. The atomic densities are then superposed to get the charge 

density of the cluster and the Poisson equation is solved to get the Coulomb 

potential. Once the potential has been constructed, the Schrödinger-like equation 

(SE) is solved to obtain the final states ψf (r) (or some related quantities). 

Subsequently, the matrix elements featured in equation (3.24) are calculated. 

Finally, the sum over the states in equation (3.24) and the convolution are 

performed (with a Lorentzian function to account for the broadening due to the 

core hole lifetime 𝛤𝑓(𝐸)). 

FDMNES features two ways of calculating the ψf (r) state: the finite difference 

method (FDM) and the multiple scattering theory (MST), within the limits of the 

muffin-tin approximation (MT). The first method assumes a crystal potential that 

has spherical symmetry around atoms (the muffin-tin spheres) and is constant in 

the remaining space. The second method use a full potential and consist of 

constructing a space grid and discretizing the SE on the points of this grid. No 

approximation is needed with this second method, providing a more accurate but 

more time-consuming description of the phenomenon. 



 EXPERIMENTAL TECHNIQUES AND SIMULATION METHODS 

104 

 MAGNETIC CHARACTERIZATION OF THIN FILMS 

The spinel oxides studied are usually ferrimagnetic. Ferrimagnetic materials 

exhibit a non-zero magnetic moment below the Curie temperature. The following 

section presents the magnetic characterization of the samples by the Vibrating 

Sample Magnetometry (VSM) technique.  

In our VSM setup, two distinct experiments can be performed. (i) The evolution 

of the magnetization (M) as a function of temperature (T) or M (T) curves in order 

to access to the Curie temperature. (ii) The evolution of the magnetization as a 

function of the magnetic field (H) (or M (H) curves) in order to access to the 

magnetic hysteresis loops. By these loops measurements, we can define the 

coercive field (HC), the remanence (MR) and the magnetization at saturation (MS) 

(see Figure 3.10). 

The fundamental principle of a VSM experiment is the measurement of the 

voltage (V) induced in the detection coils when a magnetic sample vibrates 

periodically in the presence of a magnetic field (μ0Hext). The measured voltage is 

the time derivative of the induced flux (V = -dϕ/dt), which is related to the 

magnetic moment of the sample (μ, in A.m2) with the following equation:  

𝜙 = (
𝐵

𝐼
) ∗ 𝜇 (3. 25) 

ϕ is the magnetic induced flux, B the magnetic field produced by the current I 

flowing in the detection coils. Combining the detected voltage with equation 

𝜙 = (
𝐵

𝐼
) ∗ 𝜇 (3.25), it is 

possible to measure μ as a function of μ0Hext. 

The hysteresis loops is recorded in a PPMS-VSM magnetometer setup from 

Quantum Design in our laboratory (SPEC/LNO). Hysteresis loops are performed 

at three temperatures (T = 10 K, 100 K, and 300 K) for all samples, and with a 

magnetic field varying from +1 T to -1 T at 300 K, and from +1.5 T to -1.5 T at 

lower temperatures in order to reach the magnetic saturation. The sample is fixed 

with a double-edge adhesive and a protective film of Teflon. The magnetic field 

can be aligned along the [112̅0] or [11̅00] axes of sapphire substrates, the [010] 

or [100] axes of (001)-oriented MgAl2O4, the [112̅] or [11̅0] axes of (111)-oriented 

MgAl2O4. However, the samples do not exhibit in-plane magnetic anisotropy. 

Consequently, the direction of the applied magnetic field does not influence the 

magnetic signal of the thin film.  

The data analysis involves the removal of the diamagnetic contribution from the 

substrate (α-Al2O3 or MgAl2O4). This is achieved by subtracting a linear fit 

obtained at high field. As the magnetic moment μ (A.m2) is proportional to the 
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measured magnetic volume (V), a second treatment consists in the normalization 

of the signal by the volume in order to access to the magnetization M (in A.m-1). 

Therefore, the film thickness is obtained from the XRR reflectivity measurements 

(see section 3.2.3) and the surface is used. Figure 3.10 illustrates the treatment 

and the three magnetic parameters, which can be deduced from these 

measurements:  

- Saturation magnetization (MS). The saturation magnetization is the value 

obtained when the magnetic moments are aligned with the external magnetic 

field. MS is measured at the beginning of the initial branch (MS1) and at the 

beginning of the return branch (MS2) through the mean of the hundred first 

values of each hysteresis branch. The presented values are the average signal 

(in kA.m-1) between the MS1 and - MS2 values. 

- Remanent magnetization (MR). The remanent magnetization is the residual 

magnetization that persists when an external magnetic field is no longer 

present, following an initial saturation process. The remanent magnetization 

values are determined by measuring the intersection between the hysteresis 

loop and the vertical line (0H= 0 T), which is obtained through interpolation 

of the hysteresis curve. The MR values are also measured two times for the 

back and forth of the hysteresis loop, in the same manner as the MS values. 

The presented values are the average signal (in kA.m-1) between the MR1 and 

- MR2 values. 

- Coercive field (HC). The coercive field is defined as the point of intersection 

between the hysteresis loop and the horizontal line (M = 0) through the 

interpolation of the hysteresis curve. High value of coercive field can be as 

large as 4 T (for SmCo5 permanent magnet32). Such materials are called 

“magnetically hard”. Materials with low coercive field are called “magnetically 

soft”. Additionally, the HC value is determined twice, and the subsequent 

values represent the average value (in Oe) between the – HC1 and HC2 values.  

 
Figure 3.10: Hysteresis loop of a spinel sample before (a) and after (b) 

the subtraction of the linear diamagnetic contribution (which is 
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indicated in orange) and normalization.
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The second part of this PhD. thesis is 

a comprehensive study on the struc-

tural and physical properties of high 

crystalline quality epitaxial 

FeαNiβCrγO4 thin films. The experi-

mental conditions used to grow 

FeαNiβCrγO4 thin films are given. 

Thereafter, the film stoichiometry 

and crystalline structure are deter-

mined. The structural quality is 

probed by X-ray and electrons dif-

fraction while the stoichiometry is 

obtained through X-ray photoemis-

sion spectroscopy. Finally, the mag-

netic properties of each spinel films 

are investigated by magnetometry. 
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 OA-MBE GROWTH OF SPINEL THIN FILMS 

This first section will present the epitaxial growth of FeαNiβCrγO4 thin films. The 

choice of different substrates is initially discussed. Then, the growth conditions 

and the fine control of the stoichiometry (i.e. Fe, Ni and Cr contents) are described. 

4.1.1 Substrates choice and preparation  

The spinel oxide thin films (FeαNiβCrγO4) are grown on monocrystalline α-Al2O3 

(0001) (c-plane) sapphire substrates due to the experience of our laboratory 

(SPEC/LNO) in the crystalline growth of spinel oxides on this substrate1–3. 

Sapphire α-Al2O3 crystallizes in a hexagonal structure (space group 1664) with 

lattice parameters: a = b = 4.76 Å and c = 12.99 Å5. 

For Cr-rich samples, the films exhibit a tendency to grow in the corundum phase6, 

typical of sapphire (α-Al2O3). Consequently, for some stoichiometries (e.g. 

NiCr2O4), the decision has been made to elaborate the films on the well-known 

spinel MgAl2O4 substrate. Two orientations for this substrate have been selected: 

(111) and (001). MgAl2O4 crystallizes in a cubic structure (space group 2274) with 

lattice parameters: a = b = c = 8.08 Å7.  

Two distinct methods have been developed for the preparation of the substrates. 

For sapphire, a well-known cleaning process, as described in the litterature1,2, is 

used, involving a 5 minutes mixing period in an aqueous solution prepared from 

100 ml of distilled water, 1 ml of H2O2 and 1 ml of NH4OH. H2O2 and NH4OH serve 

to remove any organic pollutants due to transportation or manipulation. Then, 

the substrate is dried trough a N2 gas flow to remove any residual liquid. The 

sapphire substrate is then introduced in the OA-MBE chamber and exposed to 

the oxygen plasma for 10 to 20 minutes at the growth temperature (around 450 

°C).  

In the case of the spinel-type MgAl2O4 substrate, another preparation method is 

used. Different cleaning procedures have been published, as in this reference8. 

Several modifications have been done in this work. Our cleaning procedure 

involves the use of the two organic solvents, with a 2-minute stirring in acetone, 

drying in an N2 flow, and another 2-minute stirring in isopropanol and a final 

drying in an N2 flow without annealing at high temperature. Prior to deposition, 

the substrate is exposed to oxygen plasma for 10 to 20 minutes to eliminate 

residual organic pollutants at the growth temperature (around 450 °C).  
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4.1.2 Exploratory strategies in a quaternary system  

A rigorous investigation of the quaternary (Fe-Ni-Cr-O) spinel phase diagram is 

complex from an experimental point of view. Consequently, numerous 

FeαNiβCrγO4 samples with different stoichiometries (various α, β, and γ) have been 

elaborated to explore the phase diagram (see Chapter 1). Several growth 

strategies have been adopted. 

The initial challenge is to obtain a reference sample with optimal structural and 

chemical properties. Once this reference sample synthesized, one of the three 

temperatures of the effusion cells (Ni, Fe or Cr) has been modified. For example 

in order to obtain a sample with an increasing nickel content, the temperature of 

the nickel cell has been increased. This process has been reiterated until the 

RHEED signal is no longer indicative of a high quality sample with the expected 

spinel structure. The same process is done for the synthesis of chromium-

enriched samples, with the temperature of the chromium cell as the controlling 

parameter. This strategy permits the exploration along a line of composition in 

the quaternary phase diagram.  

In order to explore compositions near Fe3O4 with minimal Ni and/or Cr doping 

quantities, it has been decided to select a high iron flux and to reduce the 

chromium and nickel fluxes to a minimum. 

4.1.3 Epitaxial growth of FeαNiβCrγO4 spinel thin films 

Once the chemical cleaning process finished, the substrate is fixed to a sample 

holder and is transferred into the OA-MBE chamber. The sample holder is heated 

by the heater to the adequate temperature (see Table 4.1). Then, the atomic 

oxygen plasma is created for a second cleaning process. The oxygen plasma is 

usually created with a RF power of 350 W and a PO2 = 0.42 Torr regulated with a 

baratron. This plasma cleaning is accomplished at the growth temperature while 

the effusion cells are heating. The synthesis begins by the removal of the 

mechanical shutters of the desired cells. The sample is therefore synthesized 

under a coevaporation of two or three molecular beams, with the atomic oxygen 

plasma. The growth conditions are summarized in Table 4.1. 

The initial five samples have been produced using distinct iron and nickel effusion 

cells from those employed for the remainder of this study. This is the reason why 

the temperature of the cells is a little bit different. 

Another important point to mention here is the problem encountered with our 

oxygen plasma source (Addon). Due to problems with the oxidation efficiency 

two other plasma sources has been used during this PhD. thesis called “Oxford” 



 CRYSTALLINE GROWTH, STRUCTURE AND MAGNETIC 

PROPERTIES OF SPINEL THIN FILMS 

113 

and “Soleil”. According to the source selected, the RF power and the PO2 can be 

changed. However, the majority of the samples have been synthesized with a RF 

power of 350 W and a Baratron tuned to 4.2 (i.e. PO2 = 0.42 Torr). 

Table 4.1: Summary of the growth conditions of samples selected in this 

thesis manuscript.  

Sample Substrate 
Substrate  

T (°C) 

Fe cell  

T (°C) 

Ni cell  

T (°C) 

Cr cell  

T (°C) 
Source 

PO2 

(Torr) 

1 Al₂O₃ (0001) 548 1294 1345  Addon 0.40 

2 Al₂O₃ (0001) 550 1239 1348  Addon 0.40 

3 Al₂O₃ (0001) 548 1231 1347  Addon 0.40 

4 Al₂O₃ (0001) 543 1284 1348  Addon 0.40 

5 Al₂O₃ (0001) 547 1234 1340 1279 Addon 0.35 

6 Al₂O₃ (0001) 736 1054 1263 1316 Addon 0.35 

7 Al₂O₃ (0001) 738 1052 1262 1334 Addon 0.35 

8 Al₂O₃ (0001) 728 917 1280 1315 Addon 0.42 

9 Al₂O₃ (0001) 772 917 1281 1297 Addon 0.42 

10 Al₂O₃ (0001) 731 917 1269 1297 Addon 0.42 

11 Al₂O₃ (0001) 758 916 1248 1296 Addon 0.42 

12 Al₂O₃ (0001) 738 918 1246 1272 Addon 0.42 

13 Al₂O₃ (0001) 730 888 1270 1312 Addon 0.42 

14 Al₂O₃ (0001) 733 917 1224 1295 Addon 0.42 

15 Al₂O₃ (0001) 725 866 1256 1314 Addon 0.42 

16 MAO (100) 688  1239 1328 Oxford 0.20 

17 MAO (111) 666  1240 1340 Addon 0.50 

18 Al₂O₃ (0001) 677 838 1220 1278 Soleil 0.42 

19 Al₂O₃ (0001) 686 850 1227 1316 Soleil 0.42 

20 Al₂O₃ (0001) 683 857 1265 1340 Soleil 0.42 

21 Al₂O₃ (0001) 684 852 1265 1355 Soleil 0.42 

22 Al₂O₃ (0001) 687 852 1265 1376 Soleil 0.42 
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 MONITORING THE FILM GROWTH WITH RHEED MEASUREMENTS 

The thin film growth is followed in real-time by RHEED diffraction. The evolution 

of the RHEED images provides insights into the crystallographic structure and 

growth mode. The following section presents a summary of information extracted 

from RHEED patterns.  

The samples grown on sapphire (0001) and on MgAl2O4 (MAO), with two 

orientations: (001) and (111), induce distinct RHEED patterns. The RHEED images 

of the three substrates followed by the evolution of the RHEED images during the 

layer growth are shown below. 

4.2.1 RHEED images of the substrates 

Figure 4.1 illustrates the RHEED patterns observed for a MAO (001) substrate 

along two appropriate crystallographic orientations. A spinel layer grown on this 

substrate should have the same (001) crystallographic structure. Therefore, during 

the deposition of a spinel film, the patterns should be maintained with an 

elongation of the points into streaks or a multitude of points, according to the 

growth mode (see Chapter 3).  

 
Figure 4.1: RHEED patterns of an MgAl2O4 (001) (or MAO) substrate. A 

schematic illustration of the reciprocal space with the two 

crystallographic directions of observation is shown.  
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Figure 4.2 illustrates the RHEED patterns of MAO(111) and α-Al2O3 (0001) 

substrates. A schematic illustration of the reciprocal space is provided. The FeO 

pattern is also provided because it represents the oxygen sublattice common to 

the three different iron oxides (FeO, Fe3O4 and α-Fe2O3). With regard to the [11̅0] 

direction (equivalent to [11̅00] for sapphire), the patterns observed for MAO (111) 

and α-Al2O3 (0001) are comparable. Similarly, the patterns observed in the [112̅] 

direction (equivalent to [112̅0] for sapphire) are also similar. From the illustration 

of the reciprocal space, it can be expected that the formation of a spinel layer on 

a MAO (111) substrate will result in comparable RHEED patterns, because no 

reorientation of the reciprocal space is observed. However, on α-Al2O3 (0001), the 

two directions will be inverted, due to a 30° reorientation of the reciprocal space 

passing from sapphire to spinel struture. In both cases, elongation of the points 

into streaks or multiple points, in accordance with the growth mode is expected. 

 
Figure 4.2: RHEED patterns of MAO (111) and α-Al2O3 (0001) substrates. 

The black and orange arrows refer, respectively, to α-Al2O3 and MAO 

orientation of the reciprocal space. The green and blue arrows refers to 

[11̅0] and [112̅] directions, with a reorientation of the reciprocal space 

of 30° between the sapphire and the MAO structures.  
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4.2.2 Evolution of the RHEED images during growth 

This section will first describe the spinel growth on MAO and then on sapphire 

substrates.  

The growth on MAO substrates is depicted in Figure 4.3. The RHEED patterns 

remain unchanged throughout the synthesis on both orientations ((001) and 

(111)). Consequently, the growing phase exhibits the crystallographic structure of 

a spinel. At the beginning of the deposition, some points with Kikuchi lines are 

discernible, which are characteristic of a monocrystalline surface. At the end of 

the synthesis, these points have evolved into streaks. In the case of MAO (001), 

the intensity along the streak is irregular and exhibits some points. It is 

characteristic of a 2D/3D growth mode. In contrast, on MAO (111), the streaks are 

regular, which is characteristic of a 2D growth mode.  

 
Figure 4.3: RHEED patterns recording during the growth of a spinel 

sample on MAO (001) (up) and MA0 (111) (down).  
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The evolution of the RHEED patterns of the growing spinel phase on sapphire 

substrates is more complex. The Figure 4.4 shows the typical evolution of RHEED 

patterns during the growth of a spinel oxide with a schematic illustration of the 

reciprocal space for sapphire and various iron oxides. Note that the blue circles 

(i.e. (0,3) and (1,1) streaks and equivalents) correspond to FeO (111) and to the 

oxygen sublattice common to all these oxides. The vectors of the reciprocal space 

(a* and b*) and some streaks coordinates are indicated in black for α-Al2O3 and 

in orange for the spinel phase. 

 
Figure 4.4: RHEED patterns recorded during the growth of the spinel 

sample 19 on α-Al2O3 (0001).  

The first images are typical for a monocrystalline sapphire substrate with Kikuchi 

lines. In the [11̅00] (D1) direction, a central point (0,0) is observed, along with 

three satellite points on the left and right sides ((0,1),(0,2) and (0,3) for right side). 

The other direction [112̅0] (D2) exhibits a single point on the left and on the right 

sides ((1̅,1̅) and (1,1)) of the central point (0,0). During the growth, on the D1 

direction, the rods with indices (0,1) and (0,2) disappear, whereas the (0,3) rod 

persists at 10 and 20 minutes of growth duration. The structure evolves from a 

[11̅00] direction (sapphire substrate) to a [12̅1] direction of the spinel structure. 

At 20 minutes the two sapphire streaks have completely disappear and a new 

streak (0,3 2⁄ ), characteristic of the spinel [12̅1] appears (red arrows). After 40 
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minutes, the new streak is fully visible, situated between the two previous ones. 

On the D2 direction, an alternative mechanism is observed. No streaks disappear, 

and a new streak (½,½) appears between the sapphire streaks ((0,0) and (1,1)). At 

30 minutes (not shown here), the streak is fully visible. This streak is characteristic 

of the [11̅0] direction of the spinel phase. At 40 minutes, the characteristic streaks 

of the spinel phase. (black circles on the schematic illustration and red arrows on 

the left of Figure 4.4) are fully discernible in both directions. The points of the 

beginning become fine and homogenous along the two directions, starting at 10 

minutes of growth. This indicates a 2D growth mode of the film.  

The other samples, also grown on sapphire substrates, exhibit a similar RHEED 

pattern evolution along the two directions, with the appearance of the spinel 

streaks within the first hour of growth. Therefore, the patterns are characteristic 

of a 2D growth mode, for the majority of samples. It can be established that the 

spinel phase grows on the sapphire substrate with a reorientation of the 

crystallographic structure of 30°. This reorientation is necessary to adapt to the 

crystallographic structure of the substrate.  

Note, that for some compositions, samples can exhibit slight modulations along 

the streaks, indicating the beginning of 3D growth mode. This is mainly the case 

for samples enriched in chromium as previously described elsewhere6.  

4.2.3 In-plane lattice parameter determination 

The last information which can be extracted from the RHEED images is the 

distance between streaks, which is proportional to d*, the distance in the 

reciprocal space. The evolution of the in-plane lattice parameter can be 

monitored with the KSA RHEED software in real-time.  

The intensity profile is obtained by taking a rectangular region within the sapphire 

RHEED image. The coordinates of the sapphire points are recorded and the 

distance is measured in pixel. The scale of the RHEED image can be calculated by 

dividing d* (of the sapphire) by the measured pixel distance. In the case of the 

[11̅00] direction (D1) in the Figure 4.4, 160 pixels are measured between the 

central point and the third point. This pixel distance corresponds to d330 = 0.79 Å. 

With a conversion in terms of d*, the value is d*330 = 7.95 Å-1. Accordingly, the 

scale of the RHEED image is 0.05 Å-1.pxl-1. The scale is used to quantify the 

reciprocal distance between spinel streaks. The value is then converted back in 

terms of real space distance by taking the inverse of the measured d*.  

In the literature, the most common method of presentation is to present 

dphase/dsapphire. For illustrative purposes, one example is shown in Figure 4.5 for the 
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RHEED images of the Figure 4.4. From the sapphire distance, a first increase up to 

1.09 is observed for the initial hour of deposition in the case of the d1 direction, 

and only for 30 minutes for the D2 direction. The D2 direction exhibits a faster 

decrease than the D1 direction. After two hours, the two directions have a ratio 

of approximately 1.07, which is similar to the observed ratio for the magnetite 

film (approximately 1.08)2. This lattice mismatch of 6% to 8 % between the two 

lattices is important and will influence the crystallographic properties. In the field 

of epitaxial growth1, the lattice mismatch is usually less than 1 %. 

 
Figure 4.5 Evolution of the in-plane interreticular distance in the two 

RHEED directions.  

The measured distance can be converted into an in-plane lattice parameter 

through usual formulae (see chapter 3 for hexagonal convention). The lattice 

parameter of sapphire is 4.76 Å, and increases to 5.86 Å and 5.88 Å for the D1 and 

D2 directions of the spinel phase, respectively.  

In conclusion, the RHEED diffraction patterns indicate that the growth mode is 2D 

for the different spinel oxide layers. Nevertheless, the presence of chromium in 

the samples reduces the quality of the RHEED images, which is one of the reasons 

why an MgAl2O4 substrate has been selected for high chromium contents.  
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 CHEMICAL COMPOSITION DETERMINATION 

After the thin films growth, the stoichiometry of the samples are determined using 

XPS spectroscopy. The following section will address the challenges associated to 

the quantification of FeαNiβCrγO4 thin films. The evolution of the XPS spectra in 

relationships to the α, β, and γ stoichiometry is then detailed. 

4.3.1 Quantification challenges for FeαNiβCrγO4 thin films 

XPS analysis has been performed using two distinct types of setups (see chapter 

3). In the XPS located in the SPEC laboratory, an non monochromatic Mg Kα X-

ray source is  used, whereas in the S2CM laboratory, a monochromatic Al Kα X-

ray source is selected. These two X-ray sources present some advantages and 

disadvantages for the access to the composition. 

In the case of the Mg Kα X-ray source, the O KLL Auger peak is situated close to 

the Fe 2p core level peaks. Therefore, the background is significantly disrupted by 

the presence of this peak, changing the area of the signal in the Fe 2p region. The 

iron stoichiometry is thus overestimated. This analysis is therefore discarded. 

In the case of Al Kα X-ray source, Figure 4.6 displays a detailed illustration of the 

Fe 2p region. It can be observed that the Ni LMM Auger peak occurs between 

690 and 750 eV, which coincides with the region of the Fe 2p core levels. The 

presence of this peak in the region of Fe 2p will result in an overestimation of the 

iron composition. 

 
Figure 4.6: Fe 2p core levels spectra obtained with a Al Kα X-ray source. 

The blue curve represents a spectrum without iron (NiCr2O4), while the 

orange curve depicts a sample with iron.    
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This overestimation is corrected by subtracting an estimated Auger Ni LMM area. 

The estimation of this Auger Ni LMM peak is obtained using an area ratio between 

the Ni 2p and Ni LMM contributions using NiCr2O4 and NiO samples. The area 

ratio is supposed constant for all compounds. The 3p core levels can be also 

probed as shown on the Figure 4.7. The 3p regions of each cation are close to 

each other and no Auger line interference is present in this region. However, the 

3p transition is of low intensity and the acquisition time may be significant, 

especially for elements at low content. A comparison between the 

aforementioned Ni auger area subtraction methodology (relative quantification 

= 48 at. % Fe, 15 at. % Ni and 37 at. % Cr) and a quantification performed on the 

3p core levels region (relative quantification= 47 at. % Fe, 16 at. % Ni and 37 at. % 

Cr) yielded highly similar quantitative results. Thus, the 2p core levels have been 

used for the quantification in this work.  

 
Figure 4.7: XPS 3p core levels spectrum on a spinel oxide layer recorded 

with a X-ray Al Kα source.  

4.3.2 Chemical composition deduced from XPS 

The chemical composition obtained is summarized in Table 4.2. The different 

layers have a composition with 0 < γ < 2.12 and 0.15 < β < 1.  
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Table 4.2: Composition of studied FeαNiβCrγO4 samples.  

