
HAL Id: tel-03209643
https://theses.hal.science/tel-03209643

Submitted on 27 Apr 2021

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.

Synthesis of iron oxide nanoparticles and development of
magnetic coatings by fluid processing

Marie Darcheville

To cite this version:
Marie Darcheville. Synthesis of iron oxide nanoparticles and development of magnetic coatings by
fluid processing. Material chemistry. Université Paris-Saclay, 2021. English. �NNT : 2021UPASP005�.
�tel-03209643�

https://theses.hal.science/tel-03209643
https://hal.archives-ouvertes.fr


 
 

Synthesis of iron oxide 

nanoparticles and development of 

magnetic coatings by fluid 

processing 

Thèse de doctorat de l'université Paris-Saclay 
 

École doctorale n°564 : physique de l'Ile-de-France (PIF) 

Spécialité de doctorat: Physique 

Unité de recherche : Université Paris-Saclay, CNRS, Laboratoire de Physique des 

Solides, 91405, Orsay, France  

Référent : Faculté des sciences d’Orsay  
 

Thèse présentée et soutenue à Orsay, le 29 janvier 2021, 

par 

 

 Marie DARCHEVILLE 

 
Composition du Jury 
 

  

Sylvie BEGIN-COLIN 

Professeur, IPCMS, Strasbourg 
 Présidente 

Michael FARLE 

Professeur, Université Duisburg-Essen, Allemagne 
 Rapporteur & Examinatrice 

Lise-Marie LACROIX 

Maitre de conférences, HDR, LPCNO Toulouse 
 Rapporteur & Examinateur 

Grégoire de LOUBENS 

Cadre scientifique des EPIC, CEA Paris-Saclay 
 Examinateur 

   

   

André THIAVILLE 

Directeur de recherche, LPS Orsay, Université Paris 

Saclay 

 Directeur de thèse 

Clément SANCHEZ 

Directeur de recherche, UPMC Paris 
 Co-directeur de thèse 

Anne-Lise ADENOT-ENGELVIN 

Ingénieur, CEA Le Ripault 
 Co-encadrante de thèse 

Nicolas VUKADINOVIC 

Ingénieur, Dassault-Aviation 
 Invité 

T
h

è
se

 d
e
 d

o
ct

o
ra

t 

N
N

T
 :
 2

0
2
1
U

P
A

S
P

0
0
5
 



 

 
 

  



 

 
 

Ici mon chemin sera long et rempli d’obstacles, mais jamais rien ne pourra égaler 

mon envie de réussir.



 

 
 

  



 

 
 

REMERCIEMENTS ............................................................................................................................................. 1 

RESUME LONG ................................................................................................................................................. 3 

INTRODUCTION ................................................................................................................................................ 9 

CHAPTER I. ELABORATION OF IRON OXIDE SPINEL NANOPARTICLES ..................................................................................... 15 
I. The iron oxide spinel system .................................................................................................................... 15 

I.1. Magnetite and maghemite ........................................................................................................................... 15 
I.1.1. Crystal structure ........................................................................................................................................... 15 
I.1.2. Magnetism basics ......................................................................................................................................... 17 

I.1.2.A. Magnetism at the macroscopic scale ................................................................................................... 17 
I.1.2.B. Magnetic domains ................................................................................................................................ 19 
I.1.2.C. Magnetic anisotropy ............................................................................................................................. 21 

I.1.2.C.a. Magnetocrystalline anisotropy ...................................................................................................... 21 
I.1.2.C.b. Shape anisotropy ........................................................................................................................... 21 
I.1.2.C.c. Surface anisotropy ......................................................................................................................... 22 
I.1.2.C.d. Effective anisotropy constant ........................................................................................................ 23 

I.1.2.D. Dynamic permeability of magnetic materials ....................................................................................... 23 
I.1.2.E. Magnetism at the atomic scale and the molecular field theory ........................................................... 25 

I.1.3. Iron oxide spinels magnetic and electronic properties ................................................................................. 27 
I.1.3.A. Magnetic order ..................................................................................................................................... 27 
I.1.3.B. Electronic properties ............................................................................................................................ 29 

I.2. Choice of the iron oxide spinel composition ................................................................................................. 30 
I.2.1. Effect of Zn doping on structural properties ................................................................................................. 30 
I.2.2. Physical properties ........................................................................................................................................ 31 

I.2.2.A. Magnetic properties ............................................................................................................................. 31 
I.2.2.B. The influence of the spinel inversion degree ........................................................................................ 33 
I.2.2.C. Electronic properties ............................................................................................................................ 34 

I.2.3. The selected iron oxide spinel composition .................................................................................................. 35 
I.3. Particle size effect on the magnetic properties ............................................................................................ 35 

I.3.1. Superparamagnetism, transition single/multi domains................................................................................ 35 
I.3.2. Shape effect .................................................................................................................................................. 36 

I.4. Conclusion .................................................................................................................................................... 38 
II. Different elaboration methods: state of the art ................................................................................... 39 