Sample 

Metal relative quantification 
Corresponding 

stoichiometry 
Fe (at.%) 

 Ni 

(at.%) 

Cr 

(at.%) 

1 74 26 0 Fe2.22Ni0.78O4 

2 94 6 0 Fe2.82Ni0.18O4 

3 88 12 0 Fe2.64Ni0.36O4 

4 95 5 0 Fe2.85Ni0.15O4 

5 81 7 12 Fe2.43Ni0.21Cr0.36O4 

6 57 19 24 Fe1.71Ni0.57Cr0.72O4 

7 48 15 37 Fe1.44Ni0.45Cr1.11O4 

8 50 30 20 Fe1.50Ni0.90Cr0.60O4 

9 51 34 15 Fe1.53Ni1.02Cr0.45O4 

10 60 23 17 Fe1.80Ni0.69Cr0.51O4 

11 69 13 18 Fe2.07Ni0.39Cr0.54O4 

12 74 14 12 Fe2.22Ni0.42Cr0.36O4 

13 42 32 26 Fe1.26Ni0.96Cr0.78O4 

14 75 7 18 Fe2.25Ni0.21Cr0.54O4 

15 32 31 37 Fe0.96Ni0.93Cr1.11O4 

16 0 29.2 70.8 Ni0.88Cr2.12O4 

17 0 33.2 66.8 NiCr2O4 

18 77 5 18 Fe2.31Ni0.15Cr0.54O4 

19 62 5 33 Fe1.86Ni0.15Cr0.99O4 

20 54 11 35 Fe1.62Ni0.33Cr1.05O4 

21 48 9 43 Fe1.44Ni0.27Cr1.29O4 

22 40 8 52 Fe1.20Ni0.24Cr1.56O4 

Note that the samples with a high content of chromium (i.e. Ni0.88Cr2.12O4 and 

NiCr2O4) have been elaborated on MAO (001) and MAO (111) respectively.  

Figure 4.8 summarizes the composition of the different samples in a quaternary 

phase diagram. The right side and the center of the phase diagram are well 

explored, with a significant number of samples. Nevertheless, the top right corner 

and the center left should require further investigations in order to enhance the 

precision of our analyses. It is clear that the region close to NiCr2O4 remains 

unexplored. As explained before, this is due to the difficulty to elaborate 

crystalline oxide layers in this stoichiometry range.  
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A limitation of this work is the absence of cross-validation with alternative 

experimental techniques for the XPS composition. Nevertheless, from the 

previous work accomplished on the Fe3-γCrγO4 series9 (in red in the Figure 4.8), 

electron energy-loss spectroscopy (EELS) and energy dispersive X-ray (EDX) have 

yielded similar results to the XPS quantification.  

 
Figure 4.8: Chemical composition of thin films obtained by XPS 

measurements represented in a quaternary phase diagram. The red 

squares represent the Fe3-γCrγO4 samples synthesized in a previous PhD. 

work9. 

4.3.3 Evolution in the XPS spectra according to the stoichiometry 

Figure 4.9 displays the evolution of the normalized XPS Fe 2p core levels spectra 

according to the stoichiometries of NiβFe3-βO4.  

 
Figure 4.9: Normalized and Shirley background subtracted XPS Fe 2p 

core levels spectra for NiβFe3-βO4 thin film series. 
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On the Fe 2p3/2 peak, a slight Fe2+ shoulder is observed at 708.3 eV in samples 

with low nickel content (blue and orange curves). These samples exhibited nickel 

stoichiometries below 0.18. Samples exhibiting more nickel do not have this 

shoulder. However, one satellite 2p3/2 peak appears at 719 eV. This peak are 

related to iron at oxidation state +3. These observations indicates that the nickel 

cations replace the Fe2+ cations leading to the presence of only iron in oxidation 

state 3+. 

The effect of the chromium doping on the Fe 2p core levels spectra is presented 

in Figure 4.10. At a fixed nickel concentration (left), the chromium introduction 

results in a decrease of the Fe3+ satellite peak, and to the apparition of the Fe2+ 

shoulder in the Fe 2p3/2 peak. The Fe2+ proportion had increased. At fixed 

chromium concentration (right), the nickel introduction has the opposite effect, 

as already observed for NiβFe3-βO4 series. The Fe2+ shoulder disappears, and the 

Fe3+ satellite peak appears. The Fe3+ proportion had increased. From these Fe 2p 

core levels spectra, it can be hypothesized that Cr3+ and Ni2+ are the main cations.  

 
Figure 4.10: Normalized and Shirley background subtracted XPS Fe 2p 

core levels spectra for Fe2.60-γNi0.40CrγO4 (left) and Fe2.20-βNiβCr0.80O4 

(right) series.  

Figure 4.11 illustrates the Ni 2p core levels spectra for the NiβFe3-βO4 series and 

some samples with β = 1. The NiβFe3-βO4 series (left side) exhibit few variations. 

The nickel species remains at the same oxidation levels, and in the same 

crystallographic site. According to the literature for bulk compounds10, the nickel 

is Ni2+ and in Oh sites. In particular, the 2p3/2 peak is located at 855 eV. With the 

introduction of chromium in the structure (at β = 1, right side), the 2p3/2 peak 

position shifts to the left of the spectra with the decrease of iron stoichiometry. 

The samples exhibiting the NiCr2O4 stoichiometry (Ni2+ in Td sites for bulk 

samples) display a distinctive shape compared to the previous ones. The 2p3/2 
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peak is now located at 856.2 eV and 856 eV for red and purple curves, respectively, 

and a pronounced shoulder is now discernible at 854.2 eV. For samples enriched 

in nickel and chromium (orange and green curves), the spectral shape appears as 

a mixture between the two previously described extremes, with a progressive shift 

in peak position, from 855 eV towards 856 eV. 

 
Figure 4.11: Normalized and Shirley subtracted background XPS Ni 2p 

core levels spectra for NiβFe3-βO4 series (left) and zoom on the 2p3/2 peak 

for samples for Fe2-γNi1CrγO4 series (right).  

In the literature11, the calculated XPS Ni2+ 2p spectra at a Td site shows a 

displacement of the 2p3/2 peak position (856 eV) compared to a Oh site (855 eV). 

The spectra of the NiβFe3-βO4 series are in agreement with that of NiFe2O4
12, 

whereas some features are distinct compared to NiO13. Reference spectra for 

NiCr2O4
14 do not exhibit a shoulder at 855 eV. Two hypotheses can be formulated 

to take into account this shape evolution. The first is an increased presence of 

Ni2+ in Td sites, while the second suggests an increasing deformation of the 

crystallographic site. A combination of these two hypotheses could be also a 

possible explanation. The first hypothesis can be addressed through fine structure 

investigations (XMCD or RXD), while the second can be addressed through XRD. 

The Cr 2p core levels spectra are depicted in Figure 4.12. For samples grown on 

sapphire, we can observe multiplet peaks on the 2p3/2 Cr core level as already 

observed. It has been shown that the relative amplitude of these peaks is mainly 

related to the strain in the layer in Cr2O3
9. In opposition, the NiCr2O4 and 

Ni0.88Cr2.12O4 samples (red and purple curves) exhibit a slightly different peak 

shape. It can be attributed to the nature of the substrate, and the presence of a 

different strain in the layer. The 2p3/2 peak positions among the samples remain 

at the same binding energy (576.5 eV). This indicate that the chromium remains 

at the oxidation state (Cr3+).  
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Figure 4.12: Normalized and Shirley subtracted XPS Cr 2p core levels 

spectra.  

In conclusion, XPS measurements of the 2p core levels (for Fe, Ni and Cr) have 

been systematically performed on the different layers. The quantification of the 

different peaks presents several challenges according to the choice of the X-ray 

source (Mg Kα or Al Kα) or in the background subtraction (overlapping of 

Auger/XPS peaks). Nevertheless, the chemical composition of the samples can be 

extracted from these measurements. Some evolutions have been discerned: 

- The Fe 2p core levels XPS spectra exhibit few variations with the stoichiometry. 

A slight shoulder at 708.3 eV can be attributed to Fe2+ in the samples 

containing a low amount of nickel without any chromium. This shoulder is also 

observed when chromium is introduced (at fixed nickel concentration) and 

when nickel content decreases (at a fixed chromium concentration). The Fe3+ 

satellite peak exhibits the opposite variation. 

- Similarly, the XPS Cr 2p core levels spectra show minimal variations, thus 

indicating that the chromium remains in the same oxidation state.  

- Conversely, the XPS Ni 2p core levels spectra exhibit larger variations. The 2p3/2 

peak shifts to a higher energy. It can be due to a progressive displacement of 

Ni atoms from Oh site into Td site, or a deformation of the Oh site. The shoulder 

at 855 eV of the NiCr2O4 spectra may be explained by this second hypothesis. 

The CFM calculation of the Ni 2p core levels spectrum can be helpful in the 

understanding and quantitative analysis of this spectrum.
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 STRUCTURAL INVESTIGATIONS OF SPINEL THIN FILMS 

The chemical composition of the layers being determined, it is now crucial to 

probe the crystalline structure of thin films as a function of the Ni, Fe and Cr 

content The following section will describe XRR analyses (film thickness, 

roughness, density) and XRD measurements (in-plane and out-of-plane lattice 

parameters, crystallographic structure, rocking curve, etc…).  

4.4.1 Sample thickness investigations with XRR  

The thickness of the layers has been systematically measured by X-ray Reflectivity 

(XRR). Several XRR curves associated to typical compositions are shown in Figure 

4.13 and a summary of the results is provided in Table 4.3. By fitting the XRR 

oscillations, the film thickness (t, in nm), density (ρ in g.cm-3) and root-mean-

square roughness (σRMS, in nm) of the samples can be extracted. The fitted 

parameters are indicated in the inset of the graphs and in Table 4.3. The film 

thickness can vary between the samples (5 nm< t < 25 nm) due to the variation 

of the deposition time but also of the metallic fluxes for defining the different 

compositions.  

 
Figure 4.13: X-ray reflectivity curves for different samples. The 

experimental curves are represented by the blue lines, while the fitted 

curves are depicted by the orange curves.  
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Table 4.3: Structural information extracted from XRR. * and ** indicate 

MAO (001) and MAO (111) substrate. For *, the Scherrer thickness (S) is 

indicated. 

Sample Stoichiometry t (nm) 
ρ (g.cm-

3) 

σRMS 

(nm) 

1 Fe2.22Ni0.78O4 14.7 6.2 0.1 

2 Fe2.82Ni0.18O4 12.1 6.0 0.34 

3 Fe2.64Ni0.36O4 8.7 6.9 0.78 

4 Fe2.85Ni0.15O4 15.8 5.8 0.27 

5 Fe2.43Ni0.21Cr0.36O4 13.7 6.0 0.24 

6 Fe1.71Ni0.57Cr0.72O4 11.3 6.2 0.32 

7 Fe1.44Ni0.45Cr1.11O4 12.3 5.9 0.32 

8 Fe1.50Ni0.90Cr0.60O4 14.3 6.0 0.40 

9 Fe1.53Ni1.02Cr0.45O4 12.2 5.9 0.29 

10 Fe1.80Ni0.69Cr0.51O4 10.9 6.5 0.28 

11 Fe2.07Ni0.39Cr0.54O4 10.0 6.1 0.21 

12 Fe2.22Ni0.42Cr0.36O4 9.7 6.1 0.18 

13 Fe1.23Ni0.96Cr0.78O4 8.1 6.3 0.17 

14 Fe2.25Ni0.21Cr0.54O4 9.3 6.3 0.22 

15 Fe0.96Ni0.93Cr1.11O4 7.2 6.2 0.39 

16* Ni0.88Cr2.12O4 4.8 (S)   

17** NiCr2O4 7.3 6.1 0.15 

18 Fe2.31Ni0.15Cr0.57O4 11.5 6.1 0.44 

19 Fe1.86Ni0.15Cr0.99O4 15.7 5.2 0.19 

20 Fe1.62Ni0.33Cr1.05O4 17.9 5.8 0.34 

21 Fe1.44Ni0.30Cr1.29O4 20.6 5.9 0.28 

22 Fe1.20Ni0.24Cr1.56O4 25.2 5.8 0.21 

The RMS roughnesses are weak whatever the samples composition and the film 

thickness, varying mainly from = 0.1 to 0.45 nm. The low roughnesses observed 

in the samples is indicative of 2D materials, which is the initial objective.  
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4.4.2 Lattice parameters and crystalline quality analysis via XRD 

This section will present the lattice parameters obtained by XRD diffraction as  

function of composition. At first, we will present the out-of-plane measurements 

(and the access to the c parameter), followed by rocking curve (RC) measurements 

on specific peaks (222). We will use of the Scherrer formula to access to the 

crystalline quality. Subsequently, in-plane measurements will be done for the 

determination of the in plane lattice parameters. Finally, in addition to the 

previous RHEED analyses, the epitaxial relationships between the substrate and 

the spinel obtained from these in-plane measurements will be detailed.  

4.4.2.1 Out-of-plane lattice parameter determination 

A typical example of an out-of-plane XRD measurement of one spinel oxide thin 

film is shown in Figure 4.14. The sample has been grown on an α-Al2O3 (0001) 

substrate. The (0006) peak position of the substrate is at 2θ = 41.69°, which 

corresponds to an out-of-plane lattice parameter of c= 12.999 Å. In the overall 

spectrum, only (h h h) peaks are present for the spinel phase. The (222) peak, even 

if its intensity is rather low in spinel phases, is the most intense peak which is 

selected for complementary analyses. A Gaussian function (orange curve) is used 

to fit the peak and to define precisely its position and full width at half maximum 

(FWHM). By determining these two parameters, the lattice parameter (Bragg law) 

and the crystalline thickness (Scherrer law) can be determined. Similarly, the RC 

measurement on the (222) peak is fitted with a Gaussian function (see inset of 

Figure 3.26). The FWHM can be related the crystalline disorientation of the grains 

along the c axis and therefore provides information on the crystalline quality of 

the film.  

 
Figure 4.14: X-ray diffraction in out-of-plane configuration for the 

sample Fe1.44Ni0.45Cr1.11O4. The blue curve represents the XRD data. In 

inset: the rocking curve for the (222) peak.   
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The out-of-plane measurements are summarized in Table 4.4. Two notations are 

used for the lattice parameter according to the hexagonal or cubic convention. 

As the spinel phase grows in the [111] direction, the sapphire substrate induces 

some deformations on the growing layer, which is better described by a 

hexagonal lattice. For comparison with the literature, the cubic convention will be 

also used (cf. section 3.2.4). . All lattice parameters in the cubic convention are 

within the range of a spinel phase comprising II-III ions15. 

Table 4.4: Summary of the structural information obtained with XRD 

measurements. * and ** indicate MAO (001) and MAO (111) substrates. 

Sample 

Stoichiometry 

chexagonal 

(Å) 

ccubic  

(Å) 

Scherrer 

thickness  

(nm) 

FWHM 

RC (°) 

Fe2.22Ni0.78O4 14.455 8.346 15.9 0.098 

Fe2.82Ni0.18O4 14.559 8.406 12.3 0.093 

Fe2.64Ni0.36O4 14.545 8.398 7.3 0.097 

Fe2.85Ni0.15O4 14.498 8.370 16.2 0.096 

Fe2.43Ni0.21Cr0.36O4 14.475 8.357 14.3 0.095 

Fe1.71Ni0.57Cr0.72O4 14.372 8.298 11.2 0.101 

Fe1.44Ni0.45Cr1.11O4 14.365 8.294 10.2 0.095 

Fe1.50Ni0.90Cr0.60O4 14.421 8.326 14.7 0.097 

Fe1.53Ni1.02Cr0.45O4 14.419 8.325 12.8 0.099 

Fe1.80Ni0.69Cr0.51O4 14.436 8.335 11.8 0.093 

Fe2.07Ni0.39Cr0.54O4 14.486 8.364 10.6 0.099 

Fe2.22Ni0.42Cr0.36O4 14.453 8.344 10.1 0.097 

Fe1.23Ni0.96Cr0.78O4 14.389 8.307 7.0 0.098 

Fe2.25Ni0.21Cr0.54O4 14.496 8.369 9.7 0.094 

Fe0.96Ni0.93Cr1.11O4 14.377 8.300 7.2 0.094 

Fe2.31Ni0.15Cr0.57O4 14.411 8.320 12.4 0.095 

Fe1.86Ni0.15Cr0.99O4 14.462 8.350 15.8 0.093 

Fe1.62Ni0.33Cr1.05O4 14.446 8.341 18.7 0.091 

Fe1.44Ni0.30Cr1.29O4 14.399 8.313 19.4 0.091 

Fe1.20Ni0.24Cr1.56O4 14.418 8.324 24.6 0.088 

Ni0.88Cr2.12O4 * * 8.545 4.8 0.095 

NiCr2O4 ** 14.315 8.265 7.2 0.113 
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The out-of-plane lattice parameter (in hexagonal convention) as a function of the 

composition is plotted in Figure 4.15.  

 
Figure 4.15: Out-of-plane lattice parameters in hexagonal convention 

(in Å) indicated in the quaternary diagram. 

Some trends can be drawn. The highest lattice parameter is obtained for 

Fe2.82Ni0.18O4. The nickel insertion in the stoichiometry results in lower lattice 

parameters. Increasing the chromium concentration (at a constant nickel 

concentration) results in a first increase of the lattice parameter, then decrease 

and increase again. This shape remains until β = 0.50. After this boundary, the 

nickel and chromium concentration increase results in a decrease of the lattice 

parameter. To analyze further these variations, the fine structure is required (see 

Chapter 6).  

 

Figure 4.16: Comparison between the XRR thickness and the Scherrer 

thickness. The blue crosses represent the different samples.  
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The Scherrer law can be used to determine the thickness of the crystalline layer 

via the FWHM of the (h h h) peak. The film thickness having previously determined 

by XRR (or “optical” thickness), a comparison between the two methods is shown 

in Figure 4.16. The relationship is excellent, showing that the optical thickness 

probed by XRR is equivalent to the thickness of the crystalline phase probed by 

the Scherrer law and thus indicating the excellent crystalline quality of the films 

The rocking curves exhibited FWHM values of approximately 0.1°, which indicate 

the high crystalline quality of the thin film synthetized (see Figure 4.14). The 

minimum value obtained is 0.088°, while the maximum is 0.113°. The mean value 

is 0.096°.  

4.4.2.2 In-plane lattice parameter determination 

In order to access to the in-plane lattice (a) parameter, in-plane XRD 

measurements have been done on several samples grown on sapphire substrates 

or MAO substrates. 

 
Figure 4.17: In-plane XRD measurement (H00 scan) for the sample 

Fe1.20Ni0.24Cr1.56O4. The blue curve represents the XRD data, and the 

orange curve depicts the Gaussian fit. 

Figure 4.17 shows a (h00) scan of Fe1.20Ni0.24Cr1.56O4 sample. In this geometry, the 

peak of the substrate is identified as (3000), whereas the peak of the spinel layer 

observed is identified to (220) in the hexagonal convention (equivalent to (440) 

in the cubic convention). If an in-plane lattice parameter of 5.91 Å for hexagonal 

convention is considered, the interreticular distances are 1.4775 Å and 1.7061 Å 

for (220) and (300) peaks, respectively (see chapter 3). With the Bragg law, the 

obtained distance is 1.479 Å, which corresponds to the (220) peak.  
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Table 4.5: Summary of the in-plane lattice parameter measurements. * 

and ** indicate MAO (001) and MAO (111) substrates. 

Sample 

Stoichiometry 
d (Å) 

ahexagonal 

(Å) 

acubic 

(Å) 

Fe2.43Ni0.21Cr0.36O4 1.48 5.92 8.37 

Fe1.71Ni0.57Cr0.72O4 1.48 5.91 8.37 

Fe1.44Ni0.45Cr1.11O4 1.48 5.91 8.36 

Fe0.96Ni0.93Cr1.11O4 1.47 5.88 8.32 

Fe1.20Ni0.24Cr1.56O4 1.48 5.91 8.37 

Ni0.88Cr2.12O4 * 2.04 * 8.16 

NiCr2O4 ** 1.46 5.82 8.24 

The results of the in-plane lattice parameter (a) measurements as a function of 

the composition are presented in in Table 4.5 and in Figure 4.18. Concerning the 

growth on sapphire substrates, the in-plane lattice parameter for the majority of 

samples is comprised between 5.909 Å and 5.917 Å. One sample exhibits a slightly 

smaller lattice parameter of 5.883 Å. This sample has a stoichiometry close to the 

equimolar composition FeNiCrO4. Some additional deformations may result from 

this composition but as illustrated in Figure 4.18, this region has not been 

sufficiently explored.  

 
Figure 4.18: In-plane lattice parameter in hexagonal convention (in Å) 

indicated in the quaternary diagram.  
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An attempt is made to divide the area into two zones, one with an in-plane lattice 

parameter of approximately 5.91 Å and one with a value below this. With regard 

to the MAO substrates, the substrate peak gives a substrate lattice parameter of 

8.076 Å and 7.995 Å for the (001) and (111) orientations, respectively. The lattice 

parameter for the (111) orientation is surprising given the 8.08 Å lattice parameter 

observed for the bulk material. The two layers of NiCr2O4 exhibited lattice 

parameter significantly lower than the previous samples, with values of 8.161 Å 

and 8.235 Å for the (001) and (111) orientations, respectively. 

4.4.2.3 Epitaxial relationships between the spinel thin film and the 
substrates 

With these out-of-plane and in-plane measurements on oxides layers grown on 

three types of substrates, it is possible to determine their epitaxial relationship, 

which is defined as the manner in which the spinel layer grows on each substrate. 

The epitaxial relationships for the MAO (001), MAO (111), and α-Al2O3 (0001) 

substrates are indicated by the equations (4.1), (4.2), and (4.3), respectively. 

[100]𝑠𝑝𝑖𝑛𝑒𝑙 ∥ [100]𝑀𝐴𝑂 (001)
[010]𝑠𝑝𝑖𝑛𝑒𝑙 ∥ [010]𝑀𝐴𝑂 (001)
[001]𝑠𝑝𝑖𝑛𝑒𝑙 ∥ [001]𝑀𝐴𝑂 (001)

(4. 1) 

[112̅]𝑠𝑝𝑖𝑛𝑒𝑙 ∥ [112̅]𝑀𝐴𝑂 (111)

[11̅0]𝑠𝑝𝑖𝑛𝑒𝑙 ∥ [11̅0]𝑀𝐴𝑂 (111)
[111]𝑠𝑝𝑖𝑛𝑒𝑙 ∥ [111]𝑀𝐴𝑂 (111)

(4. 2) 

[112̅]𝑠𝑝𝑖𝑛𝑒𝑙 ∥ [1100]𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 (0001)

[11̅0]𝑠𝑝𝑖𝑛𝑒𝑙 ∥ [3000]𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 (0001)
[111]𝑠𝑝𝑖𝑛𝑒𝑙 ∥ [0001]𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 (0001)

(4. 3) 

The epitaxial relationships for the MAO substrates are in good agreement with 

the RHEED analyses. Concerning the sapphire substrate, the spinel phase exhibits 

a 30° reorientation of the lattice. This reorientation is necessary to adapt to the 

crystallographic structure of the substrate. For example, an in-plane lattice 

parameter of 5.91 Å for the spinel phase gives an interreticular distance of 1.48 Å 

and 1.71 Å for the (220) and the (300) peaks, respectively. The (3000) sapphire 

peak corresponds to a distance of 1.37 Å. Consequently, the in-plane lattice 

mismatch ((dspinel-dsapphire)/dsapphire) is 7.5 % for the (220) peak and 24.2 % for the 

(300) peak, respectively. The reorientation of the spinel lattice by 30° has reduced 

the lattice mismatch of 16.7 % (69 % when considering 24.2 % as the starting 

point, which is significant). 
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 MAGNETIC INVESTIGATION 

The magnetic behavior of the samples has been probed by VSM magnetometry 

(see chapter 3) at different temperatures (T= 10 K, 100 K and 300 K). Figure 4.19 

shows the magnetic hysteresis loops obtained for the Fe1.53Ni1.02Cr0.45O4 layer at 

different temperatures. The loop obtained at 300 K is almost closed, but for lower 

temperatures, the hysteresis loops are open. At T= 10 K, the magnetic hysteresis 

loop shows a pronounced shoulder at around - 2500 Oe. Many hypotheses have 

been advanced to explain this shoulder. The most common ones are the presence 

of a second magnetic phase like FeO16 or the presence of antiphase boundaries 

(APBs) within the crystallographic structure.  

 
Figure 4.19: Magnetic hysteresis loops obtained at three temperatures 

for Fe2.07Ni0.39Cr0.54O4.  

The results of the magnetic characterization are plotted in Table 4.6. Some trends 

can be drawn from these measurements. However, for a more accurate 

description of the variations of these magnetic properties, the fine structure is 

required (see Chapter 5).  
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Table 4.6: Summary of the magnetic parameters for all samples 

extracted from VSM measurements. MS, MR and HC are noted in kA.m-1. 

* and ** indicate samples grown on MAO (001) and MAO (111) 

substrates.  

Sample 

Stoichiometry 

10 K 100 K 300 K 

MS MR HC MS MR HC MS MR HC 

Fe2.22Ni0.78O4 159 69 47 147 43 31 141 9 6 

Fe2.82Ni0.18O4 770 225 30 735 158 18 600 68 7 

Fe2.64Ni0.36O4 540 130 27 520 54 10 424 27 5 

Fe2.85Ni0.15O4 260 130 83 230 95 48 190 32 17 

Fe2.43Ni0.21Cr0.36O4 640 255 35 600 165 18 490 85 8 

Fe1.71Ni0.57Cr0.72O4 67 22 41 71 12 11 51 5 4 

Fe1.44Ni0.45Cr1.11O4 120 48 56 79 20 14 172 7 2 

Fe1.50Ni0.90Cr0.60O4 138 59 74 118 33 26 86 9 4 

Fe1.53Ni1.02Cr0.45O4 1022 130 11 786 87 7 692 67 5 

Fe1.80Ni0.69Cr0.51O4 383 68 11 355 43 7 300 18 2 

Fe2.07Ni0.39Cr0.54O4 426 69 6 399 47 6 451 23 3 

Fe2.22Ni0.42Cr0.36O4 548 73 7 555 58 5 562 38 3 

Fe1.23Ni0.96Cr0.78O4 219 82 52 178 66 35 138 24 9 

Fe2.25Ni0.21Cr0.54O4 86 12 8 66 9 6 64 7 4 

Fe0.96Ni0.93Cr1.11O4 267 106 69 222 67 33 186 25 11 

Fe2.31Ni0.15Cr0.57O4 133 36 34 118 27 17 101 12 5 

Fe1.86Ni0.15Cr0.99O4 84 21 32 73 15 16 65 8 6 

Fe1.62Ni0.33Cr1.05O4 68 15 18 78 13 10 95 10 5 

Fe1.44Ni0.30Cr1.29O4 45 8 12 42 8 11 49 6 6 

Fe1.20Ni0.24Cr1.56O4 276 80 25 248 52 12 237 36 8 

Ni0.88Cr2.12O4 * 490 102 21 404 74 13 390 58 10 

NiCr2O4 ** 159 69 47 147 43 31 141 9 6 

These MS, MR and HC results are also summarized in the following phase diagrams 

(Figure 4.20, Figure 4.21, and Figure 4.22, respectively) for each temperature. 
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Figure 4.20: MS at 10 K (a), 100 K (b) and 300 K (c) for each sample 

composition.  

As the Cr stoichiometry is increasing, the MS displays a notable decreasing at the 

exception of the two NiCr2O4 samples. Concerning the Ni stoichiometry, samples 

between β = 0.25 and β = 0.50 with 2.25 to 2.50 iron content possess the highest 

MS. Note that one sample exhibits a markedly elevated MS. This anomalous 

behavior can be attributed to a substantial substrate contribution, which is 

considerably more pronounced than in the other samples. Fe3O4 exhibits MS value 

of 430-510 kA.m-1 in single crystal17, while NiFe2O4 exhibits MS values of 270 kA.m-

1 in bulk18. These values are in agreement with the values of our samples.  
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Figure 4.21: MR at 10 K (a), 100 K (b) and 300 K (c) for each sample 

composition. 

MR variations exhibit analogous characteristics to those observed in MS variations. 

Introducing Ni and Cr within the structure results in lower MR, at the exception of 

the sample at β = 0.75 and α = 1.75. This sample is the sample with markedly high 

MS. Another sample has a high MR at α = 2.50 and β = 0.25. The reported values 

of MR are lower than the reported values at room temperature for NiFe2O4
19 and 

Fe3O4
20, which is 107 kA.m-1 and 200 kA.m-1, respectively. It can be explained by 

the thin film form of our samples. In nanodevices, the magnetic proterties are 

highly dependant of the size of the studied sample6. 
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Figure 4.22: HC at 10 K (a), 100 K (b) and 300 K (c) for each sample 

composition. 

HC variations do not exhibit the same patterns as those observed in MS and MR. 

The values range from 100 Oe to 1000 Oe at 10 K. The weakest HC values are 

located at the top of the quaternary diagram (high Ni content). At fixed Ni 

content, the increasing of Cr content induces a decreasing of the value of HC. The 

reported values of HC for Fe3O4
20 is between 100 Oe to 300 Oe ,while for NiFe2O4

21 

it is 200 Oe. The reported values for our samples are below the literature values. 

As for MR values, it may be due to the thin film form of our samples. In 

nanodevices, the magnetic proterties are highly dependant of the size of the 

studied sample6. 
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A final observation concerns the magnetic behavior of NiCr2O4 samples (samples 

located in the upper left quadrant of the blue spinel zone; the sample grown on 

(111) MgAl2O4 is located just above the sample grown on (001) MgAl2O4). In the 

literature, these samples are reported to exhibit a Curie temperature at 

approximately 80 K22. However, VSM measurements at T= 300 K, present an open 

magnetic hysteresis loop as shown in Figure 4.23. The sample grown on the 

MgAl2O4 (111) surface exhibits a higher magnetization than the sample grown on 

the (001) surface. The surprising ferrimagnetic behavior at 300 K is perhaps due 

to magnetic inhomogeneity in the layer, or due to a strain effect (weak thickness 

these two samples: 4.8 and 7.29 nm for Ni0.88Cr2.12O4 and NiCr2O4, respectively).  

 
Figure 4.23: a) Hysteresis loops at T= 300 K for NiCr2O4 (001) and (111) 

samples. b) Hysteresis loops at 300 K, 100 K and 10 K for (111) sample.
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 CONCLUSIONS 

Spinel FeαNiβCrγO4 thin films have been grown successfully on the c-plane (0001) 

of sapphire substrates by AO-MBE. In situ RHEED acquisitions demonstrated the 

high crystalline quality of the elaborated thin films, confirming the (111) spinel 

structure  with a low roughness. Increasing the chromium content induces 

nevertheless a deterioration of the growth mode from 2D to 3D. 

The stoichiometry of the films have been assessed by using XPS measurements. 

A large range of composition of the (Fe-Ni-Cr-O) quaternary phase diagram has 

been explored. A composition area (i.e. Fe-doped NiCr2O4) is nevertheless hard 

to access due to the difficulties to obtain crystalline layers for this high Cr content. 

Indeed, Cr2O3 exhibits the same hexagonal corundum structure as the sapphire 

substrate, and samples with a significant content in chromium tend to mimic this 

structure9. To avoid this corundum structure, thin films with compositions close 

to NiCr2O4 have been obtained by changing the nature of the substrate. The 

spinel-type MgAl2O4 (001) and (111) substrates allowed to elaborate spinel thin 

films with a high chromium content.  

X-ray diffraction (XRD) measurements confirmed the high crystalline quality of 

the thin films. No secondary phase is observed, and only the (h h h) peak is 

observed in the 2θ/ω curves. The rocking curves exhibit a FWHM around 0.1°, 

which confirmed the crystalline quality of the different layers. The relationship 

between the XRR and the Scherrer thickness is linear, confirming the absence of 

amorphous phases in thin films. In addition, some in-plane measurements have 

been performed, and the combination of out-of-plane and in-plane data yields 

the complete epitaxial relationship between the spinel phase and the three 

different substrates selected.  

The VSM measurements indicated a significant decrease of magnetic properties 

(MS, MR) with the increasing chromium and nickel contents. However, it is possible 

to identify an optimal composition in nickel and chromium which allow to 

optimize the magnetic properties (zone around β = 0.25 and 0.25 < γ < 0.50 and 

2.25 < α < 2.50).  

In order to correlate the structure (lattice parameter) and the magnetic properties 

(MS, MR and HC) of the different spinel layers with the composition, it is now 

necessary to determine the cationic site distribution (i.e. the fine structure) as we 

will describe now. 
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This chapter will present two 

synchrotron based methods allowing 

the study of the fine structure of the 

ternary spinel oxides. The first part 

presents the X-ray Magnetic Circular 

Dichroism (XMCD) results, which will 

be used for exploring the cationic 

ordering and magnetic properties. 

Secondly, the results obtained by 

Resonant X-ray Diffraction (RXD) are 

analyzed. The information extracted 

from this technique, will allow to 

probe also the cationic site 

distribution as a function of the 

stoichiometry of the layers. The fine 

structure and the inversion 

parameter deduced from these two 

different experiments will be 

discussed in association with 

theoretical models.
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 X-RAY MAGNETIC CIRCULAR DICHROISM FINE STRUCTURE 

INVESTIGATION 

XAS/XMCD experiments have been performed in order to access to the cationic 

site distribution as a function of the composition. These measurements need to 

be simulated with the Quanty simulation code in order to extract the cationic 

distribution.  

5.1.1 Experimental conditions 

The XAS/XMCD measurements have been done on two different beamlines at 

different temperatures (T=300 K, 107 K, 20 K, 4 K), magnetic fields (0H= 2 Tesla, 

4 Tesla) or incident angle (θ= 30°, 35°, 90°). The experimental parameters used 

for these XAS/XMCD experiments are summarized in Table 5.1.  

Table 5.1: Experimental conditions for XAS/XMCD acquisitions on spinel 

oxide layers. 

Thin films Beamline 
Tp  

(K) 

Field 

(T) 

θ 

(°) 

Low Tp 

(K) 

Field 

(T) 

θ 

(°) 

Fe2.22Ni0.78O4 Deimos Cromag 300 4 35 No 

Fe2.82Ni0.18O4 Deimos Cromag 300 4 35 No 

Fe2.43Ni0.21Cr0.36O4 Deimos Cromag 300 4 35 No 

Fe1.71Ni0.57Cr0.72O4 Deimos Cromag 300 4 35 4 4 35 

Fe1.44Ni0.45Cr1.11O4 Deimos Cromag 300 4 35 4 4 35 

Fe2.64Ni0.36O4 ESRF ID 32 300 3 35 No 

Fe2.85Ni0.15O4 ESRF ID 32 300 3 35 No 

Fe2.43Ni0.21Cr0.36O4 ESRF ID 32 300 3 35 20 3 35 

Fe2.22Ni0.42Cr0.36O4 ESRF ID 32 300 4 35 4 4 35 

Fe2.25Ni0.21Cr0.54O4 ESRF ID 32 300 4 35/90 4 4 35/90 

Fe0.96Ni0.93Cr1.11O4 ESRF ID 32 300 4 35 4 4 35 

Fe1.50Ni0.90Cr0.60O4 Deimos MagneTwo 300 2 90 No 

Fe1.53Ni1.02Cr0.45O4 Deimos MagneTwo 300 2 90 No 

Fe1.80Ni0.69Cr0.51O4 Deimos MagneTwo 300 2 90 No 

Fe2.07Ni0.39Cr0.54O4 Deimos MagneTwo 300 2 90 No 

Fe1.86Ni0.15Cr0.99O4 Deimos MagneTwo 300 2 90 No 

Fe1.62Ni0.33Cr1.05O4 Deimos MagneTwo 300 2 90 No 

Fe1.44Ni0.27Cr1.29O4 Deimos MagneTwo 300 2 90 107 ±2 30/90 

Fe1.20Ni0.24Cr1.56O4 Deimos MagneTwo 300 2 90 No 
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5.1.2 Theoretical curves calculations with Quanty 

Theoretical contributions for each species (II and III species, located in both the 

Td and Oh sites) are required to extract the fine structure of the oxide layer.  

From the octahedral site preference, we claim that chromium will only occupy Oh 

sites1,2. The nickel will exhibit a slight preference for Oh sites (less than chromium) 

whereas the iron will not exhibit such a preference. From these considerations, a 

total of seven theoretical XMCD curves must be calculated: 𝐹𝑒𝑇𝑑
3+, 𝐹𝑒𝑇𝑑

2+, 𝐹𝑒𝑂ℎ
3+, 

𝐹𝑒𝑂ℎ
2+, 𝑁𝑖𝑂ℎ

2+, 𝑁𝑖𝑇𝑑
2+, and 𝐶𝑟𝑂ℎ

3+. The theoretical contribution for each species is 

calculated with the code Quanty3–5 (see chapter 3), through the graphical user 

interface Crispy6.  

The Quanty code has already been used in our laboratory for Fe3-xCrxO4 series7 or 

Cr2O3 thin films. This code introduces different parameters. The Fk, Gk (employed 

to reduce electron-electron interaction and to simulate effects such covalency 

and charge transfer) and ζ parameters (spin-orbit interaction, causing the 

separation of the 2p edge into 2p3/2 and 2p1/2) affect the initial and final 

Hamiltonians. The experimental conditions (applied magnetic field, temperature), 

the crystal field parameters, and convolution parameters (Lorentzian and 

Gaussian choice) can also be added. In the case of Td or Oh sites, only the Dq 

parameter is relevant for the crystal field. But in less symmetrical environments, 

additional parameters may be needed, such as Dσ and Dτ in the C3v case. 

For a comprehensive description of the Hamiltonian parameters and their role on 

the resulting signal, the reader can refer to the previous thesis8. The major trends 

are recalled. Increasing Fk and Gk values shift the features towards higher energies, 

while increasing Δ values change the intensity ratio between features of L2 and L3 

edges. The ζ parameter allows to control the separation between the L3 and L2 

edges. For the others parameters, their modification does not change the shape 

of the signal, but just its intensity. Subsequently, the temperature was fixed at 10 

K and the magnetic field at 2 Tesla. It was observed that the convolution 

parameters do not influence the position of the resulting peaks; but only affect 

the value of the full-width at half-maximum (FWHM). A higher value of Gaussian 

convolution results in a broader peak. 

The complete set of parameters used for each curve is summarized in Table 5.2. 

These parameters for the iron species are identical to those fitted previously by 

Pinho8. New sets of parameters were tested, notably a crystal field description 

with C3v symmetry. However, no significant improvements have been observed. 
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Table 5.2: Parameters used in Quanty simulations.  

Parameters 𝐹𝑒𝑇𝑑
3+ 𝐹𝑒𝑇𝑑

2+ 𝐹𝑒𝑂ℎ
3+ 𝐹𝑒𝑂ℎ

2+ 𝑁𝑖𝑂ℎ
2+ 𝑁𝑖𝑇𝑑

2+ 𝐶𝑟𝑂ℎ
3+ 

Fk 0.6 0.6 0.6 0.6 0.8 0.8 0.8 

Gk 0.6 0.6 0.6 0.6 0.8 0.8 0.8 

ζ 1 1 1 1 1 1 1 

Δ 0.67 0.62 1.5 1.4 1.5 0.67 2.2 

Magnetic 

field (T) 
-2 -2 2 2 2 -2 2 

Temperature 

(K) 
10 10 10 10 10 10 10 

Lorentzian 
0.6 / 

0.6 

0.6 / 

0.6 

0.6 / 

0.6 

0.6 / 

0.6 

0.6 / 

0.6 

0.6 / 

0.6 

0.4 / 

0.4 

Gaussian 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

In regard to the iron species, the curves have been calculated with identical 

reduction parameters and ζ. Furthermore, the temperature and convolutions 

parameters are identical. The difference lies into the crystal field parameter Δ and 

the magnetic field. The crystal field parameter Δt of tetrahedral sites is fixed at 4/9 

of the value of the crystal field parameter ΔO of octahedral sites. The sign of 

magnetic field is used to have calculated curves pointing towards the positive 

values (negative value of the field) or the negative values (positive value of the 

field). This is linked to the minus sign in the Zeeman Hamiltonian in the crystal 

field multiplet Hamiltonian. Concerning the nickel species, the ratio of 4/9 has 

been applied to calculate the Td contribution compared to the Oh one, and a 

negative magnetic field has also been applied (calculated curve pointing towards 

positive values).  

The different simulated contributions are shown in Figure 5.1, along with the main 

features. The Cr L3 edge displays three negative peaks (a, b and c), followed by 

one significant positive peak (d), while the Cr L2 edge shows one negative peak 

(f) in the middle of two positive peaks (e and g). In the iron L2,3 edge, four distinct 

peaks appear in the experimental spectra, which are related to a specific cation in 

a specific site. The 𝐹𝑒𝑇𝑑
3+ contribution (c) has a significant peak close to 𝐹𝑒𝑂ℎ

3+ (d) 

peak, which has repercussions in the distribution of these two species. Indeed, an 

increase of 𝐹𝑒𝑇𝑑
3+ contribution results in an expansion of the area in question, 

which in turn conceals a portion of the contribution from 𝐹𝑒𝑂ℎ
3+. Concerning the 

nickel L2,3 edges, the 𝑁𝑖𝑇𝑑
2+ (a) contribution is less intense than the 𝑁𝑖𝑂ℎ

2+ (b and c), 

which will induce some difficulties for the identification of 𝑁𝑖𝑇𝑑
2+.  
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Figure 5.1: Calculated XMCD spectra of chromium (a), iron (b), and 

nickel (c) species with parameters described in Table 5.2.  

5.1.3 Considerations on the fitting of XMCD spectra  

In order to obtain the contribution of each atomic species, the final step in the 

exploitation of XMCD data is the linear fitting of the experimental data (L3 edge 

for nickel and iron and L2,3 edges for chromium), with the sum of the theoretical 

curves established above. The different contributions are obtained through a two-

steps fitting. First, a fitting “least squares” algorithm is applied. Prior to this 

algorithm, the theoretical curves are adjusted in energy to ensure that the 

simulated peak aligns with the corresponding experimental peak. The algorithm 

optimizes the entire selected area of the spectrum, and the resulting fitting curves 

are frequently below the experimental curves at the principal peak, 𝐹𝑒𝑇𝑑
3+ peak in 

the case of iron L3 edge and 𝑁𝑖𝑂ℎ
2+ for nickel L3 edge. Consequently, a second step 

is required in which the automatic fitting is manually adjusted. In this step, the 

objective is to optimize the peak height for each contribution, thereby ensuring 

a high degree of correlation between the sum of contribution and the 

experimental XMCD at each peak. However, this approach may result in a slight 

reduction in the precision of the fitting outside of the peaks. The resulting fit is 

presented in Figure 5.2.  
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Figure 5.2: Fe L3 edge XMCD spectrum of Fe1.44Ni0.45Cr1.11O4 sample at 

300 K, adjusted manually. The color curve are identical to the Figure 5.1.  

The XMCD fit methodology is first employed individually for each present 

elements (chromium (5.1.4), nickel (5.1.5) and iron (5.1.6 and 5.1.7)). A model of 

cationic occupancies (5.1.8) is subsequently presented to extract the inversion 

parameter and to verify the coherence of the iron fits.  

Once the coefficients for each contribution obtained, they are transformed to 

express the percentage of each atomic species. This is achieved by dividing the 

appropriate coefficient by the sum of all coefficients (see equation (5.1) for the 

example of %𝐹𝑒𝑇𝑑
3+). Then, these percentages are converted into an occupancy 

value by multiplying by the stoichiometric number of iron (α). As an illustration, 

the occupancy value of the Td and Oh species is given by equation (5.2), and the 

occupancy, in percentages, of the Td and Oh species are given by equations (5.3) 

and (5.4). The spinel formula, Fe3O4, comprising three cations, with one Td site for 

two Oh sites, explains the division by two in the occupancy percentage formula of 

the Oh site.  

%FeTd
3+ =

𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡(FeTd
3+)

∑ 𝑖𝑟𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠
(5. 1) 

𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑠𝑖𝑡𝑒) (𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑣𝑎𝑙𝑢𝑒) = % 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 ∗ 𝛼 (5. 2) 

𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑇𝑑) (%) = %𝑠𝑝𝑒𝑐𝑖𝑒𝑠𝑇𝑑 ∗ 𝛼 (5. 3) 

𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 (𝑂ℎ) (%) = %𝑠𝑝𝑒𝑐𝑖𝑒𝑠𝑂ℎ ∗ 𝛼/2 (5. 4) 
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5.1.4 Chromium L2,3 edges XMCD spectra 

First of all, the chromium L2,3 edges XMCD spectra have been analyzed to 

ascertain their ordering in Td or Oh sites.  

Figure 5.3 shows a selected subset of normalized XMCD spectra at T = 300 K for 

the chromium L2,3 edges. The spectra exhibit similar shape. The presence of three 

peaks in the L3 edge (at 577.5 eV, 578.6 eV and 580.2 eV for a, b and c) and one 

at the L2 edge (588 eV, f) is characteristic of 𝐶𝑟𝑂ℎ
3+, as shown with the theoretical 

curve. 

 
Figure 5.3: XMCD spectra at the chromium L2,3 edges, at T = 300 K, for 

low-to-medium chromium content (a) and high chromium content (b). 

The samples with the highest Cr content present experimental challenges due to 

the insulating behavior of the samples. A comparison of their XMCD spectra is 

provided in Figure 5.3 (b). The three-peaks structure observed at the L3 edge (a, 

b and c) and the decreasing peak at the L2 edge (f) are evident in all samples. The 

purple curve demonstrates a sudden decline in the L2 edge structure (absence of 

e peak), which is associated with a signal jump in one of the recorded spectra. 

This phenomenon is deemed to be unphysical. The brown curve exhibits the 

greatest number of discrepancies. No peak d was observed at 582 eV, and the 

structure of the L2 was found to be markedly different (no e or g peaks). The signal 

is also the most noisy, which can explain the discrepancy in the L2 edge and the 

absence of the 582 eV peak. Consequently, despite the noisy signal, these signals 

can be attributed to 𝐶𝑟𝑂ℎ
3+, with some reserves on the Fe0.96Ni0.93Cr1.11O4 

composition (brown curve).  

At the exception of Fe0.96Ni0.93Cr1.11O4 composition, all experimental L2,3 edges 

XMCD spectra are related to Cr3+ in Oh sites.  
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5.1.5 Nickel L2,3 edges XMCD spectra 

Concerning the Ni cations distribution, the Ni L2,3 edges XMCD spectra for some 

selected samples is presented in Figure 5.4 (a). In order to compare the shape of 

the curves, all curves are divided by their respective minimum, and shifted in order 

to have the L3 peak at 856.6 eV. The curves are highly similar, and related to 𝑁𝑖𝑂ℎ
2+, 

as indicated by the theoretical model.  

 
Figure 5.4: XMCD spectra at the nickel L2,3 edges, at T = 300 K, for low-

to-medium chromium content (a) and high chromium content (b).  

Two compositions deserve a particular attention with regard to the Ni L2,3 edges, 

as illustrated in Figure 5.4 (b). The first distinction between this samples set and 

the theoretical curve is the pre-L3 edge peak (a) observed at 856.0 eV. This 

supplementary peak may have two potential origins. It is possible that this peak 

is a consequence of the charge effect as these two samples exhibit a high 

insulating behavior. But it may be also a contribution from 𝑁𝑖𝑇𝑑
2+. This second 

hypothesis seems more likely, as the Ni 2p XPS spectra for Fe0.96Ni0.93Cr1.11O4 and 

Fe1.20Ni0.24Cr1.56O4 were different from the XPS spectrum for Fe2.22Ni0.78O4. 

Simulations indicate that the contribution of 𝑁𝑖𝑇𝑑
2+ is very weak (one tenth of the 

𝑁𝑖𝑂ℎ
2+ contribution). Fitting the XMCD spectra results in Ni2+ cations occupying 

mainly the Td sites. For example, a fit for the Fe1.20Ni0.24Cr1.56O4 composition is 

shown in Figure 5.5. The fitting results for the two samples with high chromium 

content are presented in Table 5.3. The result for Fe0.96Ni0.93Cr1.11O4 is unphysical 

as iron also occupied Td sites, which gives a species presence in Td sites ≫ 1.  

Table 5.3: Information extracted from the nickel L3 edge XMCD fits.  

Sample(FeαNiβCrγO4) 𝑁𝑖𝑇𝑑
2+ 𝑁𝑖𝑂ℎ

2+ 

Fe1.20Ni0.24Cr1.56O4 0.19 0.05 

Fe0.96Ni0.93Cr1.11O4 0.85 0.08 
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Figure 5.5: XMCD Ni L3 edge fit for Fe1.20Ni0.24Cr1.56O4 at 300 K. 

In conclusion, all samples present Ni2+ in Oh sites, with the exception of two 

compositions. In the case of these two samples (Fe1.20Ni0.24Cr1.56O4 and 

Fe0.96Ni0.93Cr1.11O4), the XPS spectrum exhibited a resemblance to that of NiCr2O4 

samples (Ni2+ solely on Td sites). The fit of these XMCD spectra results in Ni2+ 

predominantly localized at Td sites. 

5.1.6 Iron L2,3 edges XMCD spectra 

Concerning the iron L2,3 edges XMCD spectra, Figure 5.6 present a selected subset 

of normalized (at 𝐹𝑒𝑇𝑑
3+ peak) iron L3 edge XMCD spectra. The 𝐹𝑒𝑇𝑑

3+ peak (c) is 

slightly shifted in energy and the intensity of the three other peaks vary 

significantly. In some samples, the 𝐹𝑒𝑇𝑑
2+ peak (a) disappears (blue and green 

curves).  