II.1. Different elaboration routes ......................................................................................................................... 39 
II.1.1. Coprecipitation ............................................................................................................................................. 40 
II.1.2. Hydrothermal/solvothermal synthesis ......................................................................................................... 40 
II.1.3. Polyol synthesis ............................................................................................................................................ 41 
II.1.4. Microemulsion .............................................................................................................................................. 41 
II.1.5. Sol-gel process .............................................................................................................................................. 42 
II.1.6. A non-hydrolytic route: the  thermal decomposition ................................................................................... 43 
II.1.7. Conclusion .................................................................................................................................................... 44 

II.2. The thermal decomposition method and heating processes ....................................................................... 45 
II.2.1. Thermal decomposition mechanisms ........................................................................................................... 45 

II.2.1.A. Synthesis mechanisms ......................................................................................................................... 45 
II.2.1.B. Control of the nanoparticle size, shape and composition ................................................................... 46 

II.2.2. Comparison between conventional and microwave heating ....................................................................... 51 
II.2.2.A. General overview ................................................................................................................................ 51 
II.2.2.B. Microwave heating for the elaboration of iron oxide spinel nanoparticles ......................................... 54 

II.3. Conclusion .................................................................................................................................................... 55 
III. Zn0.4Fe2.6O4 synthesis by thermal decomposition ................................................................................. 56 

III.1. Comparison of two heating routes ............................................................................................................... 56 
III.1.1. Classical thermal decomposition .................................................................................................................. 56 

III.1.1.A. Experimental protocol ........................................................................................................................ 56 
III.1.1.B. Effect of synthesis parameters… ......................................................................................................... 57 

III.1.1.B.a. … on the particle size ................................................................................................................... 57 
III.1.1.B.b. … on the particle shape ............................................................................................................... 59 
III.1.1.B.c. Discussion .................................................................................................................................... 60 



 

 
 

III.1.2. Microwave-assisted thermal decomposition ................................................................................................ 62 
III.1.3. Discussion ..................................................................................................................................................... 63 

III.1.3.A. Choice of solvents ............................................................................................................................... 63 
III.1.3.B. Characterization of the morphology and size of Zn0.4Fe2.6O4 nanoparticles ....................................... 64 
III.1.3.C. Theoretical and experimental chemical compositions ....................................................................... 72 
III.1.3.D. Conclusion .......................................................................................................................................... 73 

III.2. Parametric study of the microwave-assisted thermal decomposition ......................................................... 74 
III.2.1. Choice of the zinc precursor ......................................................................................................................... 74 
III.2.2. Influence of solvents ..................................................................................................................................... 77 

III.2.2.A. Addition of ethylene glycol (EG) ......................................................................................................... 77 
III.2.2.B. Influence of the molecular weight of the solvent ............................................................................... 79 

III.2.2.B.a. An invisible solvent: the TREG ..................................................................................................... 80 
III.2.2.B.b. Influence of PEG 6000, alone ....................................................................................................... 81 
III.2.2.B.c. Influence of a mixture of EG and PEG .......................................................................................... 82 

III.2.2.C. Conclusion .......................................................................................................................................... 84 
III.2.3. Influence of the thermic cycle ...................................................................................................................... 85 
III.2.4. Influence of surfactants ................................................................................................................................ 87 
III.2.5. Conclusion .................................................................................................................................................... 92 
III.2.6. Microstructural characterizations ................................................................................................................. 93 

III.2.6.A. Infrared spectroscopy ......................................................................................................................... 93 
III.2.6.B. Characterization of the inversion degree in the spinel structure ....................................................... 95 

III.2.6.B.a. X-ray diffraction analysis .............................................................................................................. 96 
III.2.6.B.b. Microstructural observations ...................................................................................................... 99 
III.2.6.B.c. Mössbauer spectroscopy ........................................................................................................... 102 

III.2.7. Chemical characterizations ......................................................................................................................... 106 
III.2.7.A. At the global scale ............................................................................................................................ 106 
III.2.7.B. At the local scale ............................................................................................................................... 107 

III.3. Conclusion and prospects ........................................................................................................................... 110 
CHAPTER II. DEVELOPMENT OF MAGNETIC COATINGS BY AIRBRUSHING .............................................................................125 

I. Introduction ...........................................................................................................................................125 
II. Formulation of a dispersion ................................................................................................................126 

II.1. Particle interactions .................................................................................................................................... 126 
II.1.1. Van der Waals interactions ......................................................................................................................... 126 
II.1.2. Electrostatic interactions ............................................................................................................................ 127 

II.1.2.A. Zeta potential measurement ............................................................................................................. 128 
II.1.2.B. DLVO theory ...................................................................................................................................... 130 

II.1.3. Magnetic interactions ................................................................................................................................. 131 
II.1.4. Steric interactions ....................................................................................................................................... 132 
II.1.5. Mechanisms of stabilization ....................................................................................................................... 132 