 
Figure 5.6: Iron L3 edge XMCD spectra at T = 300 K for selected samples.  
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The overall results of the iron L3 edge XMCD spectra fits are indicated in the Table 

5.4. The sample stoichiometry is provided, with the occupancy in absolute value 

and δ, the inversion parameter (𝛿 =
𝐹𝑒𝑇𝑑
3+

∑𝐹𝑒𝑇𝑑
, see 5.1.8 for explanations). In light of 

the sole occupation of Oh sites by Cr3+ and Ni2+, the fit should provide values of 

Σ 𝐹𝑒𝑇𝑑 close to unity for all samples. This objective is accomplished for all samples, 

at the exception of the four last samples exhibiting Σ 𝐹𝑒𝑇𝑑 > 1 or Σ 𝐹𝑒𝑇𝑑 < 0.90. 

These samples exhibit the highest Cr content in their stoichiometry. 

Table 5.4: Iron cationic distribution and inversion parameter obtained 

from the iron L3 edge XMCD fits, at T =300 K. (E) indicates ESRF 

experiments. * indicates a 𝑁𝑖𝑇𝑑
2+ contribution. 

Sample(FeαNiβCrγO4) Cationic distribution (Td)[Oh]2O4 δ 

Fe2.22Ni0.78O4 (𝐹𝑒0.95
3+ )[𝐹𝑒0.63

3+ 𝐹𝑒0.63
2+ 𝑁𝑖0.78

2+ ]𝑂4 1.00 

Fe2.82Ni0.18O4 (𝐹𝑒0.94
3+ )[𝐹𝑒0.85

3+ 𝐹𝑒1.03
2+ 𝑁𝑖0.18

2+ ]𝑂4 1.00 

Fe2.64Ni0.36O4 (E) (𝐹𝑒0.99
3+ )[𝐹𝑒0.92

3+ 𝐹𝑒0.73
2+ 𝑁𝑖0.36

2+ ]𝑂4 1.00 

Fe2.85Ni0.15O4 (E) (𝐹𝑒0.96
3+ )[𝐹𝑒0.97

3+ 𝐹𝑒0.97
2+ 𝑁𝑖0.15

2+ ]𝑂4 1.00 

Fe2.43Ni0.21Cr0.36O4 (𝐹𝑒0.98
3+ )[𝐹𝑒0.47

3+ 𝐹𝑒0.98
2+ 𝑁𝑖0.21

2+ 𝐶𝑟0.36
3+ ]𝑂4 1.00 

Fe2.43Ni0.21Cr0.36O4 (E) (𝐹𝑒0.99
3+ )[𝐹𝑒0.57

3+ 𝐹𝑒0.86
2+ 𝑁𝑖0.21

2+ 𝐶𝑟0.36
3+ ]𝑂4 1.00 

Fe1.71Ni0.57Cr0.72O4 (𝐹𝑒0.89
3+ 𝐹𝑒0.27

2+ )[𝐹𝑒0.20
3+ 𝐹𝑒0.35

2+ 𝑁𝑖0.57
2+ 𝐶𝑟0.72

3+ ]𝑂4 0.77 

Fe1.44Ni0.45Cr1.11O4 (𝐹𝑒0.70
3+ 𝐹𝑒0.25

2+ )[𝐹𝑒0.21
3+ 𝐹𝑒0.28

2+ 𝑁𝑖0.45
2+ 𝐶𝑟1.11

3+ ]𝑂4 0.73 

Fe1.50Ni0.90Cr0.60O4 (𝐹𝑒0.74
3+ 𝐹𝑒0.24

2+ )[𝐹𝑒0.11
3+ 𝐹𝑒0.40

2+ 𝑁𝑖0.90
2+ 𝐶𝑟0.60

3+ ]𝑂4 0.75 

Fe1.53Ni1.02Cr0.45O4 (𝐹𝑒0.78
3+ 𝐹𝑒0.23

2+ )[𝐹𝑒0.13
3+ 𝐹𝑒0.39

2+ 𝑁𝑖1.02
2+ 𝐶𝑟0.45

3+ ]𝑂4 0.77 

Fe1.80Ni0.69Cr0.51O4 (𝐹𝑒0.93
3+ )[𝐹𝑒0.14

3+ 𝐹𝑒0.74
2+ 𝑁𝑖0.69

2+ 𝐶𝑟0.51
3+ ]𝑂4 1.00 

Fe2.07Ni0.39Cr0.54O4 (𝐹𝑒1.0
3+)[𝐹𝑒0.19

3+ 𝐹𝑒0.88
2+ 𝑁𝑖0.39

2+ 𝐶𝑟0.54
3+ ]𝑂4 1.00 

Fe2.22Ni0.42Cr0.36O4 (E) (𝐹𝑒0.98
3+ )[𝐹𝑒0.46

3+ 𝐹𝑒0.78
2+ 𝑁𝑖0.42

2+ 𝐶𝑟0.36
3+ ]𝑂4 1.00 

Fe2.25Ni0.21Cr0.54O4 (E) (𝐹𝑒0.98
3+ )[𝐹𝑒0.38

3+ 𝐹𝑒0.89
2+ 𝑁𝑖0.21

2+ 𝐶𝑟0.54
3+ ]𝑂4 1.00 

Fe0.96Ni0.93Cr1.11O4 (E) *(𝐹𝑒0.64
3+ 𝐹𝑒0.32

2+ 𝑁𝑖0.85
2+ )[𝑁𝑖0.08

2+ 𝐶𝑟1.11
3+ ]𝑂4 0.67 

Fe1.86Ni0.15Cr0.99O4 (𝐹𝑒0.58
3+ 𝐹𝑒0.77

2+ )[𝐹𝑒0.20
3+ 𝐹𝑒0.31

2+ 𝑁𝑖0.14
2+ 𝐶𝑟1.01

3+ ]𝑂4 0.43 

Fe1.62Ni0.33Cr1.05O4 (𝐹𝑒0.48
3+ 𝐹𝑒0.74

2+ )[𝐹𝑒0.17
3+ 𝐹𝑒0.23

2+ 𝑁𝑖0.33
2+ 𝐶𝑟1.07

3+ ]𝑂4 0.39 

Fe1.44Ni0.27Cr1.29O4 (𝐹𝑒0.63
3+ 𝐹𝑒0.42

2+ )[𝐹𝑒0.38
2+ 𝑁𝑖0.27

2+ 𝐶𝑟1.29
3+ ]𝑂4 0.60 

Fe1.20Ni0.24Cr1.56O4 *(𝐹𝑒0.52
3+ 𝐹𝑒0.37

2+ 𝑁𝑖0.19
2+ )[𝐹𝑒0.32

2+ 𝑁𝑖0.05
2+ 𝐶𝑟1.56

3+ ]𝑂4 0.58 

In certain samples, some peaks are absent, indicating the absence of one of the 

cationic species of iron. The cationic species most frequently absent is 𝐹𝑒𝑇𝑑
2+. 

Indeed, this species is absent in all instances where α > 2 in the stoichiometry. In 

these cases, the Td site is solely occupied by Fe3+ species. Three other samples 

deserve a peculiar attention (Fe1.44Ni0.30Cr1.29O4, Fe1.20Ni0.24Cr1.56O4, and 
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Fe0.96Ni0.93Cr1.11O4). Two of them exhibit the higher chromium content, while the 

other one approaches a 1:1:1 ratio. For the former, only a limited number of iron 

species exist in the III oxidation state. The remaining Oh sites are occupied by Fe2+, 

while all Fe3+ are located on the Td sites. For the latter, the composition of β+ γ is 

close to 2, inducing no Oh sites for iron species. Consequently, the iron species 

occupy only the Td sites.  

Figure 5.7 illustrates the occupancy (in absolute value) of each iron species in their 

respective site. In the lower right corner, Fe3+ occupies the Td site exclusively. This 

is consistent given that no contribution of 𝐹𝑒𝑇𝑑
2+ is discernible in this part. By 

moving upward and leftward in the diagram, the occupancy of the Td site by Fe3+ 

decreases with the increasing presence of Fe2+ within the structure. Thus, despite 

the increasing representation of 𝐹𝑒𝑇𝑑
3+ among the iron species, the occupancy of 

Fe3+ in Td site tends to decrease. In particular, moving leftward in the diagram 

indicates an increase in Cr3+ concentration, which results in significantly 

decreasing the Fe3+ contribution.  

The remaining iron species (Fe2+ and Fe3+ at Oh sites) are predominantly located 

in the bottom right corner. The doping of Fe3O4 with nickel and chromium species 

results in the progressive abandonment of the Oh sites by iron species, which is 

manifested by a decreasing occupancy, moving upward and leftward. The 𝐹𝑒𝑂ℎ
3+ 

species is almost entirely absent at the β = 1 blue line, in contrast to the 𝐹𝑒𝑂ℎ
2+, 

which remains present in a low occupancy proportion (0 to 0.40). Given that the 

nickel species is 2+ charged, this is an unusual occurrence. This discrepancy can 

be partially explained by the non-zero contribution of 𝐹𝑒𝑇𝑑
3+ in the peak of 𝐹𝑒𝑂ℎ

3+, 

leading to an underestimation of 𝐹𝑒𝑂ℎ
3+. 

The total occupancy exhibited by the two samples having 𝑁𝑖𝑇𝑑
2+ contribution is 

presented in Table 5.5. In the case of the Fe0.96Ni0.93Cr1.11O4 sample, the occupancy 

of the Td site is significantly higher than 1, which question the pertinence of the 

methodology for this sample. The second sample (Fe1.20Ni0.24Cr1.56O4) exhibit a 

total Td occupancy of 1.08. Consequently, the presence of 𝑁𝑖𝑇𝑑
2+ is more plausible 

than in the other sample.  

Table 5.5: Total occupancy of the two samples exhibiting 𝑁𝑖𝑇𝑑
2+.  

Sample(FeαNiβCrγO4) 

Td Occupancy  Oh Occupancy  

𝐹𝑒𝑇𝑑
3+ 𝐹𝑒𝑇𝑑

2+ 𝑁𝑖𝑇𝑑
2+ 𝐹𝑒𝑂ℎ

3+ 𝐹𝑒𝑂ℎ
2+ 𝑁𝑖𝑂ℎ

2+ 𝐶𝑟𝑂ℎ
3+ 

Fe0.96Ni0.93Cr1.11O4 (E) 0.64 0.32 0.85 0.0 0.0 0.08 1.11 

Fe1.20Ni0.24Cr1.56O4 0.52 0.37 0.19 0.0 0.32 0.05 1.56 
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Figure 5.7: Quaternary plot of the occupancy (in absolute value) of all 

iron species. The results concerning 𝐹𝑒𝑇𝑑
3+, 𝐹𝑒𝑇𝑑

2+, 𝐹𝑒𝑂ℎ
3+, and 𝐹𝑒𝑂ℎ

2+ are 

illustrated in a), b), c) and d), respectively. 
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5.1.7 Trends in specific series 

It is possible to draw some tendencies from these results. In the NiβFe3-βO4 series, 

the 𝐹𝑒𝑇𝑑
3+ remains constant at 1 and 𝐹𝑒𝑇𝑑

2+ at 0. The two other contributions 

decrease with β increasing.  

In the NiβFe2.50-βCr0.50O4 series, the 𝐹𝑒𝑇𝑑
3+, 𝐹𝑒𝑇𝑑

2+,  𝐹𝑒𝑂ℎ
3+ and 𝐹𝑒𝑂ℎ

2+ contributions starts 

at 0.85, 0.05 0.40 and 1 respectively. The 𝐹𝑒𝑇𝑑
2+ remains near 0, before increasing 

to 0.25 at β = 1.0. The 𝐹𝑒𝑇𝑑
2+ increase until β = 0.50, before decreasing to 0.8 at β 

=1.0. The 𝐹𝑒𝑂ℎ
2+ contribution decreases from 1 to 0.40, while the  𝐹𝑒𝑂ℎ

3+ decreases 

from 0.40 to 0.20 until β = 0.50, and remains constant at 0.20 with the increase of 

β to 1.  

In the Fe3-γCrγO4 series, the 𝐹𝑒𝑇𝑑
3+, 𝐹𝑒𝑇𝑑

2+,  𝐹𝑒𝑂ℎ
3+ and 𝐹𝑒𝑂ℎ

2+ starts respectively at 1, 0, 

0.8 and 1.2 at γ = 0. The 𝐹𝑒𝑇𝑑
2+ increases gradually, while 𝐹𝑒𝑇𝑑

3+ and 𝐹𝑒𝑂ℎ
2+ decreases 

gradually. The  𝐹𝑒𝑂ℎ
3+ decreases until γ = 0.50 (α = 2.50) and increases between γ 

= 0.50 and γ = 0.75 (α = 2.25). It ends by a decreases after γ = 0.75.  

5.1.8 Theoretical model for species distribution 

The inversion parameter δ can be derived from the cationic distribution, with the 

help of a theoretical model for species distribution. The inversion parameter δ is 

defined as the total occupancy of Oh sites by cations in valence state II (Ni2+ or 

Fe2+).  

The following theoretical model is derived from the observation that chromium 

cations are only in Oh sites at valence state III (thus, 𝐶𝑟𝑂ℎ
3+ = γ), while nickel cations 

can be on both sites, at valence state II (thus, 𝑁𝑖𝑇𝑑
2+ +𝑁𝑖𝑂ℎ

2+ = β). The model 

equations are written in the following: 

∑𝐶𝑎𝑡𝑖𝑜𝑛𝑠2+ = 𝐹𝑒𝑇𝑑
2+ + 𝐹𝑒𝑂ℎ

2+ + 𝑁𝑖𝑇𝑑
2+ + 𝑁𝑖𝑂ℎ

2+ = 1

∑𝐶𝑎𝑡𝑖𝑜𝑛𝑠3+ = 𝐹𝑒𝑇𝑑
3+ + 𝐹𝑒𝑂ℎ

3+ + 𝐶𝑟𝑂ℎ
3+ = 2

∑𝑆𝑖𝑡𝑒𝑂ℎ = 𝐹𝑒𝑂ℎ
2+ + 𝐹𝑒𝑂ℎ

3+ + 𝑁𝑖𝑂ℎ
2+ + 𝐶𝑟𝑂ℎ

3+ = 2

∑𝑆𝑖𝑡𝑒𝑇𝑑 = 𝐹𝑒𝑇𝑑
2+ + 𝐹𝑒𝑇𝑑

3+ + 𝑁𝑖𝑇𝑑
2+ = 1

𝛼 + 𝛽 + 𝛾 = 3

(5. 5) 

Given four independent equations and six unknowns, it is straightforward that 

two parameters are required to fully describe the solution. The parameters 

selected to express the remaining variables are 𝐹𝑒𝑇𝑑
2+ and 𝑁𝑖𝑇𝑑

2+, as their values are 

most of the time zero. The resulting model are presented in the following: 



 FINE STRUCTURE INVESTIGATION 

157 

𝐹𝑒𝑇𝑑
3+ = 1 − 𝐹𝑒𝑇𝑑

2+ − 𝑁𝑖𝑇𝑑
2+

𝐹𝑒𝑂ℎ
3+ = 1 − 𝛾 + 𝐹𝑒𝑇𝑑

2+ + 𝑁𝑖𝑇𝑑
2+

𝐹𝑒𝑂ℎ
2+ = 1 − 𝛽 − 𝐹𝑒𝑇𝑑

2+

𝑁𝑖𝑂ℎ
2+ = 𝛽 − 𝑁𝑖𝑇𝑑

2+

(5. 6) 

The δ definition is given by 𝛿 = 𝐹𝑒𝑂ℎ
2+ + 𝑁𝑖𝑂ℎ

2+. The variables can be expressed as a 

function of δ and 𝑁𝑖𝑇𝑑
2+. The outcomes are presented in the following: 

𝐹𝑒𝑇𝑑
3+ = 𝛿

𝐹𝑒𝑇𝑑
2+ = 1 − 𝛿 − 𝑁𝑖𝑇𝑑

2+

𝐹𝑒𝑂ℎ
3+ = 2 − 𝛾 − 𝛿

𝐹𝑒𝑂ℎ
2+ = 𝛿 − 𝛽 + 𝑁𝑖𝑇𝑑

2+

𝑁𝑖𝑂ℎ
2+ = 𝛽 − 𝑁𝑖𝑇𝑑

2+

(5. 7) 

The inversion parameter is therefore equal to the value of 𝐹𝑒𝑇𝑑
3+ occupancy.  

This model can be utilized as a guideline for the XMCD fit, as the quantity of nickel 

and chromium is known. However, given that the system cannot be solved 

without one or two additional constraints, it cannot be employed as a definitive 

standard. It is worth mentioning that constraints can be introduced in the fitting 

process in order to ensure that the linear coefficients of each contribution follow 

the model developed. The fitting result is illustrated in Figure 5.8. The two primary 

discrepancies originate from the Oh contributions, with the 𝐹𝑒𝑂ℎ
2+ contribution 

being underestimated and the 𝐹𝑒𝑂ℎ
3+ contribution being overestimated. This 

“constrained” fit process can be used as a tool to study more accurately the crystal 

field around iron species, by the introduction of other geometries, such as C3v. 

However, in regards to the discrepancies with the experimental curve, this 

approach has not been pushed forward.  

 
Figure 5.8: Fitted XMCD iron L3 edge spectra at T = 300 K with 

constraints. The sample has Fe1.80Ni0.69Cr0.51O4 stoichiometry.   
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In the light of this model, the inversion parameter δ corresponds to the occupancy 

of 𝐹𝑒𝑇𝑑
3+ (see equation (5.7)). Given that some samples have sums of FeTd species 

in excess to one, the definition of δ that has been adopted is as follows:  

𝛿 =
𝐹𝑒𝑇𝑑

3+

∑𝐹𝑒𝑇𝑑
(5. 8) 

In order to normalize and therefore obtain inversion parameter values of one 

when only 𝐹𝑒𝑇𝑑
3+ is observed, 𝐹𝑒𝑇𝑑

3+ is divided by ∑𝐹𝑒𝑇𝑑 in equation (5.8). The 

aforementioned definition of δ is presented on a quaternary diagram in Figure 

5.9. The two samples with ∑𝐹𝑒𝑇𝑑 > 1.2 have the lowest inversion parameter. In 

the lower right corner, all the samples exhibit an inverse spinel structure, with the 

exception of the right of the bottom line. The inverse spinel structure is defined 

by the exclusive occupation of Td sites by III cations, inserting Ni or Cr in the 

stoichiometry results in a decreasing δ.  

 
Figure 5.9: Quaternary plot of δ, the inversion parameter.  

5.1.9 Low temperatures XMCD spectra 

In the spinel oxides studied, different magnetic and/or structural transitions may 

occur. For example in Fe3O4, a structural transition associated with the inhibition 

of electron hopping between II and III cations located in Oh sites is present: the 

Verwey transition, which occurs around T = 120 K9. In FeCr2O4, the magnetic 

transition and its Curie temperature (Tc) is located approximatively at 80 K. 

Therefore, in order to investigate these magnetic and/or structural transitions, 

XAS and XMCD spectra were also recorded at low temperatures. 
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5.1.9.1 Chromium L2,3 edges 

Figure 5.10 depicts the normalized XMCD spectra at the Cr L2,3 edges for room 

temperature (300 K, red curve) and low temperature (4 K or 107 K, blue curve). In 

the first row of spectra, a significant reduction in the intensity of the c peak of the 

L3 edge is observed in all the spectra at low temperature. The overall curve shape 

stays similar to an unique contribution of 𝐶𝑟𝑂ℎ
3+. Two of the three samples that 

were not in accordance with the 𝐶𝑟𝑂ℎ
3+ model (see Figure 5.3 (b)) have been studied 

at low temperatures. They are presented in the second row of graphs. The 

resulting XMCD spectra exhibit a curve shape more similar to a 𝐶𝑟𝑂ℎ
3+ contribution 

than was observed at T = 300 K. This confirms the hypothesis that 𝐶𝑟𝑂ℎ
3+ is the 

unique species of chromium present in these samples.  

 
Figure 5.10: Comparison of normalized Cr L2,3 edges XMCD spectra at T 

= 300 K and low temperatures (T = 4 K or 107 K). The normalization is 

done by the maximum for (a) and (b), and by the minimum for (c) and 

(d). 
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5.1.9.2 Nickel L2,3 edges 

Figure 5.11 presents the normalized Ni L2,3 edges XMCD spectra for two selected 

samples at room temperature (300 K) and low temperature (4 K) . On Figure 5.11 

(a), the XMCD spectra at both temperature exhibit a similar shape, in good 

agreement with the 𝑁𝑖𝑂ℎ
2+model spectrum.  

 
Figure 5.11: Comparison of normalized XMCD spectra at 300 K and low 

temperatures at the Ni L2,3 edges.  

One of the two samples depicted in Figure 5.4 (b), exhibiting the presence of the 

𝑁𝑖𝑇𝑑
2+ peak (a), is shown on Figure 5.11 (b). It displays an XMCD spectra at T = 4 K 

that exhibits a tendency towards 𝑁𝑖𝑂ℎ
2+ with the decrease of the peak a. This lends 

further support to the hypothesis that the anomalous signal observed at 300 K 

was associated with weak magnetic properties at that temperature, rather than a 

substantial contribution from 𝑁𝑖𝑇𝑑
2+. Unfortunately, the second sample exhibiting 

potential 𝑁𝑖𝑇𝑑
2+ contribution (Fe1.20Ni0.24Cr1.56O4) has not been studied at low 

temperatures. The occupancies extracted from nickel L3 edge XMCD fits at low 

temperatures are presented in Table 5.6. This variation is in the error bar (around 

0.10). The cationic distribution has been reported to vary with temperature due 

to thermal diffusion1-2. These observations are seen at high temperatures, at the 

opposite of our experiments. 

Table 5.6: Occupancies extracted from the nickel L3 edge XMCD fits, at T 

= 300 K and 4K. 

Sample 

(Fe0.96Ni0.93Cr1.11O4) 
𝑁𝑖𝑇𝑑

2+ 𝑁𝑖𝑂ℎ
2+ 

300 K (E) 0.85 0.08 

4 K (E) 0.78 0.16 
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5.1.9.3 Iron L2,3 edges 

Figure 5.12 illustrates the normalized XMCD at the Fe L2,3 edges spectra at room 

temperature and low temperatures. Some samples exhibit identical normalized 

XMCD spectra between 300 K and low temperatures. These samples are not 

shown here. The three first spectra shown on Figure 5.12 exhibit a significant 

increase in the two peaks corresponding to the Fe species in Oh sites (peaks b and 

d). The sample displays in the (d) subfigure has a 1:1:1 ratio stoichiometry. In 

comparison to the signal at 300 K, which is limited to the iron peaks in Td sites 

(peaks upwards), the XMCD signal becomes more refined, and the contributions 

of the other Fe species become apparent. The discrepancy between the signals at 

300 K and 4 K can be attributed to the relatively weak magnetic signal resulting 

from this sample. As the temperature decreases, the saturation magnetization 

increases, resulting in a higher XMCD signal.  

 
Figure 5.12 Comparison of normalized Fe L2,3 edges XMCD spectra at 

300 K and low temperature (T = 4 K or 20 K).  

The occupancies extracted from iron L3 edge XMCD fits at low temperatures are 

presented in Table 5.7.  

− The samples with minor changes in the shape of the spectra are the 

Fe2.43Ni0.21Cr0.36O4 (Figure 5.12 (a)), Fe2.22Ni0.42Cr0.36O4, and Fe2.25Ni0.21Cr0.54O4 
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samples (with α > 2). The percentages of 𝐹𝑒𝑇𝑑
3+ exhibit no modification (peak 

c), while the two remaining species (b and d peaks) exhibit variation around 5 

%, which is the uncertainty of the measurement.  

− The two samples, Fe1.44Ni0.45Cr1.11O4 and Fe1.71Ni0.57Cr0.72O4 (Figure 5.12 (b) and 

(c), respectively), show important decrease in the percentage of 𝐹𝑒𝑇𝑑
3+ (c peak), 

linked to the presence of 𝐹𝑒𝑂ℎ
2+ and 𝐹𝑒𝑂ℎ

3+ (b and d peaks) in a nearly identical 

proportion, which is reflected in the inversion parameter (-0.1 compared to 

the room temperature). 

− The 1:1:1 stoichiometry sample displays an overall percentage of 𝐹𝑒𝑇𝑑
3+ (c peak) 

that remains identical between the two temperatures, but the 𝐹𝑒𝑇𝑑
2+ (a peak) 

contribution has nearly disappeared. The two remaining contributions appear 

(b and d peaks). The Σ FeTd exhibit a significant decrease (of 0.3), but with the 

diminution of the overall 𝐹𝑒𝑇𝑑
2+ (a peak), the inversion parameter increases 

from 0.67 at 300 K to nearly 1 at 4 K. 

− The Fe1.44Ni0.27Cr1.29O4 sample is the only sample exhibiting a marked increase 

in the percentage of 𝐹𝑒𝑇𝑑
3+ (c peak). The 5 % increase principally came from the 

𝐹𝑒𝑇𝑑
2+ (a peak), and a small contribution of 𝐹𝑒𝑂ℎ

3+ (d peak) is observed at 107 K, 

which was not present at 300 K. The increase in the 𝐹𝑒𝑇𝑑
3+ contribution and the 

decrease in 𝐹𝑒𝑇𝑑
2+ results in an increase of the inversion parameter.  

Table 5.7: Occupancies extracted from the iron L3 edge XMCD fits, at low 

temperatures.  

Sample (FeαNiβCrγO4) Tp (K) 𝐹𝑒𝑇𝑑
3+ 𝐹𝑒𝑇𝑑

2+ 𝐹𝑒𝑂ℎ
3+ 𝐹𝑒𝑂ℎ

2+ δ 

Fe2.43Ni0.21Cr0.36O4  

300 0.98 0.00 0.47 0.98 1.00 

300 (E) 0.99 0.00 0.57 0.86 1.00 

20 (E) 0.93 0.00 0.47 1.04 1.00 

Fe2.22Ni0.42Cr0.36O4 
300 (E) 0.98 0.00 0.46 0.78 1.00 

4 (E) 0.96 0.00 0.51 0.74 1.00 

Fe2.25Ni0.21Cr0.54O4 
300 (E) 0.98 0.00 0.38 0.89 1.00 

4 (E) 1.00 0.00 0.30 0.95 1.00 

Fe1.71Ni0.57Cr0.72O4 
300 0.87 0.24 0.25 0.35 0.78 

4 0.65 0.29 0.34 0.43 0.69 

Fe1.44Ni0.45Cr1.11O4 
300 0.70 0.25 0.21 0.28 0.73 

4 0.48 0.28 0.32 0.36 0.63 

Fe0.96Ni0.93Cr1.11O4 
300 (E) 0.64 0.32 0.00 0.00 0.67 

4 (E) 0.65 0.01 0.07 0.22 0.98 

Fe1.44Ni0.27Cr1.29O4 
300 0.63 0.43 0.00 0.38 0.60 

107 0.70 0.35 0.05 0.33 0.67 



 FINE STRUCTURE INVESTIGATION 

163 

5.1.10 XMCD Hysteresis loops 

By varying the magnetic field at a fixed energy position, it is possible to record 

the magnetic hysteresis loop for each species. The hysteresis curves recorded in 

grazing incidence at 4 K by using the fluorescence yield (TFY) are presented in 

Figure 5.13.  

The introduction of chromium induces a notable reduction in magnitude of the 

hysteresis loops, especially for the loops at the Ni L3 edge. The 𝐹𝑒𝑇𝑑
3+ hysteresis is 

inverted compared to the 𝐶𝑟𝑂ℎ
3+ hysteresis. This is due to the ferrimagnetism of 

spinel, wherein the Td cations are aligned antiferromagnetically with the Oh 

cations. A surprising behavior is the reversal of the 𝑁𝑖𝑂ℎ
2+ hysteresis loop. The green 

and blue curves exhibits the same directionality than the 𝐹𝑒𝑇𝑑
3+ curve, while the 

orange is at the opposite. This reversal is an artefact. In electron yield (TEY), the 

Ni hysteresis exhibits the same directionality as the Cr cations, for all samples. The 

TEY is not displayed here, due to additionnal measure artefacts, which renders the 

treatment of TCY data more difficult than that of TFY data. 

 
Figure 5.13 Magnetic XMCD hysteresis loops of different samples for 

each species at T = 300 K.  

These XMCD magnetic hysteresis loops can be discussed in relation with the 

macroscopic VSM magnetic loops shown in the chapter 4. In fact, The VSM curves 

show the magnetic response of the entire sample, whereas a XMCD hysteresis 

loop is chemically selective and probes preferentially the magnetic order for one 

species. The MS and MR can not be quantified with XMCD, as the signal is a 

difference of two spectra.  
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Table 5.8: Coercive fields (HC) at 300 K, in kA.m-1, extracted from the 

XMCD hysteresis loops. 

Sample 𝐹𝑒𝑇𝑑
3+ 𝑁𝑖𝑂ℎ

2+ 𝐶𝑟𝑂ℎ
3+ VSM 

Fe2.43Ni0.21Cr0.36O4 119 115 127 8 

Fe1.71Ni0.57Cr0.72O4 163 119 223  

Fe1.44Ni0.45Cr1.11O4 95 24 103 4 

The HC parameter extracted from these hysteresis loops are shown in Table 5.8. 

The measured HC by VSM magnetometry is two orders of magnitude lower than 

the value measured by XMCD. The VSM measurement probe the overall magnetic 

behavior while the XMCD probes the magnetic order for each species, which can 

explain the differences observed.  
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 RESONANT X-RAY DIFFRACTION FINE STRUCTURE INVESTIGATION  

The following sections will discuss the challenges for probing the cationic site 

distribution by RXD measurements and the procedures developed for the 

treatment of the data. Then, simulations will help in the comprehension of the 

data analysis. Finally, the cationic ordering in the different sites (Td and Oh) will be 

discussed as a function of the composition of the spinel oxide layers.  

5.2.1 Exploitation of RXD to obtain the fine structure 

The theoretical basis for RXD has been developed in chapter 3. This section will 

explain how to obtain fine structure information from the RXD experiments.  

The intensity of a X-ray diffraction experiment is proportional to the square of 

|𝐹ℎ𝑘𝑙|. 𝐹ℎ𝑘𝑙 is the structure factor of the (h k l) plane defined by:  

𝐹ℎ𝑘𝑙 =∑𝑓𝑖(𝐸) ∗ exp(−𝑗2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖))

𝑖

(5. 9) 

𝑤𝑖𝑡ℎ 𝑓𝑖(𝑸, 𝐸) = 𝑓𝑖,0(𝑸) + 𝑓𝑖
′(𝐸) + 𝑗𝑓𝑖

′′(𝐸) (5. 10) 

The atomic scattering factors is decomposed in three contributions. The first term 

is independent of energy (but dependent on the wave vector transfer Q), and the 

second and third terms, respectively, denote the real part and imaginary parts of 

the anomalous factor of the atom. 𝑓𝑖
′′(E) is proportional to the X-ray absorption 

cross section σi (E), and 𝑓𝑖
′(E) and 𝑓𝑖

′′(E) are mutually related by their Kramers-

Kronig relation. It is also recalled that 𝐹ℎ𝑘𝑙 definition induces that in the spinel 

structure, peaks such as (622) or (222) are sensitive only to the Oh cations, while 

peaks such as (202) or (602) are sensitive only to the Td cations. By combining 

(5.9) and (5.10), the diffracted peak intensity is proportional to: 

|𝐹|2 = (𝐴2 + 𝐵2) + 2(𝐴𝛼 + 𝐵𝛽)𝑓′(𝐸) +

2(𝐵𝛼 − 𝐴𝛽)𝑓"(𝐸) + (𝛼2 + 𝛽2)(𝑓′(𝐸)² + 𝑓"(𝐸)²)
(5. 11) 

𝑤𝑖𝑡ℎ: 

𝐴 =∑𝑓0,𝑖𝑐𝑜𝑠 (2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)

𝑖

𝐵 =∑𝑓0,𝑖𝑠𝑖𝑛 (2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)

𝑖

𝛼 =∑𝑐𝑜𝑠 (2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)

𝑖

𝛽 =∑𝑠𝑖𝑛 (2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)

𝑖
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A and B represent, respectively, the real and imaginary parts of the structure factor 

in the absence of anomalous effects, and are energy independent. The terms α 

and β denotes the sums of cosines and sines of the anomalous effect. They are 

also energy independent. Therefore, the structure factor of the diffraction peaks 

can be separated into a real part, A, and an imaginary part, B: F = A + jB. To go 

further, the structure factor (in the case of the spinel space group) can be written 

as a sum of contributions coming from the Td and Oh sites: 

𝐹ℎ𝑘𝑙 = 𝐴𝑂ℎ + 𝐴𝑇𝑑 + 𝑖 (𝐵𝑂ℎ + 𝐵𝑇𝑑) (5. 12) 

𝑤𝑖𝑡ℎ: 

𝐴𝑂ℎ = ∑ 𝑓0,𝑂ℎ𝑐𝑜𝑠 (2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)

𝑂ℎ 𝑠𝑖𝑡𝑒𝑠

𝐴𝑇𝑑 = ∑ 𝑓0,𝑇𝑑𝑐𝑜𝑠 (2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)

𝑇𝑑 𝑠𝑖𝑡𝑒𝑠

𝐵𝑂ℎ = ∑ 𝑓0,𝑂ℎ𝑠𝑖𝑛 (2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)

𝑂ℎ 𝑠𝑖𝑡𝑒𝑠

𝐵𝑇𝑑 = ∑ 𝑓0,𝑇𝑑𝑠𝑖𝑛 (2𝜋(ℎ𝑥𝑖 + 𝑘𝑦𝑖 + 𝑙𝑧𝑖)

𝑇𝑑 𝑠𝑖𝑡𝑒𝑠

 

The terms 𝐴𝑂ℎ, 𝐴𝑇𝑑, 𝐵𝑂ℎ and 𝐵𝑇𝑑 denote, respectively, the real part of the Oh 

contribution, the real part of the Td contribution, the imaginary part of the Oh 

contribution and the imaginary part of the Td contribution. For the sake of 

simplicity, the structure factor is not squared, and only the energy independent 

components f0 are written. 

By studying the variations of peaks containing a mix between Oh and Td 

contributions and by tuning the X-ray energy to the desired elemental K edge, it 

is possible to obtain signals where the presence of the element (in both sites) will 

modulate the intensity and the form of the signal.  

5.2.2 SiXS indexation of the reciprocal space and implications 

In our experiments on the SiXS beamline, the sapphire substrate (space group 

167) is used as reference in the reciprocal space. As shown before with RHEED 

patterns, the samples grow on the sapphire substrate with an angular rotation of 

30°. The principal observation of the D1 (H00) and D2 (HH0) RHEED patterns is 

the transformation of the D1 streaks of the sapphire into D2 streaks for the spinel 

phase in hexagonal convention (space group 𝑅3̅𝑚, 16610). Conversely, the D2 

streaks of the sapphire is transformed into D1 streaks for the spinel phase in 

hexagonal convention 166.  
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The RXD measurements are done with the following methodology. The energy is 

initially set at a value below a K edge (Ni or Fe). A rocking curve (RC or ω scan) is 

performed at this energy. Then, the energy is shifted through the edge and 

another RC scan is recorded. A total of 60 energy points are generated at each 

diffraction peak.  

Table 5.9 summarized the peaks of the RXD experiment and the A and B 

calculated for these peaks. In addition, the equivalences in the three space groups 

are indicated. To calculate the resulting real and imaginary parts of each 

diffraction peak, the spinel cubic convention (space group 227) is used. The 

atomic scattering coefficient f0 was set to one to simplify. Unfortunately, no peaks 

exhibiting solely the Td contribution has been scanned, because of the complex 

epitaxial relationship between the substrate and the spinel phase. On the (440) 

diffraction peak, the ratio 2 Oh for 1 Td sites is seen on the A contribution. Given 

that the RXD signal is proportional to the square of the structure factor, the (511) 

and (311) should give similar signals, while the (531) peak should display distinct 

shapes in function of the ratio between Td and Oh sites.  

Table 5.9 Peaks of the RXD experiment. The three lattice conventions are 

indicated.  

Sapphire Space 

group 167 

(SiXS setup) 

Spinel Space 

group 166 

(Hexagonal) 

Spinel Space 

group 227 

(Cubic) 

Real 

part A 

(227) 

Imaginary 

part B 

(227) 

H K L H K L H K L Oh Td Oh Td 

2.78 0 0 2 2 0 4 4 0 3072 1536 0 0 

2.78 0 5.56 2 2 6 6 2 2 0 0 3072 0 

2.78 0 2.78 2 2 3 5 3 1 -1086 768 -1086 768 

1.39 1.39 2.78 3 0 3 5 1 1 1086 768 -1086 -768 

1.39 0 2.78 1 1 3 3 1 1 1086 768 1086 768 

In the following section, the space group 227 convention will be maintained. This 

is particularly advantageous as the positioning of the Oh and Td sites in the 227 

space group gives rise to supplementary conditions in hkl (see equation (5.9)) 

where only one of the two contributions is visible (for example, (622) for Oh and 

(602) for Td). These supplementary conditions are lost by passing to the subgroup 

166. 
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A summary of the completed RXD experiment is shown in Table 5.10. Due to a 

lack of beam time, the last sample was less extensively examined than the two 

preceding samples, particularly at the iron K edge.  

Table 5.10 Summary of the RXD experiments conducted.  

Samples Diffraction Peaks (227) Ni K edge Fe K edge 

Fe2.43Ni0.21Cr0.36O4 

4 4 0 Yes Yes 

6 2 2 Yes No 

5 3 1 Yes Yes 

5 1 1 Yes Yes 

3 1 1 Yes Yes 

Fe1.71Ni0.57Cr0.72O4 

4 4 0 Yes Yes 

6 2 2 Yes No 

5 3 1 Yes Yes 

5 1 1 Yes Yes 

3 1 1 Yes Yes 

Fe1.44Ni0.45Cr1.11O4 

4 4 0 Yes Yes 

6 2 2 Yes No 

5 3 1 Yes No 

5 1 1 Yes No 

3 1 1 Yes Yes 

5.2.3 Data analysis 

A three-dimensional representation of the data is shown in Figure 5.14, for the 

sample with the stoichiometry Fe1.71Ni0.57Cr0.72O4 at the Ni K edge on the (622) 

peak. The surface plot represents the distinct RC scan at each energy. The x-axis, 

y-axis and z-axis represent, respectively, the omega angle, the energy of the scan 

and the X-ray signal. Three distinct graphs can be extracted from this 

representation. On the bottom side, a cartography (ω-E) is shown. On the right 

side, the different RC scan are presented, with different colors. A slight deviation 

to the left (i.e., a weaker ω angle) is observed with the increasing energy. The data 

that will be analyzed in this section are the data presented on the left side of the 

graph. It presents the signal as a function of energy.  
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Figure 5.14: Three-dimensional representation of the (622) peak at the 

Ni K edge for the Fe1.71Ni0.57Cr0.72O4 sample.  

Figure 5.15 shows the associated cartography (ω, E). The cartography is slightly 

in diagonal, as the ω angle definition varies with the energy as the energy is 

increasing. Two regions can be distinguished on the image: the center of the 

image where the signal is maximum and the sides of the image where the signal 

is minimum (background). However, an increase of the intensity is observed at 

approximately E = 8.327 keV: the K edge of nickel. This background exhibits the 

same curve shape as a XAS performed on the nickel K edge. 

 
Figure 5.15: Cartography (ω, E) of a RXD experiment.  
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The principal challenge for the treatment of the RXD raw data arises from the 

variable background (bk) with energy. Indeed, the background exhibits a 

significant increase after the K edge. Figure 5.16 shows an example of the 

background removal. If the signal is directly extracted from the RC scans (blue 

curve), an important signal is observed, which resembles a XAS spectrum at the K 

edge. The background (green curve) looks also like a K edge XAS spectrum. It is 

removed in the curve displayed in orange. The orange signal is considerably 

weaker compared to the blue curve (raw data).  

 
Figure 5.16: Example of background (bk) removal for data of Figure 5.14.  

The methodology developed to treat the RXD raw data use the different RC 

curves. The resulting data is a Gaussian curve, above a certain quantity of 

background (see right side of Figure 5.14). In order to subtract the background, 

the mean of the first five points and the mean of the final five point are registered. 

These two means are employed to fit a linear curve. The integral of this linear fit 

is registered as the background, and the linear fit is subtracted from the raw data. 

Subsequently, the subtracted signal is fitted with a Gaussian curve and integrated 

in order to limit the noise. This integral is registered at the corresponding energy 

as the RXD signal. The next points are obtained following the same methodology. 

This method enables the registration of the background and the RXD signal in a 

simultaneous way.  
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5.2.4 Understanding parameters with FDMNES simulations 

FDMNES accepts as input the crystalline structure with various parameters, 

including the lattice parameter, the cation site occupancy or the radius of the 

aggregates where the Schrödinger equation (SE) is solved.  

 
Figure 5.17: Simulated RXD signal as a function of the aggregate radius 

(a) and as a function of the in-plane lattice parameter (b). The aggregate 

radius is R = 5.0 Å for (b).  

The aggregate radius (R) can be modified. Figure 5.17 (a) shows the evolution of 

the simulations for a magnetite sample (Fe3O4) at the iron K edge for the (311) 

diffraction peak as a function of this parameter. A small radius, e.g. R=3.0 Å (blue 

curve) induces an inappropriate description of the fine structure. This is 

particularly evident for the peak following the K edge. For a larger radius, the 

shape of the curves is better. Therefore the radius aggregate was chosen at the 

value of R= 5.0 Å.  

Figure 5.17 (b) illustrates the simulated signals as a function of the in-plane lattice 

parameter. The data exhibit no significant changes. The only discernible effect is 

the slight reduction in the offset due to the increase of the lattice parameter. The 

post K edge is not significantly modified, and thus the in-plane lattice parameter 

will be set at a= 8.36 Å.  

Figure 5.18 displays the last parameter which can be studied: the influence of the 

cationic site (Td and Oh) on the XRD signal. Three simulations were done. The first 

one is a mix of iron in Td and Oh sites (e.g. (Fe)[Fe2]O4, blue curve). The second is 

a structure with iron only in Td sites (e.g. (Fe)[Cr2]O4, green curve). The third is a 

structure with iron only in Oh sites and chromium in Td sites (e.g. (Cr)[Fe2]O4, 

orange curve). 
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Figure 5.18: Simulated RXD signal at the iron K edge for the (622) peak 

(a) and the (531) peak (b) as a function of the cationic site of iron. 

The (622) peak does not exhibit an absorption dip in the green curve, as the Td 

contribution is zero for this peak. Concerning the (531) peak, the Oh signal shows 

an absorption dip, while the Td contribution exhibits an absorption peak. The 

resulting signal of a sample containing iron on both sites appears as a mix 

between the two other curves.  

5.2.5 Comparisons of RXD data with FDMNES simulations 

The experimental RXD signals will be interpreted using the FDMNES simulations 

for the Ni and the Fe K edges for each sample.  

5.2.5.1 Supplementary data treatment  

The RXD signals for the five diffraction peaks analyzed for the Ni K edge are 

shown in Figure 5.19 (a). To facilitate the comparison with FDMNES simulations, 

firstly, a linear background is removed for all peaks. Secondly, the signal is divided 

by its minimum. Consequently, the absorption edge is set to a value of -1. The 

resulting normalized RXD signals are shown in Figure 5.19 (b). 

Note that the three features in the fine structure outlined in Figure 5.19 (b) are 

found in all the RXD signals, at the exception of the 8354 eV peak in the (440) 

signal. The resulting RXD for the (531) peak is noisy, in contrast to the other peaks. 

This elevated noise level can be attributed to the little difference between the RC 

integration and the integration of the linear portion (background) of the RC. This 

phenomenon is shown in Figure 5.16. The pre-edge absorption peak at 8300 eV 

for the (311) peak is consistently identified as a measure artifact. 
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Figure 5.19: Raw data obtained for RXD signals at the Ni K edge of 

Fe1.71Ni0.57Cr0.72O4 (a) and the resulting treatment (b).  

The FDMNES calculations were performed with parameters described above. For 

the Fe and Ni K edges, a Gaussian convolution with a width of 10eV and 5 eV, 

respectively, was employed. As the experimental data are noisy and have limited 

sampling (60 energy points for a range of 200 eV), convolutions with high widths 

are necessary to compare calculations and experimental signals. The cationic 

distribution provided to FDMNES is indicated in Table 5.11. No Ni or Cr cations 

were placed in Td sites, and the stoichiometry was approximated (to treat only the 

second significant digit in the composition) as follows: Fe1.71Ni0.57Cr0.72O4 

stoichiometry into Fe1.65Ni0.60Cr0.75O4, Fe2.43Ni0.21Cr0.36O4 stoichiometry into 

Fe2.40Ni0.24Cr0.36O4 and Fe1.44Ni0.45Cr1.11O4 stoichiometry into Fe1.50Ni0.45Cr1.05O4.  

Table 5.11: Cationic repartition used for the FDMNES calculations (in 

fractional site occupancy). 

Sample Fe Td Ni Td Cr Td Fe Oh Ni Oh Cr Oh 

Fe2.43Ni0.21Cr0.36O4 1 0 0 0.700 0.120 0.180 

Fe1.71Ni0.57Cr0.72O4 1 0 0 0.325 0.300 0.375 

Fe1.44Ni0.45Cr1.11O4 1 0 0 0.250 0.225 0.525 

5.2.5.2 Ni K edge 

Figure 5.20 presents the comparison between the experimental RXD signal at the 

Ni K edge, treated with the procedure mentioned above, and the FDMNES 

calculations for the Fe1.71Ni0.57Cr0.72O4 sample. A good overall agreement is 

observed. Two discrepancies are evident. In the pre edge region, the absorption 

well is more pronounced for calculations compared to the experimental signal. 

The post-edge structure is noisy in the experimental signal, even if the main 

features are visible.  
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Figure 5.20: Normalized experimental and simulated RXD signals at the 

Ni K edge for the Fe1.71Ni0.57Cr0.72O4 sample. 

The results for Fe2.43Ni0.21Cr0.36O4 and Fe1.44Ni0.45Cr1.11O4 samples at the Ni K edge 

are similar. The (440) and (311) RXD signals for the Fe2.43Ni0.21Cr0.36O4 sample 

exhibit considerable noise, and deviating significantly compared to the 

simulations. The remaining RXD signals, despite the presence of noise, exhibit a 

close alignment with the calculated curves. Similarly, the observations made 

regarding Fe1.71Ni0.57Cr0.72O4 sample can be extended to Fe1.44Ni0.45Cr1.11O4 

sample. The (531) signal in Fe1.44Ni0.45Cr1.11O4 is of lower quality and is less closely 

aligned with the calculated curve.  

The FDMNES calculations are in good agreement with the RXD experimental 

signal at the Ni K edge for all peaks. This signifies that the hypothesized cationic 

distribution (i.e. Ni2+ only in Oh sites) is true. 



 FINE STRUCTURE INVESTIGATION 

175 

5.2.5.3 Fe K edge 

The results for the Fe K edge for Fe1.71Ni0.57Cr0.72O4, Fe2.43Ni0.21Cr0.36O4 and 

Fe1.44Ni0.45Cr1.11O4 samples are presented in Figure 5.21, Figure 5.22, and Figure 

5.23, respectively. The Fe1.71Ni0.57Cr0.72O4 sample (Figure 5.21) exhibits a high 

degree of similarity with the simulations in the case of the (511) and (311) signals. 

The (440) data set does not yield a particularly strong fit. The pre-edge is more 

flat, and the slope into the absorption well is more intense. Of particular interest 

is the formation of an absorption peak by the experimental signal in the (531) 

case. The post-edge structure in this signal is not accurately reproduced. The 

origin of the observed absorption peak can be attributed to the 

overrepresentation of the Td site in comparison to the Oh site, as evidenced in 

Table 5.9 and in Table 5.11.  

 
Figure 5.21: Normalized experimental and simulated RXD signals at the 

Fe K edge for the Fe1.71Ni0.57Cr0.72O4 sample. The diffraction peaks (440), 

(311), (531), and (511) are represented in (a), (b), (c), and (d), respectively. 

The results for Fe2.43Ni0.21Cr0.36O4 sample (Figure 5.22) are analogous to those 

observed for Fe1.71Ni0.57Cr0.72O4 sample. The (311) and (511) signals are 

reproduced with a relatively high degree of fidelity by the calculations. The (440) 

exhibits the same defects as observed in Fe1.71Ni0.57Cr0.72O4 sample. The most 
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noteworthy aspect of this is the stark contrast in the shape of the (531) curve. In 

contrast to the single major peak observed in sample Fe1.71Ni0.57Cr0.72O4, two 

distinct absorption wells and one absorption peak are now evident. The signal is 

also accurately reproduced by the simulation, even in the post-edge structure. 

This markedly different shape can be attributed to the disparate ratio between 

the Oh and Td sites.  

 
Figure 5.22: Normalized RXD signal at the Fe K edge and comparison 

with FDMNES calculations for the Fe2.43Ni0.21Cr0.36O4 sample.  

 
Figure 5.23: Normalized RXD signal at the Fe K edge and comparison 

with FDMNES calculations for the Fe1.44Ni0.45Cr1.11O4 sample  
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For the last Fe1.44Ni0.45Cr1.11O4 sample (Figure 5.23), the same observation applies 

to the (440) and (311) peaks, as the (440) is flat in the pre-edge region and 

subsequently decreases significantly, and the (311) signal is in close agreement 

with the simulation.  

The FDMNES calculations are in good agreement with the RXD experimental 

signals at the Fe K edge. This signifies that the hypothesized cationic distribution 

(ratio of iron in Oh and Td sites) is correct. The exception is the (440) peak for all 

samples, where the pre-edge slope of the calculations exhibit a significant 

discrepancy with the experimental curves. 

5.2.6 Cationic distribution with (531) signal features  

The (531) peak exhibit an opposite sign between the Td (768) and Oh (-1086) 

contributions (see Table 5.9). Consequently, in function of the ratio between the 

occupancy of the two sites, the curve shape will be different.  

The RXD signal was simulated with FDMNES for different hypothetical samples of 

Fe3-yCryO4 with different ratios of Fe in the Td and Oh sites. Four variations have 

been tested: 

- The initial variation entails the alteration of the Fe fractional occupancies in 

both the Td and Oh sites, with the ratio of Td to Oh sites maintained at one: 

(FeyCr1-y)[Fe2yCr2-2y]O4. 

- The second variation concerns the fractional occupancy of Fe in the Td site, 

while the Fe located in the Oh site is maintained at 100 %: (FeyCr1-y)[Fe2]O4.  

- The third variation is about the repartition of the iron, passing from a 100% 

occupancy of the Oh to a 100 % occupancy of the Td site: (FeyCr1-y)[Fe2-

2yCr2y]O4.  

- The last variation concerns the quantity of Fe in Oh site, while maintaining a 

100% occupancy of the Td site: (Fe1)[Fe2yCr2-2y]O4.  

The normalized signals for the aforementioned variations are presented in Figure 

5.24. The progressive filling of both the Td and Oh sites (a) results in signals that 

are highly analogous. While there is a slight variation in the peaks, this will be 

overshadowed by the noise present in the experimental RXD, rendering it 

undetectable in practical applications.  

The gradual filling of the Td site (b) is more interesting. The shape change, in 

particular the a and b peaks increase in intensity with the filling of Td sites. In 

particular, the amplitude between the a and b peaks may provide insight into the 

cationic repartition.  
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The third variation and the fourth variation ((c) and (d)) are particularly 

noteworthy, as the curve exhibits a significant shift in shape, evolving from a 

single c peak to two peaks one negative a peak and one positive b peak. The c 

peak disappears in this process, undergoing a shift in position to form the b peak, 

moving from 7119 eV to 7133 eV. The amplitude difference between the c peak 

(obtained at 0 % Oh and 100 % Td) and the a peak demonstrates variations with 

the progressive filling of the Oh site.   

 
Figure 5.24: Variations of the normalized (531) signal for different 

cationic repartition. The curves presented in a) and b) have been divided 

by their minimums, while the curves presented in c) and d) have been 

divided by their maximums. 
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The amplitude variations during the transformation of the c peak into a peak with 

the filling of the Oh site is presented in (e), while the peak position variations peak 

with the filling of the Oh site are presented in (f). The curves are not linear; 

however, they can be employed to estimate the cationic repartition of 

experimental data. As the samples under investigation appear to contain only Fe 

in the Td site, the colored crosses in (e) and (f) indicate the experimental point for 

Fe1.71Ni0.57Cr0.72O4 and Fe2.43Ni0.21Cr0.36O4 samples. The data are in good 

agreement with the amplitude method, while there is a slight discrepancy in the 

case of the peak position. This discrepancy can be attributed to the high noise 

levels in the (531) signals and the difficulty in determining the peak position for 

the Fe1.71Ni0.57Cr0.72O4 sample. 

5.2.7 Comparison between RXD and XMCD regarding the cationic 

distribution 

The RXD and XMCD cationic distributions are presented in the Table 5.12. The 

XMCD distribution was obtained by a fitting process, while the RXD distribution 

was presupposed and the resulting simulated curves were compared to the 

experimental curves, with success. The two cationic distributions are in good 

agreement. The total sum of iron species in both sites are in close proximity, and 

no techniques have detected the presence of Ni in Td sites. 

Table 5.12 Summary of the cationic distribution obtained through XMCD 

and RXD fits.  

Sample Technique Σ 𝐹𝑒𝑇𝑑  Σ 𝐹𝑒𝑂ℎ 𝑁𝑖𝑇𝑑 

Fe2.43Ni0.21Cr0.36O4 
XMCD 0.98 1.45 No 

RXD 1 1.4 No 

Fe1.71Ni0.57Cr0.72O4 
XMCD 1.15 0.56 No 

RXD 1 0.65 No 

Fe1.44Ni0.45Cr1.11O4 
XMCD 0.95 0.49 No 

RXD 1 0.5 No 
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 CONCLUSIONS 

5.3.1 Conclusions on the XMCD experiment 

From XMCD experiments, the probed cationic ordering is the following:.  

- The chromium cations have been identified to be exclusively located on the 

Oh sites, with oxidation state Cr+3.  

- The nickel cations have been described as Ni2+ in Oh sites for the majority of 

samples. For samples with the highest Cr content, the analysis shows 

potentially a low Ni content in Td sites.  

- The iron cations have displayed occupancies of both the Td and Oh sites, with 

Fe2+ and Fe3+, depending of the sample stoichiometry. From these 

occupancies and a theoretical model of cationic occupancy, the inversion 

parameter has been obtained and its variation with the stoichiometry has been 

discussed. With the methodology employed, the 𝐹𝑒𝑇𝑑
3+ contribution had a non-

negligible contribution in the peak of 𝐹𝑒𝑂ℎ
3+. Consequently, the 𝐹𝑒𝑂ℎ

3+ 

contribution was relatively low, thus increasing the other contributions.  

It was also possible to identify some trends for specific series of samples: 

- In the NiβFe3-βO4 series, the 𝐹𝑒𝑇𝑑
3+ remains constant at 1 and 𝐹𝑒𝑇𝑑

2+ at 0. The two 

other contributions decrease with β increasing. 

- In the NiβFe2.50-βCr0.50O4 series, the 𝐹𝑒𝑇𝑑
3+, 𝐹𝑒𝑇𝑑

2+,  𝐹𝑒𝑂ℎ
3+ and 𝐹𝑒𝑂ℎ

2+ contributions 

starts at 0.85, 0.05 0.40 and 1 respectively. The 𝐹𝑒𝑇𝑑
2+ remains near 0, before 

increasing to 0.25 at β = 1.0. The 𝐹𝑒𝑇𝑑
2+ increase until β = 0.50, before 

decreasing to 0.8 at β =1.0. The 𝐹𝑒𝑂ℎ
2+ contribution decreases from 1 to 0.40, 

while the  𝐹𝑒𝑂ℎ
3+ decreases from 0.40 to 0.20 until β = 0.50, and remains 

constant at 0.20 with the increase of β to 1. 

- In the Fe3-γCrγO4 series, the 𝐹𝑒𝑇𝑑
3+, 𝐹𝑒𝑇𝑑

2+,  𝐹𝑒𝑂ℎ
3+ and 𝐹𝑒𝑂ℎ

2+ starts respectively at 

1, 0, 0.8 and 1.2 at γ = 0. The 𝐹𝑒𝑇𝑑
2+ increases gradually, while 𝐹𝑒𝑇𝑑

3+ and 𝐹𝑒𝑂ℎ
2+ 

decreases gradually. The  𝐹𝑒𝑂ℎ
3+ decreases until γ = 0.50 (α = 2.50) and 

increases between γ = 0.50 and γ = 0.75 (α = 2.25). It ends by a decreases 

after γ = 0.75.  

Finally, preliminary XMCD magnetic hysteresis loops have been recorded for each 

species and compared to VSM hysteresis loops. 
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5.3.2 Conclusions on the RXD experiment 

The RXD experiment represents an effective methodology for investigating the 

cationic site distribution within the spinel structure. A methodology was 

developed for the extraction of both the background and the RXD signal. The 

background spectrum is analogous to that observed in XAS spectrum at a K edge. 

The extracted data underwent further processing (removal of the linear increase 

and normalization) to facilitate comparison with the FDMNES simulations.  

The experimental data, despite the presence of noise, exhibit a satisfactory degree 

of correlation with the FDMNES calculations. This induces that the hypothesized 

cationic distribution in FDMNES simulations is correct. Precisely, the RXD samples 

possess only Ni cations in Oh sites. The hypothesized ratio of iron occupancies in 

the Td and Oh sites is correct. These observations are also in agreement with those 

of the XMCD technique. The XMCD is able to differentiate between Fe2+ and Fe3+, 

which is not possible for RXD due to the noise in RXD signals.  

The (531) peak at the Fe K edge is markedly different between the two samples 

where this peaks has been recorded. This is related to the discrepancy in ratio of 

iron in Td and Oh site. By using FDMNES simulations, a model has been developed 

to extract site occupancy in relation to the parameters governing the shape of the 

curve, like the peak position and the amplitude between the edge and the peak. 

A continuation of this work will be to perform RXD experiments on peaks 

exhibiting only Td contribution ((220) peak) at the Ni K edge for sample presenting 

𝑁𝑖𝑇𝑑
2+ in XMCD to verify if this contribution is correct or an artefact.  
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This final Chapter of the thesis will 

discuss the relations between the 

fine structure described in the 

chapter 5 and the crystallographic 

and magnetic properties. At first, the 

link between the fine structure and 

the lattice parameter will be 

established through a revisited 

model. The structural parameters 

derived from these models will be 

employed to elucidate the variation 

in lattice parameter across different 

isoconcentrations in iron, nickel, and 

chromium. Ultimately, the various 

angles between the cations within 

the structure will be calculated in 

order to elucidate the variations in 

magnetic properties. 
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 FINE STRUCTURE RELATION WITH CRYSTALLOGRAPHIC STRUCTURE 

In this section, the cationic site distribution as function of the spinel composition 

determined in the chapter 5 will be employed in a theoretical model allowing the 

calculation of the lattice parameters of all spinel compositions. The calculated 

lattice parameters will the compared to the experimental ones. 

6.1.1 Model of theoretical lattice parameter  

Models that link the cationic distribution and the spinel lattice parameter have 

been already been established in the past1,2. Once the cationic distribution at the 

Oh and Td sites has been determined, the mean ionic radius on Oh (𝑟𝑂ℎ) or Td (𝑟𝑇𝑑) 

sites can be calculated with the following relationship:  

𝑟𝑇𝑑 = 𝐶𝑇𝑑
𝐹𝑒2+ ∗ 𝑟𝑇𝑑

𝐹𝑒2+ + 𝐶𝑇𝑑
𝐹𝑒3+ ∗ 𝑟𝑇𝑑

𝐹𝑒3+ + 𝐶𝑇𝑑
𝑁𝑖2+ ∗ 𝑟𝑇𝑑

𝑁𝑖2+

𝑟𝑂ℎ =
𝐶𝑂ℎ
𝐹𝑒2+ ∗ 𝑟𝑂ℎ

𝐹𝑒2+ + 𝐶𝑂ℎ
𝐹𝑒3+ ∗ 𝑟𝑇𝑑

𝐹𝑒3+ + 𝐶𝑂ℎ
𝐶𝑟3+ ∗ 𝑟𝑂ℎ

𝐶𝑟3+ + 𝐶𝑂ℎ
𝑁𝑖2+ ∗ 𝑟𝑂ℎ

𝑁𝑖2+

2

(6. 1) 

With 𝐶𝑆𝑖𝑡𝑒
𝑋  represents the concentration of the cationic species X at the designated 

atomic site ”. The sum of these concentrations is normalized at one for Td sites 

and at two for Oh sites. 𝑟𝑆𝑖𝑡𝑒
𝑋  represents the effective ionic radius of the species X 

in the specified atomic site . The effective ionic radii found in the literature are 

summarized in Table 6.1. The selected effective ionic radii were always high spin 

compared to low spin (as usually made in the literature3). In addition the oxygen 

anion has four bonds with its neighboring metallic cations, resulting in a value of 

ionic radius of 1.38 Å for O2- anions. 

Table 6.1: Effective ionic radius extracted from Shannon4 for the different 

species. 

Site Species 
Effective ionic 

radius (Å) 

Oh 

𝐹𝑒𝑂ℎ
3+ 0.64 

𝐹𝑒𝑂ℎ
2+ 0.78 

𝑁𝑖𝑂ℎ
2+ 0.69 

𝐶𝑟𝑂ℎ
3+ 0.62 

Td 

𝐹𝑒𝑇𝑑
3+ 0.49 

𝐹𝑒𝑇𝑑
2+ 0.63 

𝑁𝑖𝑇𝑑
2+ 0.55 

Anion 𝑂2− 1.38 
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In the case of a perfectly close packed assembly of oxygen anions, the oxygen 

positional parameter u is valued at 0.375 in the case of an origin at 4̅3𝑚 (origin 

choice 1). u can be calculated with the following relations2: 

𝑢′ =
𝑟𝑇𝑑 + 𝑟

𝑂

√3 ∗ 𝑐𝑒𝑥𝑝
+
1

4

𝑢" =
5

8
−
𝑟𝑂ℎ + 𝑟

𝑂

𝑐𝑒𝑥𝑝

𝑢𝑎𝑣𝑔 =
𝑢′ + 𝑢"

2

(6. 2) 

In equation (6.2), rO
 represent the ionic radius of oxygen anions. u’ is the anion 

parameter obtained from the Td site, while u” is the anion parameter derived from 

the Oh site. cexp represents the experimental lattice parameter. uavg designates the 

mean value between u’ and u”. As described by Sickafus et al.1 a strong empirical 

correlation exists between u and the ratio of 𝑟𝑂ℎ on 𝑟𝑇𝑑. This correlation has the 

advantage to not necessitate the cexp, and is the following: 

𝑢 = 0.3876 (
𝑟𝑂ℎ
𝑟𝑇𝑑
)

−0.07054

(6. 3) 

uavg can be employed in the estimation of the bond length at the tetrahedral 

(𝑅𝑇𝑑)and octahedral (𝑅𝑂ℎ) sites through the following relations:  

𝑅𝑇𝑑 = √3𝑐𝑒𝑥𝑝 (𝑢𝑎𝑣𝑔 −
1

4
)

𝑅𝑂ℎ = 𝑐𝑒𝑥𝑝
√2(𝑢𝑎𝑣𝑔 −

3

8
)
2

+ (
5

8
− 𝑢𝑎𝑣𝑔)

2 (6. 4) 

These lengths can be calculated with the u definition on the equation (6.3). 

Finally, the theoretical value of the lattice constant cth can be estimated using the 

following relation:  

𝑐𝑡ℎ =
8𝑅𝑇𝑑

3√3
+
8𝑅𝑂ℎ
3

(6. 5) 
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6.1.2 Application to FeαNiβCrγO4 spinel thin films 

The comparison between the results of this model applied to all spinel 

composition on which a XMCD measurement has been conducted, and the 

theoretical lattice parameter is presented in Figure 6.1. The theoretical and 

experimental values of the c parameter are in good agreement. A few samples 

exhibit a small misalignment related to oxides for which the value: Σ SpeciesTd 

exceeds one.  

 
Figure 6.1: Theoretical lattice parameter (cth) compared to the 

experimental lattice parameter (cexp) for the different samples.  

The discrepancy observed in Figure 6.1 can be addressed by providing a revised 

definition of the mean effective ionic radius at Td and Oh sites, 𝑟𝑇𝑑 and 𝑟𝑂ℎ. Indeed, 

the samples, exhibiting the greatest discrepancies, are those with the greatest 

excess of species in the Td sites. Consequently, the new 𝑟𝑇𝑑 definition includes a 

division by the total number of species in Td sites, while the 𝑟𝑂ℎ is normalized by 

the total number of species in Oh sites. The new equations are the following:  

𝑟𝑇𝑑 =
𝐶𝑇𝑑
𝐹𝑒2+ ∗ 𝑟𝑇𝑑

𝐹𝑒2+ + 𝐶𝑇𝑑
𝐹𝑒3+ ∗ 𝑟𝑇𝑑

𝐹𝑒3+ + 𝐶𝑇𝑑
𝑁𝑖2+ ∗ 𝑟𝑇𝑑

𝑁𝑖2+

𝐶𝑇𝑑
𝐹𝑒2+ + 𝐶𝑇𝑑

𝐹𝑒3+ + 𝐶𝑇𝑑
𝑁𝑖2+

𝑟𝑂ℎ =
𝐶𝑂ℎ
𝐹𝑒2+ ∗ 𝑟𝑂ℎ

𝐹𝑒2+ + 𝐶𝑂ℎ
𝐹𝑒3+ ∗ 𝑟𝑇𝑑

𝐹𝑒3+ + 𝐶𝑂ℎ
𝐶𝑟3+ ∗ 𝑟𝑂ℎ

𝐶𝑟3+ + 𝐶𝑂ℎ
𝑁𝑖2+ ∗ 𝑟𝑂ℎ

𝑁𝑖2+

𝐶𝑂ℎ
𝐹𝑒2+ + 𝐶𝑂ℎ

𝐹𝑒3+ + 𝐶𝑂ℎ
𝐶𝑟3+ + 𝐶𝑂ℎ

𝑁𝑖2+

(6. 6) 

In equation (6.6), the revised definition ensures that rTd is equal to 0.49 when only 

Fe3+ is present at Td sites. The revised model applied to the samples are presented 

in Table 6.2.  
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Table 6.2: Revised model applied on different spinel oxide thin films 

probed by XMCD. * indicates a 𝑁𝑖𝑇𝑑
2+ contribution. 

Cationic distribution {(Td)[Oh]2O4} 
u’ 

(Td) 

u” 

(Oh) 

cth  

(Å) 

cexp  

(Å) 

(𝐹𝑒0.95
3+ )[𝐹𝑒0.63

3+ 𝐹𝑒0.63
2+ 𝑁𝑖0.78

2+ ]𝑂4 0.3794 0.3755 8.3461 8.3455 

(𝐹𝑒0.94
3+ )[𝐹𝑒0.85

3+ 𝐹𝑒1.03
2+ 𝑁𝑖0.18

2+ ]𝑂4 0.3784 0.3759 8.4061 8.4057 

(𝐹𝑒0.99
3+ )[𝐹𝑒0.92

3+ 𝐹𝑒0.73
2+ 𝑁𝑖0.36

2+ ]𝑂4 0.3786 0.3773 8.3986 8.3978 

(𝐹𝑒0.96
3+ )[𝐹𝑒0.97

3+ 𝐹𝑒0.92
2+ 𝑁𝑖0.15

2+ ]𝑂4 0.3790 0.3757 8.3709 8.3704 

(𝐹𝑒0.98
3+ )[𝐹𝑒0.47

3+ 𝐹𝑒0.98
2+ 𝑁𝑖0.21

2+ 𝐶𝑟0.36
3+ ]𝑂4 0.3792 0.3750 8.3574 8.3570 

(𝐹𝑒0.89
3+ 𝐹𝑒0.27

2+ )[𝐹𝑒0.20
3+ 𝐹𝑒0.35

2+ 𝑁𝑖0.57
2+ 𝐶𝑟0.72

3+ ]𝑂4 0.3824 0.3774 8.2997 8.2975 

(𝐹𝑒0.70
3+ 𝐹𝑒0.25

2+ )[𝐹𝑒0.21
3+ 𝐹𝑒0.28

2+ 𝑁𝑖0.45
2+ 𝐶𝑟1.11

3+ ]𝑂4 0.3828 0.3791 8.2971 8.2939 

(𝐹𝑒0.74
3+ 𝐹𝑒0.24

2+ )[𝐹𝑒0.11
3+ 𝐹𝑒0.40

2+ 𝑁𝑖0.90
2+ 𝐶𝑟0.60

3+ ]𝑂4 0.3821 0.3770 8.3276 8.3257 

(𝐹𝑒0.78
3+ 𝐹𝑒0.23

2+ )[𝐹𝑒0.13
3+ 𝐹𝑒0.39

2+ 𝑁𝑖1.02
2+ 𝐶𝑟0.45

3+ ]𝑂4 0.3819 0.3765 8.3267 8.3251 

(𝐹𝑒0.93
3+ )[𝐹𝑒0.14

3+ 𝐹𝑒0.74
2+ 𝑁𝑖0.69

2+ 𝐶𝑟0.51
3+ ]𝑂4 0.3795 0.3753 8.3351 8.3345 

(𝐹𝑒1.0
3+)[𝐹𝑒0.19

3+ 𝐹𝑒0.88
2+ 𝑁𝑖0.39

2+ 𝐶𝑟0.54
3+ ]𝑂4 0.3791 0.3756 8.3642 8.3637 

(𝐹𝑒0.98
3+ )[𝐹𝑒0.46

3+ 𝐹𝑒0.78
2+ 𝑁𝑖0.42

2+ 𝐶𝑟0.36
3+ ]𝑂4 0.3794 0.3756 8.3450 8.3445 

(𝐹𝑒0.98
3+ )[𝐹𝑒0.38

3+ 𝐹𝑒0.89
2+ 𝑁𝑖0.21

2+ 𝐶𝑟0.54
3+ ]𝑂4 0.3790 0.3762 8.3697 8.3691 

*(𝐹𝑒0.64
3+ 𝐹𝑒0.32

2+ 𝑁𝑖0.85
2+ )[𝑁𝑖0.08

2+ 𝐶𝑟1.11
3+ ]𝑂4 0.3838 0.3835 8.3071 8.3003 

(𝐹𝑒0.64
3+ 𝐹𝑒0.32

2+ )[𝑁𝑖0.93
2+ 𝐶𝑟1.11

3+ ]𝑂4 0.3833 0.3802 8.3045 8.3003 

(𝐹𝑒0.58
3+ 𝐹𝑒0.78

2+ )[𝐹𝑒0.20
3+ 𝐹𝑒0.31

2+ 𝑁𝑖0.14
2+ 𝐶𝑟1.01

3+ ]𝑂4 0.3848 0.3809 8.3556 8.3498 

(𝐹𝑒0.48
3+ 𝐹𝑒0.74

2+ )[𝐹𝑒0.17
3+ 𝐹𝑒0.23

2+ 𝑁𝑖0.33
2+ 𝐶𝑟1.07

3+ ]𝑂4 0.3853 0.3810 8.3467 8.3406 

(𝐹𝑒0.63
3+ 𝐹𝑒0.42

2+ )[𝐹𝑒0.38
2+ 𝑁𝑖0.27

2+ 𝐶𝑟1.29
3+ ]𝑂4 0.3838 0.3794 8.3173 8.3133 

*(𝐹𝑒0.52
3+ 𝐹𝑒0.37

2+ 𝑁𝑖0.19
2+ )[𝐹𝑒0.32

2+ 𝑁𝑖0.05
2+ 𝐶𝑟1.56

3+ ]𝑂4 0.3838 0.3813 8.3296 8.3245 

(𝐹𝑒0.52
3+ 𝐹𝑒0.37

2+ )[𝐹𝑒0.32
2+ 𝑁𝑖0.24

2+ 𝐶𝑟1.56
3+ ]𝑂4 0.3837 0.3809 8.3293 8.3245 

(𝐹𝑒0.90
3+ )[𝐹𝑒0.84

3+ 𝐹𝑒1.26
2+ ]𝑂4 0.3793 0.3730 8.3501 8.3500 

(𝐹𝑒0.84
3+ 𝐹𝑒0.06

2+ )[𝐹𝑒0.67
3+ 𝐹𝑒1.23

2+ 𝐶𝑟0.20
3+ ]𝑂4 0.3799 0.3735 8.3493 8.3490 

(𝐹𝑒0.80
3+ 𝐹𝑒0.13

2+ )[𝐹𝑒0.40
3+ 𝐹𝑒1.18

2+ 𝐶𝑟0.50
3+ ]𝑂4 0.3811 0.3732 8.3184 8.3180 

(𝐹𝑒0.74
3+ 𝐹𝑒0.18

2+ )[𝐹𝑒0.55
3+ 𝐹𝑒0.81

2+ 𝐶𝑟0.70
3+ ]𝑂4 0.3817 0.3765 8.3225 8.3210 

(𝐹𝑒0.47
3+ 𝐹𝑒0.38

2+ )[𝐹𝑒0.45
3+ 𝐹𝑒0.49

2+ 𝐶𝑟1.20
3+ ]𝑂4 0.3837 0.3805 8.3496 8.3450 

Figure 6.2 illustrates the plot of the theoretical lattice parameter as a function of 

the experimental one. With this revised model, all the sample are aligned with the 

cth = cexp relation. The lattice parameter measurement in this system can be the 

only measurement needed to have the cationic distribution. Using this revised 

model, the Fe0.96Ni0.93Cr1.11O4 composition showing a 𝑁𝑖𝑇𝑑
2+ contribution exhibits 

a calculated lattice parameter in better agreement with the experimental one. 

However its (u’,u”) values are above the values of all other compositions. For this 



 RELATIONS BETWEEN THE FINE STRUCTURE AND 

CRYSTALLOGRAPHY OR MAGNETIC BEHAVIOR 

188 

reason, it will be discarded for the rest of discussion. 

 
Figure 6.2: Theoretical lattice parameter compared to the experimental 

lattice parameter, in the revised model.   

The variation of u” in function of u’, in the revised model, is presented on the 

Figure 6.3. Three zones can be observed. 

The first zone (δ ≥ 0.95) is characterized by an inversion parameter close to one. 

A decrease in the u” as a function of u’ is noticeable. In this region, the Td site is 

only occupied by Fe3+ cations. The values of u’ are very close (between 0.3784 

and 0.3799), with the variations in u’ attributed to those in cexp. The variations in 

the lattice parameter are solely attributable to the effective ionic radius on Oh 

sites. An increase in rOh results in a decrease in u”, as evidenced in the equation 

(6.2).  

In the zone II, the inversion parameter exhibits a decrease (0.95 ≥ δ ≥ 0.45), 

whereas the pair (u’,u”) has a significant increase. An inversion parameter lower 

than one results in an increase in rTd, which in turn leads to an increase in u’. 

Concurrently, a reduction in the number of cations in the oxidation state 2+ at 

the Oh site results in a decline in rOh. A reduction in rOh consequently results in an 

increase in u”. Consequently, the couples (u’, u”) exhibit an increase.  

In the zone III, the value of u” remains constant, while u’ continues to increase. 

Given that the Oh sites are less occupied by iron species, rOh tends to an asymptote 

and exhibits minimal variations. At the opposite, the increased presence of 𝐹𝑒𝑇𝑑
2+ 

leads to greater u’. 
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Figure 6.3: Anion parameter u” obtained through rOh in function of u’, 

obtained through rTd. The crosses represent the different parts, which can 

be read on the left. The red circles represent the inversion parameter.  

The variation of the anion parameter as a function of the inversion parameter is 

presented in Figure 6.4. The linear fit is also displayed. A repartition of the 

variation in three regions is also discernible. This is a consequence of the 

separation in three regions of the (u’,u”) couple. As expected, this correlation 

indicates that the cationic disorder within the structure is managed through the 

adaptation of the oxygen anion position.  

 
Figure 6.4: Average anion parameter (uavg) as a function of the inversion 

parameter (δ). The black line is a linear fit without the points at δ = 1.  
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The Figure 6.5 illustrates in the quaternary diagram the uavg values. The anion 

parameter exhibits an increase when moving leftward and upward.  

 
Figure 6.5: uavg for the revised model is represented in the quaternary 

plot. 

6.1.3 Cationic distribution with lattice parameter 

Given that cth is in good agreement with cexp, a lattice parameter measurement in 

this system can be the only measurement needed to access to the cationic site 

distribution. The veracity of this hypothesis can be determined through empirical 

testing. The XMCD technique has not be employed in the study of two samples 

with varying compositions of nickel, chromium, and iron. cth values can be 

calculated with different cationic distributions, resulting in different degrees of 

agreement with the value of cexp. For example, the first line of Table 6.3 shows the 

cationic distribution obtained with XMCD for the Fe1.62Ni0.33Cr1.05O4 sample, along 

with another distribution. The two values of cth and cexp are indicated. 

In the Chapter 5, it has been observed that 𝐶𝑟𝑂ℎ
3+ = γ and at the exception of two 

samples, 𝑁𝑖𝑂ℎ
2+ = β. The first sample is Fe2.31Ni0.15Cr0.54O4. Given that α > 2, it can 

be supposed that only Fe3+ are present in Td sites. The second sample is 

Fe1.23Ni0.96Cr0.78O4. Given that α < 2, a little contribution of 𝐹𝑒𝑇𝑑
2+ can be expected. 

All the previous defined variables can be calculated for distinct cationic 

distributions. Given that the cexp is known, it must be compared to the cth 

calculated with the different cationic repartitions.  

The different cationic repartitions tested and the resulting cth are indicated in 

Table 6.3. Only cationic distribution with discrepancies in lattice parameters less 

than 0.002 Å are presented for the samples. For Fe2.31Ni0.15Cr0.54O4 sample, the 

best result exhibits 0.15 discrepancy with regards to the ideal charge distribution 

(1.15 against ∑𝑐𝑎𝑡𝑖𝑜𝑛𝑠2+ = 1 for ideal charge distribution). For this sample, it is 

evident that the introduction of additional 𝐹𝑒𝑂ℎ
3+ leads to a greater gap between 
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the calculated and experimental values. Concerning the Fe1.23Ni0.96Cr0.78O4 

sample, the best agreement is found with sum of 2+ cations valued at 1.20. 

Introducing more 𝐹𝑒𝑂ℎ
3+ or 𝐹𝑒𝑇𝑑

2+ lead to greater discrepancies. 

Table 6.3: Summary of the cationic distribution tested for the two 

samples not previously examined in XMCD.  

Sample Cationic distribution {(Td)[Oh]2O4} cth (Å) cexp (Å) 

Fe1.62Ni0.33Cr1.05O4 
(𝐹𝑒0.48

3+ 𝐹𝑒0.74
2+ )[𝐹𝑒0.17

3+ 𝐹𝑒0.23
2+ 𝑁𝑖0.33

2+ 𝐶𝑟1.05
3+ ]𝑂4 8.3467 

8.3406 
(𝐹𝑒0.50

3+ 𝐹𝑒0.50
2+ )[𝐹𝑒0.62

2+ 𝑁𝑖0.33
2+ 𝐶𝑟1.05

3+ ]𝑂4 8.3439 

Fe2.31Ni0.15Cr0.54O4 

(𝐹𝑒1.0
3+)[𝐹𝑒0.30

3+ 𝐹𝑒1.0
2+𝑁𝑖0.15

2+ 𝐶𝑟0.54
3+ ]𝑂4 8.3205 

8.3202 

(𝐹𝑒1.0
3+)[𝐹𝑒0.40

3+ 𝐹𝑒0.90
2+ 𝑁𝑖0.15

2+ 𝐶𝑟0.54
3+ ]𝑂4 8.3207 

(𝐹𝑒1.0
3+)[𝐹𝑒0.50

3+ 𝐹𝑒0.80
2+ 𝑁𝑖0.15

2+ 𝐶𝑟0.54
3+ ]𝑂4 8.3209 

(𝐹𝑒1.0
3+)[𝐹𝑒0.60

3+ 𝐹𝑒0.70
2+ 𝑁𝑖0.15

2+ 𝐶𝑟0.54
3+ ]𝑂4 8.3211 

(𝐹𝑒1.0
3+)[𝐹𝑒0.70

3+ 𝐹𝑒0.60
2+ 𝑁𝑖0.15

2+ 𝐶𝑟0.54
3+ ]𝑂4 8.3213 

Fe1.23Ni0.96Cr0.78O4 

(𝐹𝑒1.0
3+)[𝐹𝑒0.24

2+ 𝑁𝑖0.96
2+ 𝐶𝑟0.78

3+ ]𝑂4 8.3087 

8.3073 

(𝐹𝑒1.0
3+)[𝐹𝑒0.12

3+ 𝐹𝑒0.12
2+ 𝑁𝑖0.96

2+ 𝐶𝑟0.78
3+ ]𝑂4 8.3091 

(𝐹𝑒0.95
3+ 𝐹𝑒0.05

2+ )[𝐹𝑒0.24
2+ 𝑁𝑖0.96

2+ 𝐶𝑟0.78
3+ ]𝑂4 8.3089 

(𝐹𝑒0.95
3+ 𝐹𝑒0.05

2+ )[𝐹𝑒0.12
3+ 𝐹𝑒0.12

2+ 𝑁𝑖0.96
2+ 𝐶𝑟0.78

3+ ]𝑂4 8.3093 

(𝐹𝑒0.9
3+𝐹𝑒0.10

2+ )[𝐹𝑒0.24
2+ 𝑁𝑖0.96

2+ 𝐶𝑟0.78
3+ ]𝑂4 8.3091 

(𝐹𝑒0.85
3+ 𝐹𝑒0.15

2+ )[𝐹𝑒0.24
2+ 𝑁𝑖0.96

2+ 𝐶𝑟0.78
3+ ]𝑂4 8.3093 

This suggests that the experimental AO-MBE setup may have issues with 

oxidation, which could result in samples being sub-oxidized. Consequently, a 

greater number of Fe2+ charges are present in the samples. This is also evident in 

iron L3 edge XMCD fits, where the sum of Fe2+ species is consistently greater that 

the ideal value of 1-β. This provide a supplementary explanation to the previous 

hypothesis made to explain the excess of 2+ charges, i.e. the contribution of 𝐹𝑒𝑇𝑑
3+ 

in the peak of 𝐹𝑒𝑂ℎ
3+. 
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 CORRELATIONS BETWEEN THE LATTICE PARAMETER AND THE 

CATIONIC ORDERING OF THE SPINEL THIN FILMS 

This part is focused on the evolution of the lattice parameter as a function of the 

stoichiometry. More precisely, some isoconcentration lines will be discussed, as 

illustrated in Figure 6.6. The red line is the nickel isoline, the green line represents 

the iron isoline and the orange line depicts the chromium isoline. Unfortunately, 

the iron isolines contain too few samples to draw some trends. It will not be 

analyzed in the following. 

 
Figure 6.6: Schematic illustration of several isolines in the quaternary 

system.  

6.2.1 Isoconcentrations in chromium: FeαNiβCrγO4 with γ fixed 

Three isolines of chromium concentrations will be analyzed. The three selected 

lines are: γ = 0, γ = 0.5, γ = 1.04 and are represented by the following colors in 

Figure 6.7: red, pink, and purple, respectively.  

 
Figure 6.7: Isolines of chromium concentration.  
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The lattice parameter variations for the three isolines are illustrated in Figure 6.8. 

Two regions can be discerned. In the first region (β < 0.4), the lattice parameter 

increases for red and pink curves, while the purple curve remains constant. In the 

second region (β > 0.4), the lattice parameter decreases for red and pink curves. 

The purple curve remains constant, after a drop at β = 0.4.  

 
Figure 6.8: Lattice parameter variations as a function of β in the series 

Fe3-β-γNiβCrγO4.  

6.2.1.1 Chromium isoline Fe3-βNiβCr0O4 (γ = 0) 

This isoline corresponds to the binary Fe3O4-NiFe2O4 system. This binary system 

has been the subject of numerous studies  on nanoparticles (NPs) or thin films 

(TFs)5–9. The summary of different results is illustrated in Figure 6.9.  

 
Figure 6.9: Lattice parameter evolution as a function of β in the Fe3O4-

NiFe2O4 binary system extracted from 5–9.  
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As observed by Kim et al.9, the samples exhibited a tetragonal structure. In order 

to facilitate comparison with the present work, an equivalent cubic lattice 

parameter has been calculated as follows: 𝑎𝑐𝑢𝑏𝑖𝑐
3 = 𝑎𝑡𝑒𝑡𝑟𝑎

2 𝑐𝑡𝑒𝑡𝑟𝑎. Following the NPs 

or TFs samples, two types of curves are discernible. NPs exhibit lattice parameters 

higher than these observed in TFs. However, in this work, the measured lattice 

parameters are in good agreement with those observed in nanoparticles. The thin 

film samples elaborated by Jin et al.8 or Kim et al.9 exhibited a thickness of around 

300 nm, and are polycrystalline. This is strongly different from our AO-MBE 

monocrystalline thin films with a thickness around 10 nm. 

Figure 6.10 shows the variations of the lattice parameter with respect to the Oh or 

Td cationic radius. Two regions seems discernible, separated at β = 0.40. The 

region I exhibits a stark decline in the occupancy of 𝐹𝑒𝑂ℎ
2+ (cationic radius of 0.78 

Å), accompanied by small variations in 𝐹𝑒𝑂ℎ
3+ (0.64 Å) occupancy (≈ 0.9), and a 

progressive increase of 𝑁𝑖𝑂ℎ
2+ (0.69 Å) which results in a decrease for rOh. Due to 

the decrease of rOh, the anion parameter is increasing, as observed for the lattice 

parameter.  

The region II displays a net decrease in 𝐹𝑒𝑂ℎ
3+ occupancy, while the 𝐹𝑒𝑂ℎ

2+ occupancy 

is slightly decreased. This missing occupancy is filled with 𝑁𝑖𝑂ℎ
2+, which results in a 

slight increase in rOh. Given that rTd remains constant, the variation in u is solely 

due to the variation in rOh. This results in an overall decrease of the lattice 

parameter.  

 
Figure 6.10: Variations of the lattice parameter with the mean cationic 

radius in Fe3-βNiβCr0O4. The lattice parameter (red curve) is indicated at 

the left, the mean cationic radius at the right. rTd is shifted by +0.2 Å.  
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6.2.1.2 Chromium isoline Fe2.5-βNiβCr0.5O4 (γ = 0.5) 

The variations within the mean cationic radius are illustrated in Figure 6.11. The 

variations can be separated in two regions, with the boundary at β = 0.40. In the 

region I, there is a decrease in Fe2+ (0.78 Å) and Fe3+ (0.64 Å) in Oh sites 

occupancies, with the progressive increase of 𝑁𝑖𝑂ℎ
2+ (0.69 Å). With regard to the Td 

site, there is a slight increase in the occupancy of Fe3+ (0.49 Å) and a slight 

decrease in that of Fe2+ (0.63 Å). The resulting mean radius decreases for both 

sites. Despite the decrease in rTd, the anion parameter shows a slight increase due 

to the reduction in rOh, resulting in an overall augmentation of the lattice 

parameter, until β = 0.40.  

 
Figure 6.11: Variations of the lattice parameter with the mean cationic 

radius in Fe2.5-βNiβCr0.5O4. The lattice parameter (pink curve) is indicated 

at the left, the mean cationic radius at the right. rTd is shifted by +0.2 Å. 

Subsequently in the region II, the Oh occupancy of iron continues to decrease for 

both species, and some 𝐹𝑒𝑇𝑑
2+ is discernible. rTd exhibits a significant increase due 

to the presence of 𝐹𝑒𝑇𝑑
2+, while rOh continues to decline. The anion parameter then 

increases due to this dual influence, resulting in an overall reduction in the lattice 

parameter.  

6.2.1.3 Chromium isoline Fe1.96-βNiβCr1.04O4 (γ = 1.04) 

The variations within the mean cationic radius are illustrated in Figure 6.12. The 

sample Fe2.00Cr1.00O4 was not probed by an XMCD experiment. However, its fine 

structure has been deduced from a pondered mean between the fine structure of 

two samples situated on its Cr isoline: Fe2.30Cr0.70O4 and Fe1.80Cr1.20O4. The retained 
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fine structure is (𝐹𝑒0.59
3+ 𝐹𝑒0.31

2+ )[𝐹𝑒0.4
3+𝐹𝑒0.61

2+ 𝐶𝑟1.00
3+ ]𝑂4. This yields to a theoretical 

lattice parameter of 8.3533 Å. The fine structure retained for the sample 

Fe0.96Ni0.93Cr1.11O4 was the one without 𝑁𝑖𝑇𝑑
2+ contribution for reasons explained in 

section 6.1.2.  

 
Figure 6.12: Variations of the lattice parameter with the mean cationic 

radius in Fe1.96-yNiyCr1.04O4. The lattice parameter (purple curve) is 

indicated at the left, the mean cationic radius at the right. rTd is shifted 

by +0.2 Å. 

The cationic radius exhibits a two-region variation, separated at β= 0.40. In the 

region I, the 𝐹𝑒𝑇𝑑
3+ , 𝐹𝑒𝑂ℎ

3+ (0.64 Å) and 𝐹𝑒𝑂ℎ
2+ (0.78 Å) occupancies exhibit a decrease, 

while the 𝐹𝑒𝑇𝑑
2+ contribution increases. This results in a decrease of the inversion 

parameter δ. The mean cationic radius at the Td site increases due to the presence 

of 𝐹𝑒𝑇𝑑
2+, while the cationic radius at Oh site decreases as a result of the overall 

decrease in iron species at the Oh site. Consequently, the anion parameter 

increases from the two contributions, resulting in a slight reduction of the lattice 

parameter.  

In the subsequent region (II), the Oh occupancy of iron cations continues to 

decrease, while the contribution of 𝐹𝑒𝑇𝑑
3+ increases, and that of 𝐹𝑒𝑇𝑑

2+ decreases. 

The inversion parameter therefore increases. The abrupt increase in 𝐹𝑒𝑇𝑑
3+ 

occupancy results in a decline in the mean cationic radius within the Td sites, while 

the rOh exhibits a decrease in the overall region II. Consequently, the anion 

parameter in region II is observed to increase from the two contributions of 

cationic radius. The consequence of this u variation for the corresponding lattice 

parameter is a notable decline from region I to region II, before remaining almost 

constant at 8.295 Å.  
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In summary, the variations for the fine structure and lattice parameter are 

indicated in Table 6.4. From the increase in chromium content, the number of iron 

cation exhibiting a decline in the first region increase (only 𝐹𝑒𝑂ℎ
2+ for γ = 0, then 

𝐹𝑒𝑂ℎ
2+ and 𝐹𝑒𝑂ℎ

3+ for γ = 0.5 and finally 𝐹𝑒𝑂ℎ
2+, 𝐹𝑒𝑂ℎ

3+ and 𝐹𝑒𝑇𝑑
3+ for γ = 1.04). The 

second region is marked by the apparition of the 𝐹𝑒𝑇𝑑
2+ for γ > 0. In γ = 0, 𝐹𝑒𝑂ℎ

3+, 

in γ = 0.5, 𝐹𝑒𝑂ℎ
2+ and in γ = 1.04, 𝐹𝑒𝑂ℎ

3+ and 𝐹𝑒𝑂ℎ
2+ are the responsible for the 

decreasing of the lattice parameter. 

Table 6.4: Variations of cationic iron species for the different chromium 

isolines. LP means lattice parameter. 

Isoline LP 𝐹𝑒𝑇𝑑
3+

 𝐹𝑒𝑇𝑑
2+ 𝐹𝑒𝑂ℎ

3+ 𝐹𝑒𝑂ℎ
2+ 

γ=0 
Region I ↗ 1 0 ≈ ↘ 

Region II ↘ 1 0 ↘ ≈ 

γ=0.5 
Region I ↗ ↗ ↘ ↘ ↘ 

Region II ↘ ↘ ↗ ≈ ↘ 

γ=1.04 
Region I ≈ ↘ ↗ ↘ ↘ 

Region II ↘ then ≈ ↗ then ≈ ↘ then ≈ ↘ ↘ 

6.2.2 Isoconcentrations in nickel: FeαNiβCrγO4 with β fixed 

Four isolines of nickel concentrations have been traced. The four selected lines 

are β = 0, β = 0.25, β = 0.40, and β = 0.95 and are represented by the following 

colors in Figure 6.7: red, cyan, pink and purple, respectively. 

 
Figure 6.13: Isolines of nickel concentration.  

Figure 6.14 presents the lattice parameter variations for the four isolines. The 

three regions indicated are the regions identified for β = 0. These regions have a 

distinct behavior when β >0. 
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Figure 6.14: Lattice parameter variations function of γ in Fe3-β-γNiβCrγO4. 

6.2.2.1 Nickel isoline Fe3.0-γNi0CrγO4 (β = 0) 

This isoline corresponds to the binary Fe3O4-FeCr2O4 system. This binary system 

has been previously explored in our laboratory, and many articles describe this 

binary system10,11. A comparison with the results from the literature is presented 

in Figure 1.7.  

Three regions are observed, in accordance with the fine structure, illustrated in 

Figure 6.16. The region I extends from γ = 0 to γ = 0.5 in bulk (Francombe et al.) 

and in thin films (Pinho et al.). The decreased in lattice parameter is associated 

with the progressive filling of Oh site by Cr3+ (0.62 Å), which replace 𝐹𝑒𝑂ℎ
3+ (0.64 Å). 

The second region extends from γ = 0.5 to γ = 1.0 in thin films, and to γ = 1.3 in 

bulk. This region exhibits an increase of the lattice parameter linked to a decrease 

of the inversion parameter. The last region exhibits a new decrease. The iron 

occupancies continue to decrease, at the exception of 𝐹𝑒𝑇𝑑
2+ occupancy that would 

continue to increase to reach 1.0 when γ = 2.0. Therefore, the FeCr2O4 will exhibit 

a normal spinel structure.  
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Figure 6.15: Evolution of the lattice parameter as a function of the Cr 

doping. The red crosses present the bulk variations, while the gray 

crosses depict the thin film variations. Adapted from Pinho12.  

 

 
Figure 6.16: Variations of the lattice parameter with the mean cationic 

radius in Fe3.0-γNi0CrγO4. The lattice parameter (red curve) is indicated 

at the left, the mean cationic radius at the right. rTd is shifted by +0.2 Å.  
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6.2.2.2 Nickel isolines Fe2.75-γNi0.25CrγO4 (β=0.25) and Fe2.60-γNi0.40CrγO4 
(β=0.40) 

Figure 6.17 shows the variations of the mean cationic radius and the lattice 

parameters of the revised model in the case of the Fe2.75-γNi0.25CrγO4 and Fe2.60-

γNi0.40CrγO4 series. The two black dotted lines present the regions identified for 

the case where β = 0.  

In these cases, no samples exhibit a stoichiometry corresponding to the region II 

have been synthesized. Nevertheless, two distinct regions in the two isolines are 

observed, separated at γ = 0.50. In region I, no 𝐹𝑒𝑇𝑑
2+ is observed. The 𝐹𝑒𝑂ℎ

3+ 

decrease starkly (as more 𝐶𝑟𝑂ℎ
3+ is introduced in the structure), the 𝐹𝑒𝑂ℎ

2+ remains 

around 1.0 for (a) and 0.80 for (b), and 𝐹𝑒𝑇𝑑
3+ occupancy remains constant at 1.0. 

Consequently, the inversion parameter remains constant at 1.0. Overall, the lattice 

parameter decrease in this region, related to the rOh decrease.  

In the region II, there is a notable decrease in 𝐹𝑒𝑂ℎ
3+, 𝐹𝑒𝑂ℎ

2+, and 𝐹𝑒𝑇𝑑
3+ occupancies. 

𝐹𝑒𝑂ℎ
3+ occupancy even reaches zero. However, once in the region III, the occupancy 

of these three species is almost constant, with a slight decrease observed for 𝐹𝑒𝑂ℎ
2+ 

and 𝐹𝑒𝑇𝑑
3+. Fe2+ begins to occupy the Td sites. Consequently, the inversion 

parameter starts to decrease. The resulting lattice parameter exhibits the same 

variations than rOh: a pronounced decreasing in the region II, followed by a near-

constant value. rTd exhibits an invert variation: a stark increase followed by a near 

constant value.  

 
Figure 6.17: Variations of the lattice parameter with the mean cationic 

radius in Fe2.75-γNi0.25CrγO4 (a) and in Fe2.60-γNi0.40CrγO4 (b). The lattice 

parameter (cyan and pink curves) is indicated at the left, the mean 

cationic radius at the right. rTd is shifted by +0.2 Å. 



 RELATIONS BETWEEN THE FINE STRUCTURE AND 

CRYSTALLOGRAPHY OR MAGNETIC BEHAVIOR 

201 

6.2.2.3 Nickel isoline Fe2.05-γNi0.95CrγO4 (β = 0.95) 

This isoline corresponds to the NiFe2O4-NiCr2O4 binary system. A comparison of 

the samples extracted from this work and the literature13–18 is shown in Figure 

6.18. The variations are divided into two regions, with a boundary at γ = 1.0.. The 

region I exhibits a decrease of the lattice parameter, due to the replacing of 𝐹𝑒𝑂ℎ
3+ 

(0.64 Å) by 𝐶𝑟𝑂ℎ
3+ (0.62 Å), while the region II exhibits an increase due to the 

progressive replacing of 𝐹𝑒𝑇𝑑
3+ (0.49 Å) by 𝐹𝑒𝑇𝑑

2+ (0.63 Å). The samples of this study 

demonstrate the same variations observed in the literature, i.e. an overall decrease 

until γ = 1.0. The purple points are situated at the mean of the other studies from 

the literature, with the exception of the x = 0.6 data point. The samples from this 

study exhibit a relatively low Cr content (up to γ =1.0), which excludes the 

observation of the aforementioned increase. 

 
Figure 6.18: Evolution of the lattice parameter as a function of the 

chromium content in the Fe2.0-γNi1.0CrγO4 series in this work and coming 

from different authors.  

Figure 6.19 shows the variations of the mean cationic radius in the case of the 

Fe2.05-γNi0.95CrγO4 series. The slight jump at γ = 0.6 is linked to the slight drop in 

Ni stoichiometry (see Figure 6.19). The occupancy of all iron species decreases 

slightly, at the exception of 𝐹𝑒𝑇𝑑
2+. The inversion parameter also decreases. 

Unfortunately, no samples was synthetized in the region II, but it can be expected 

that 𝐹𝑒𝑇𝑑
2+ will replace 𝐹𝑒𝑇𝑑

3+, thus decreasing the inversion parameter.  
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Figure 6.19: Variations of the lattice parameter with the mean cationic 

radius in Fe2.05-γNi0.95CrγO4. The lattice parameter (purple curve) is 

indicated at the left, the occupancies at the right. rTd is shifted by +0.15 

Å. 

The overall variation of cationic species in function of the nickel isoline is 

presented in Table 6.5. Increasing β results in the disappearing of a region (region 

II). The region II for β = 0.25 and β = 0.40 requires more samples to be analyzed.  

Table 6.5: Variations of cationic iron species for the different nickel 

isolines. 

Isoline LP 𝐹𝑒𝑇𝑑
3+

 𝐹𝑒𝑇𝑑
2+ 𝐹𝑒𝑂ℎ

3+ 𝐹𝑒𝑂ℎ
2+ 

β=0 

Region I ↘ ↘ ↗ ↘↘ ↘ 

Region II ↗ ↘↘ ↗↗ ≈ ↘↘ 

Region III ↘ ↘↘ ↗↗ ↘↘ ↘↘ 

β=0.25 

and 

β=0.40 

Region I ↘ 1 0 ↘↘ ≈ 

Region II ↘ ↘↘ ↗↗ ↘↘ ↘↘ 

Region III ≈ ≈ ≈ 0 ↘ 

β=0.95 
Region I ↘ ↘ ↗ ↘ ↘↘ 

Region II ↗ ↘↘ ↗↗ 0 0 
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6.2.3 Conclusions on the relation between the fine structure and the cationic 

ordering 

Some series of samples with identical content of nickel and chromium has been 

analyzed. However, the iron isolines contain few samples and it is not possible to 

draw some tendencies from these isolines.  

For the chromium isolines, three of them have been analyzed. Two region of 

variations (separated at β = 0.40) are present in all of them, but the variations of 

the lattice parameter evolves with the increase of γ.  

− In the γ = 0 isoline (corresponding to Fe3O4-NiFe2O4 binary system), our 

samples present lattice parameter in agreement with those of the literature of 

nanoparticles. The region I show an increase of the lattice parameter, related 

to a decrease of 𝐹𝑒𝑂ℎ
2+ occupancy. The region II present a decrease of the lattice 

parameter linked to a decrease of 𝐹𝑒𝑂ℎ
3+. The Td site is solely occupied by Fe3+. 

− In the γ = 0.50 isoline, the region I exhibits an increase of the lattice parameter, 

related to a decrease of iron cations in Oh sites (𝐹𝑒𝑂ℎ
3+ and 𝐹𝑒𝑂ℎ

2+). The region II 

shows a decrease of the lattice parameter link with the decrease of 𝐹𝑒𝑂ℎ
2+ and 

the increase of 𝐹𝑒𝑇𝑑
2+ occupancies. 

− In the γ = 1.04 isoline, the region I exhibits few variations of the lattice 

parameter. The iron decreases in Oh sites (𝐹𝑒𝑂ℎ
3+ and 𝐹𝑒𝑂ℎ

2+), and the 𝐹𝑒𝑇𝑑
2+ 

increases. From these two influences, the lattice parameter remains identical. 

The region II shows a decrease of the lattice parameter compared to the first 

region, but exhibits few variations overall. link with the decrease of 𝐹𝑒𝑂ℎ
2+ and 

the increase of 𝐹𝑒𝑇𝑑
2+ occupancies. The drop is link to the drop of 𝐹𝑒𝑇𝑑

2+ 

occupancy. After this drop, the Td occupancy does not vary, and the 

progressive disappearance of Fe in Oh site is filled with 𝑁𝑖𝑂ℎ
2+, which results in 

no variations for the lattice parameter.  

For the nickel isolines, four of them have been analyzed. At β = 0, three regions 

are discernible (boundaries at γ = 0.50 and γ = 1.0), but at β = 1.0, only two 

regions are visible.  

− In the β = 1 isoline (corresponding to Fe3O4-FeCr2O4 binary system), our 

samples present lattice parameter below bulk samples. The region I exhibits a 

decrease of the lattice parameter link to the decrease of 𝐹𝑒𝑂ℎ
3+. The region II 

exhibits an increase of the lattice parameter, related to a 𝐹𝑒𝑂ℎ
2+ decrease. The 

region III exhibits a decrease of the lattice parameter, link to the overall 

decrease of 𝐹𝑒𝑂ℎ
2+, 𝐹𝑒𝑂ℎ

3+ and 𝐹𝑒𝑇𝑑
3+. 

− In the β = 0.25 and β = 0.40 isolines, the region II progressively merge with 

the region I. These two regions exhibits a decrease of the lattice parameter, 



 RELATIONS BETWEEN THE FINE STRUCTURE AND 

CRYSTALLOGRAPHY OR MAGNETIC BEHAVIOR 

204 

related to a significant decrease of 𝐹𝑒𝑂ℎ
3+ occupancy. In the region III, the lattice 

parameter seems to remain identical. The iron cationic distribution sees the 

presence of 𝐹𝑒𝑇𝑑
2+, but does not evolve in this region.  

− In the β = 0.95 isoline (corresponding to NiFe2O4-NiCr2O4 binary system), our 

samples present lattice parameter in agreement with those of the literature. 

The region II has disappeared, and only two region of variations appears 

(separated at γ = 1.0). The region I exhibits a decrease of the lattice parameter, 

related to the decrease of 𝐹𝑒𝑂ℎ
2+, while the region II should display an increase, 

related to an increase of 𝐹𝑒𝑇𝑑
2+, according to the literature.  
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 CORRELATIONS BETWEEN CATIONIC ORDERING AND MAGNETIC 

PROPERTIES 

The magnetic properties and specifically the double-exchange, super-exchange 

interactions in spinel oxides are dependent of the angles between the different 

cations in the interstitial sites. Consequently, these angles are key parameters and 

the literature provides different equations which can be used to calculate their 

values19. The first part of this section will be dedicated to the calculations of the 

angles, the subsequent subsections will examine the variations of the magnetic 

properties as a function of these different angles.  

6.3.1 Angle calculation 

The different angles in the spinel structure indicated in the Figure 6.20 are the 

more favorable angles for an effective magnetic interaction20,21.  

 
Figure 6.20: Most favorable bond angles for effective magnetic 

interactions and super-exchanges mechanisms. Extracted from Yan et 

al.22  

The distances and angles indicated in Figure 6.20 can be calculated from the 

equations displayed in Table 6.6.  
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Table 6.6: Equations for distances and angles displayed in Figure 6.20.   

Distance 

Cation-Cation 
Distance Cation-Oxygen Angles 

𝑏 =
2𝑎√2

8
 𝑝 = 𝑅𝑂ℎ = 𝑎√2(𝑢 −

3

8
)
2

+ (
5

8
− 𝑢)

2

 𝜃1 = 𝑐𝑜𝑠
−1 (

𝑝2 + 𝑞2 − 𝑐2

2𝑝𝑞
) 

𝑐 =
𝑎√11

8
 𝑞 = 𝑅𝑇𝑑 =

𝑎

√3
(𝑢 −

1

4
) 𝜃2 = 𝑐𝑜𝑠

−1 (
𝑝2 + 𝑟2 − 𝑒2

2𝑝𝑟
) 

𝑒 =
3𝑎√3

8
 𝑟 =

𝑎

√11
(𝑢 −

1

4
) 𝜃3 = 𝑐𝑜𝑠

−1 (
2𝑝2 − 𝑏2

2𝑝2
) 

𝑓 =
2𝑎√6

8
 𝑠 =

𝑎√3

3
(𝑢 +

3

8
) 𝜃4 = 𝑐𝑜𝑠

−1 (
𝑝2 + 𝑠2 − 𝑓2

2𝑝𝑠
) 

For a first approximation, only the Oh-Oh, and Oh-Td nearest neighbors exchanges 

interactions will be studied (lengths b and c with angles θ3 and θ1, respectively). 

The Td-Td distance is more important than Oh-Oh, and Oh-Td distances, this is why 

the Td-Td interaction will be disregarded. These formulae are applied on samples 

for which the fine structure and magnetic properties are known, and the results 

are presented in Table 6.7. 

Table 6.7: Angles between the different sites for sample studied in XMCD.  

Stoichiometry Oh-Oh (°) Oh-Td (°) 

Fe2.22Ni0.78O4 91.12 124.47 

Fe2.82Ni0.18O4 90.99 124.56 

Fe2.64Ni0.36O4 91.35 124.30 

Fe2.85Ni0.15O4 91.08 124.50 

Fe2.43Ni0.21Cr0.36O4 90.96 124.58 

Fe1.44Ni0.45Cr1.11O4 92.76 123.29 

Fe1.50Ni0.90Cr0.60O4 92.11 123.76 

Fe1.53Ni1.02Cr0.45O4 91.94 123.88 

Fe1.80Ni0.69Cr0.51O4 91.10 124.48 

Fe2.07Ni0.39Cr0.54O4 91.07 124.50 

Fe2.22Ni0.42Cr0.36O4 91.15 124.45 

Fe2.25Ni0.21Cr0.54O4 92.56 123.43 

Fe0.96Ni0.93Cr1.11O4 91.21 124.40 

Fe1.86Ni0.15Cr0.99O4 93.14 123.01 

Fe1.62Ni0.33Cr1.05O4 93.66 122.63 

Fe1.44Ni0.30Cr1.29O4 93.79 122.53 

Fe1.20Ni0.24Cr1.56O4 93.07 123.06 
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The quaternary diagrams of these three angles are shown in Figure 6.21. It can be 

observed that the addition of chromium results in a decrease in both θ1 and θ5, 

while θ3 has an inverse trend, increasing with the addition of chromium.  

 
Figure 6.21: Various angles presented in the quaternary diagram. θ1 (a), 

θ3 (b), and θ5 (c) correspond to the angle between Oh and Td sites, Oh 

and Oh sites and Td and Td sites, respectively. 

6.3.2 Link between magnetic properties and calculated angles 

The MS parameters obtained at T = 300 K (see chapter 4) are presented as a 

function of the various theta angles and the anion parameter (from revised 

model), in Figure 6.22. 

The optimal magnetic properties are achieved when uavg is approximately 0.375, 

which represents the ideal value. The aforementioned ideal value of the anion 

parameter thus implies ideal values of 126° for θ1 and 90° for θ3. It is evident that 

the ideal values are not reached. Nevertheless, the highest magnetic properties 

are obtained when the various angles move to the ideal value. The asymptotes 

for θ1, and θ3 are 124.5°, 91°, respectively. Similar variations are observed at lower 

temperatures. 
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Figure 6.22: MS variations at  T = 300 K as a function of uavg (a), θ1 (b), 

θ3 (c), and θ5 (d).  

Figure 6.23 shows the variations of MR and HC as a function of the uavg. Similarly 

to variations observed in MS, the highest magnetic properties are obtained for 

uavg approaching 0.375.  

 
Figure 6.23: MR (a) and HC (b) variations at 300 K as a function of uavg. 
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Two regions concerning these magnetic evolutions can be defined. The first 

region is the region where MS is below 200 kA.m-1 (MR below 20 kA.m-1 and HC 

below 80 Oe, horizontal line). The subsequent region is the vertical line, where 

uavg < 0.378 (θ1 > 124°, θ3 < 91.5°, and θ5 > 77°). The separation in two zones is 

indicated in Figure 6.24.  

 
Figure 6.24: Separation in two zone of magnetic properties variations.  

6.3.3 Magnetic properties variation for chromium enriched samples 

All the samples in this region present a chromium content (γ) superior to 0.60. 

The different magnetic parameters as a function of the chromium content are 

presented in Figure 6.25 (a), (b) and (c), while the MR variation as a function of 

nickel content (β) is presented in (d). The best correlations are obtained for HC 

and MS values in function of the chromium content, while the best relationship is 

obtained for MR in function of the Ni content. MS is decreasing with the increasing 

chromium content, while HC exhibits an inverse trend. MR displays no correlation 

with the chromium content (c), but exhibits a slight decrease with nickel 

stoichiometry. One of the explanation of the lowered magnetic properties with 

the addition of chromium is the distortion in the anion parameter induced by the 

chromium cations.  
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Figure 6.25: Variations of MS (a) and HC (b) as a function of the 

chromium content and variations of MR (c) and (d) as a function of the 

chromium and nickel content respectively.  

6.3.4 Magnetic properties variation for low chromium content sample 

The second region exhibits two different behaviors, in function of the chromium 

content. The first behavior is represented with blue crosses and is composed of 

samples with γ < 0.45. The second behavior is composed of samples with 0.45 < 

γ < 0.60. The variations of the magnetic properties as a function of the relevant 

parameters is presented in Figure 6.26. The MS and MR properties are influenced 

by the occupancy of 𝐹𝑒𝑂ℎ
2+. Additionally, the sample possessing the lowest MR and 

MS (at 𝐹𝑒𝑂ℎ
2+ = 0.40) exhibits some Fe2+ in Td site, whereas all the other blue sample 

exhibit a 𝐹𝑒𝑇𝑑
3+ of 1.0.  

In regard of HC, the variations are not evident and the separation in two regions 

is not clear for this parameter.  
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Figure 6.26: Variations of MS (a), MR (b), and HC (c) as a function of the 

𝐹𝑒𝑂ℎ
2+ content. 

6.3.5 Conclusions on the relation between fine structure and magnetic 

properties 

The requisite angles for super-exchange interactions have been calculated on the 

basis of the fine structure and the experimental lattice parameter. The magnetic 

parameters exhibit a two-regions variation with the angles. We deduce that the 

geometry is one of the factors in the degradation of magnetic properties with the 

increase in chromium content.  

The initial region is defined by values of u greater than 0.378, which corresponds 

to a chromium content exceeding 0.60. In this region, the magnetic properties are 

influenced by the chromium content for MS and HC and by the nickel content for 

MR.  

The second region exhibits two distinct behaviors. The first behavior is observed 

for samples with chromium contents below 0.45, with the magnetic properties 

being highly influenced by 𝐹𝑒𝑂ℎ
2+ occupancy for MS and MR. The second region is 

composed of samples presenting between 0.45 and 0.60 chromium content, and 

the magnetic properties are also significantly influenced by 𝐹𝑒𝑂ℎ
2+ occupancy, 

however in an inverse trend. The HC value does not exhibit a notable variation in 

response to any of the different parameters within this region.
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This PhD thesis was divided in two 

distinct parts. The first part is the 

study of the magnetic domain walls 

in an antiferromagnetic model 

compound: NiO. In the second part, 

a thorough study of the structural 

and magnetic properties of epitaxial 

FeαNiβCrγO4 thin films was performed 

in correlation with the fine structure 

(i.e. cationic distribution) and the 

lattice parameter. This last chapter 

briefly summarizes the mains results 

of each chapter and discusses the 

perspectives of this work.   
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This thesis is comprised of two distinct parts, each employing a unique 

methodology. This section presents an overview of each part, followed by an 

examination of the insights and implications deduced from this research.  

The initial section of this thesis (Chapter 2) was dedicated to the examination of 

magnetic Domain Walls (DWs) in the NiO antiferromagnetic (AFM) oxide by using 

atomic spin dynamics.  

NiO was selected as it represents one corner of the Fe-Cr-Ni-O quaternary phase 

diagram explored in this thesis. In order to simulate the complex magnetic 

structure of domains, two uniaxial anisotropy constants were introduced, which 

allowed for the simulation of both the called “T” and “S” magnetic domains. The 

second decision was to use high values for these anisotropy constants, in order 

to simulate DWs in reasonable simulation cell. Once the methodology described, 

the S and T DWs were simulated.  

The 60° and 120° S DWs were successfully simulated, whereas the 180° S DW, was 

only obtained through parasitic interferences. At the atomic scale, the structure 

reveals a 60° or 120° rotation of the AFM vector. The physical properties of these 

S DWs with pseudo XMLD-PEEM and NVM is obtained. The pseudo XMLD-PEEM 

displays a symmetrical behavior from the two sides of the DW, whereas NVM 

image exhibits variations in the components of the signal, while the norm remains 

constant through the DW.  

The T DWs exhibit a more complex behavior. The width of the DW is the result of 

two distinct contributions. The first part is a rotation of the AFM vector, which 

passes through the common direction at the two T planes. The most intriguing 

part concerns the splitting zone. This zone is a consequence of the AFM nature 

of NiO. The atomic spins maintains their AFM alignment between T planes, while 

breaking their FM alignment in each T-plane in order to move from one T plane 

to the other. This splitting zone is geometrically mandatory. The widths observed 

in XMLD-PEEM exhibit an asymmetrical behavior, which can be attributed to the 

presence of the splitting zone. The higher the rotation to reach the two S 

directions, the higher the width.  

The identified mechanism between width and rotations provides a relevant 

criterion to distinguish between T DWs. This allows the four DWs of each T(100) 

and T(110) walls, which are independent by symmetry, to be separated into a singlet 

and a triplet. The separation into singlet/triplet was not performed in experiments 

by Arai et al.1 for their estimations of widths. The calculations, conducted with 

varying Ku
T, from J2 to 1/10 J2, indicate a linear dependency between the DW width 

and the square of 1/Ku
T.  
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The fitting of the spinglet and triplet identified allows for the estimation of the 

experimental width, with a distinction made in the distribution of the DW widths 

measured by Arai et al.1.  

The study of NVM signal reveals a strong signal of approximately 20 μT. This 

signal is exclusively observed when the T side is aligned in FM formation. The 

signal diminishes rapidly to zero following the passage of the domain wall.  

Some perspectives, opened by this work, can be discussed. A custom version of 

the Vampire simulation code2–4 was used to study the AFM NiO with two 

anisotropy constants. In the same manner, other AFM systems have two 

anisotropy constants such as CoO or MnO. These systems are interesting for 

spintronics applications even if their Néel temperature (TN) is below 300 K. 

Another AFM system potentially interesting for spintronic is Cr2O3. Different 

teams have tried to increase the TN by strain engineering5. The Vampire code 

could be used to study the internal AFM structure and the different parameter 

influencing the DW width in these systems. A complex structure observed in NiO 

can be simulated such a crossing between a T(100) and a T(110) wall. On others 

codes, the addition of spin dynamic with atomic dynamic in the LAMMPS code 

for example can open the possibility to simulate the formation of DWs l, for 

example from an oxidation of a Ni alloy.  

The second part of this thesis was devoted to the crystalline growth and the 

relations between the fine structure and the structural or magnetic properties of 

thin films in the Fe-Ni-Cr-O quaternary phase diagram.  

In Chapter 4, we have first shown that it is possible to grow epitaxial FeαNiβCrγO4 

(111) thin films on α-Al2O3 (0001) for different (α, β, γ) compositions. For a high 

chromium content (γ), the use of a spinel-type substrate: MgAl2O4 ((001) or (111) 

orientations) has been necessary for elaborating spinel oxides. The α, β or γ 

content has been precisely controlled by using individual effusion cells in an 

oxygen-assisted molecular beam epitaxy (OA-MBE) setup. The high energy 

electron diffraction (RHEED) images recorded in real-time have shown a good 

epitaxy of the oxide layers with a 2D growth mode and low roughnesses, as 

confirmed by the X-ray reflectivity analysis. The chemical composition of each 

sample has been carefully probed by using X-ray photoemission spectroscopy 

(XPS). The center and bottom of the spinel zone in the Fe-Ni-Cr-O quaternary 

diagram has been explored, while the top left (zone around NiCr2O4, with different 

iron content) and top right corner (zone around NiFe2O4 with different chromium 

content) more difficult to investigate. A thorough structural analysis by X-ray 

diffraction (XRD) allowed to put on view the high crystalline quality of the layers 

and to determine the epitaxial relationships according to the selected substrates 

and the lattice parameter as a function of the stoichiometry.  
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In Chapter 5, the cationic site distribution in the different FeαNiβCrγO4 samples 

has been investigated using two synchrotron-based techniques: X-ray magnetic 

circular dichroism (XMCD) and Resonant X-ray diffraction (RXD). In XMCD, the fit 

of each cation (Fe, Ni, Cr) L3 edge has been successfully performed by using 

theoretical contributions of each cation. The chromium is solely Cr3+ in Oh sites. 

The nickel has the Ni2+ valence state and localized in Oh sites, even if for two 

samples, the presence of Ni2+ in Td sites can be observed without a clear 

explanation. By developing RXD experiments (on Ni and Fe K edges), the careful 

study of several diffraction peaks allowed us to probe again the cationic site 

distribution. The simulations of RXD spectra with FDMNES has been performed. 

The experimental curves and the calculated ones are in good agreement. The 

hypothesized cationic distribution in FDMNES is therefore correct. It signifies that 

no Ni2+ in Td sites is observed in the three RXD samples, and that the ratio of iron 

in Oh and in Td sites is correct. Additionally, these two techniques are in good 

agreement with each other.   

In Chapter 6, the cationic site distributions obtained previously have been used 

in a model, linking the fine structure and the experimental lattice parameter. This 

allows us to calculate the anion parameter and the theoretical lattice parameter. 

From these two values, it is also possible to calculate the different angles between 

the cationic sites within the spinel structure. With this model and the knowledge 

of the experimental lattice parameter, a first approximation of the cationic 

distribution can be established. The lattice parameter and the fine structure have 

been studied in two different cases: isoconcentration of chromium and nickel. The 

isoconcentrations in iron have too few samples to draw some tendencies. The 

isoconcentration in nickel revealed interesting mechanisms. Indeed, at β= 0, three 

regions (boundaries at 0.5 and 1.0) have been identified. Increasing β resulted in 

the progressive merging of the region II with the region I for β = 0.25 and β = 

0.40. At β= 1, the region II has disappeared and only two regions have been 

observed. Concerning the chromium isolines, at γ = 0, the lattice parameter 

exhibited two regions (increase followed by a decrease) with a boundary at β = 

0.4. The same trend has been observed for γ = 0.5, whereas at γ = 1.04, two 

regions of nearly identical lattice parameter are separated by a drop in lattice 

parameter, passing from region I to region II. Concerning the magnetic properties, 

two regions were observed. The samples having an oxygen localization 

parameter, u, close to the ideal value of 0.375 exhibited the highest magnetic 

properties. This ideal u value is linked with the different angles associated to the 

super-exchange interactions. By decreasing the u value, the magnetic exchange 

interaction is decreasing. The samples with a high chromium content (γ > 0.60) 

showed poor magnetic properties due to the differences between the 

experimental angles and the ideal theoretical values. The MS and HC parameters 

are related to the chromium content while the MR parameter seems to be link 
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with the nickel content. In the samples having the best magnetic properties (i.e. 

for γ < 0.60), a correlation with 𝐹𝑒𝑂ℎ
2+ has been identified for MS and MR. The HC 

parameter did not show a clear correlation with 𝐹𝑒𝑂ℎ
2+.  

In conclusion, some comments and perspectives on this work can be discussed. 

For the FeαNiβCrγO4 thin films growth, one zone has not yet been explored 

(NiCr2O4 samples with low iron content). The selection of a spinel-type substrate 

(MgAl2O4 with (001) or (111) orientations) has been a good decision for the 

elaboration of the NiCr2O4 stoichiometry, with the spinel structure. The XPS 

spectra should be more exploited. In particular, the Ni 2p spectra present a 

different curve shape compared to the reference NiFe2O4 for several samples, with 

some spectra exhibiting a mix between Ni2+ in Oh sites and Ni2+ in Td sites. 

Concerning the Fe 2p spectra, the utilization of XMCD to obtain the cationic 

distribution can serve as a reference in the fitting of the XPS spectra, with 

contributions coming from the four iron species. The final objective of this kind 

of study is to obtain the cationic distribution with only the XPS spectra, thus 

elimination the need to perform XMCD experiments.   

The XMCD L edges analysis can be completed with the implementation of 

‘constraint fit’, which has been developed. This allows the study of the cationic 

environment of iron cations and its eventual deformation related to the substrate. 

It will necessitate the development  of new parameters such as Dσ and Dτ in C3v 

geometry for example. The study of the crystal field environment can be 

confirmed with the measure of in-plane and out-of-plane lattice parameters 

obtained in XRD. The chromium L2,3 edges spectra were also roughly  adjusted. A 

more precise analysis should help to better understand the Oh environment of 

this cation. This can be used in the better assessment of the cationic environment 

of the iron species.   

The RXD experiments can be further detailed with complementary studies. It will 

be interesting to study the Ni K edge for peaks exhibiting solely a Td contribution 

such as the (220) diffraction peak for samples exhibiting Ni2+ in Td sites 

contribution in XMCD experiment. This approach will enable a clear distinction to 

be made between measure artefacts and the actual Ni2+ contribution in Td sites.  

Another experiment to perform on FeαNiβCrγO4 thin films, specifically in the 

corrosion field, concerns the electrical resistivity measurement. One of the key 

parameter controlling the corrosion is the electrical conductivity of the 

intermediate layer between the alloy and the corroding environment. To assess 

these values, resistivity measurements as a function of the temperature, magnetic 

field, should be performed in the future. The understanding of the resistivity 

behavior and its correlation with the fine structure could be used later in 
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theoretical models. Magnetic fields favor the magnetic order within the crystal, 

which is in turn linked to the crystalline structure (phenomenon of 

magnetostriction in NiO, intrication of crystallographic and magnetic low-

temperature transitions in FeCr2O4). In these stoichiometries, the magnetic field 

should not be disregarded.  

In the spintronics context, this work should allow to better understand the 

magnetic properties of FeαNiβCrγO4 thin films by carefully selecting the 

stoichiometries in nickel and chromium.  

Spinel oxides containing Fe, Ni and Cr cations have also other potential 

applications in biomedical, catalyzer for organic synthesis, geology among other 

fields. In these different research fields, a comprehensive study from a 

microscopic to a macroscopic point of view is fundamental. For example, the 

addition of Mn in Fe3O4 nanoparticles results in greater rate of catalytic reduction 

of nitroarenes compounds6. We hope that this work will help other research fields. 
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