II.1.5.A. General concepts ............................................................................................................................... 132 
II.1.5.B. State of the art on dispersion of ferrite nanoparticles ...................................................................... 135 

II.2. Study of the nanoparticle cleaning steps .................................................................................................... 138 
II.2.1. Centrifugation sequences ........................................................................................................................... 138 
II.2.2. Alternatives ................................................................................................................................................. 141 

II.2.2.A. Simple cleaning process by reflux method ........................................................................................ 141 
II.2.2.B. Esterification ...................................................................................................................................... 142 
II.2.2.C. Soxhlet method.................................................................................................................................. 145 

II.2.3. Conclusion .................................................................................................................................................. 147 
II.3. Dispersion strategies .................................................................................................................................. 147 

II.3.1. Dispersion in polar media ........................................................................................................................... 147 
II.3.1.A. Disperbyk 180 .................................................................................................................................... 147 
II.3.1.B. TMAOH .............................................................................................................................................. 149 
II.3.1.C. An overview ....................................................................................................................................... 152 

II.3.2. Dispersion in organic solvents .................................................................................................................... 153 
II.3.2.A. Method of dispersion ........................................................................................................................ 153 
II.3.2.B. Influence of the number of cleanings ................................................................................................ 155 

II.3.3. Transfer in aqueous media ......................................................................................................................... 158 
II.4. Conclusion .................................................................................................................................................. 161 



 

 
 

III. Elaboration of coatings by airbrushing ..............................................................................................163 
III.1. The airbrushing process .............................................................................................................................. 163 
III.2. Thermal treatment of coatings ................................................................................................................... 164 

III.2.1. State of the art: thermal treatment of iron oxide spinel coatings .............................................................. 164 
III.2.2. Choice of the annealing atmosphere .......................................................................................................... 167 
III.2.3. Study of the thermal decomposition of surfactants and nanoparticles ..................................................... 168 

III.2.3.A. Decomposition of OAm and OA ........................................................................................................ 168 
III.2.3.B. Decomposition of SP(F)M and FM .................................................................................................... 169 
III.2.3.C. Composition of the organic shell around particles ........................................................................... 171 
III.2.3.D. Estimation of the thickness of the organic shell around particles .................................................... 174 

III.2.4. Optimization of the debinding .................................................................................................................... 175 
III.2.4.A. Experimental protocol ...................................................................................................................... 176 
III.2.4.B. Influence of the debinding on the surface condition and chemical composition of coatings .......... 177 

III.2.5. Study of sintering ........................................................................................................................................ 179 
III.2.5.A. Temperature of sintering .................................................................................................................. 179 
III.2.5.B. Influence of the sintering on the surface condition and density of coatings .................................... 181 
III.2.5.C. Alternatives to enhance the coating density .................................................................................... 184 
III.2.5.D. Influence of the annealing on the coating microstructure ............................................................... 193 

III.3. Feasibility of patterned films ...................................................................................................................... 197 
III.4. Conclusion .................................................................................................................................................. 199 

CHAPTER III. PROCESS TRANSFER FOR THE ELABORATION OF FILMS BY INKJET PRINTING .......................................................207 
I. Introduction ...........................................................................................................................................207 
II. Formulation of an ink .........................................................................................................................208 

II.1. Compatibility with the inkjet printer .......................................................................................................... 208 
II.1.1. The process of inkjet printing ..................................................................................................................... 208 
II.1.2. Requirements for inks ................................................................................................................................. 209 

II.2. Development of hexane-based inks with Zn0.4Fe2.6O4 nanoparticles .......................................................... 210 
II.2.1. Polymers and solvents-based formulations ................................................................................................ 211 

II.2.1.A. Choice of formulations ...................................................................................................................... 211 
II.2.1.B. Approach for developing a formulation............................................................................................. 212 

II.2.2. Comparison between polymers and solvents-based formulations ............................................................ 214 
II.2.3. Rheological behavior of PF and SF formulations with nanoparticles .......................................................... 216 

II.3. Conclusion .................................................................................................................................................. 219 
III. Printing ...............................................................................................................................................221 

III.1. The inkjet printer and printing parameters ................................................................................................ 221 
III.1.1. Working principle........................................................................................................................................ 221 
III.1.2. Operating protocol ..................................................................................................................................... 222 
III.1.3. Printing parameters .................................................................................................................................... 226 

III.2. Zn0.4Fe2.6O4 patterned coatings .................................................................................................................. 227 
III.2.1. Effect of the ink formulation on the ejection ............................................................................................. 228 
III.2.2. Effect of the ink formulation on coatings ................................................................................................... 229 

III.2.2.A. PF formulation .................................................................................................................................. 229 
III.2.2.A.a. Splat ........................................................................................................................................... 229 
III.2.2.A.b. Patterns ..................................................................................................................................... 230 

III.2.2.B. SF formulation .................................................................................................................................. 233 
III.2.2.B.a. Drying of splats .......................................................................................................................... 233 
III.2.2.B.b. Patterns ..................................................................................................................................... 236 

III.2.2.C. Conclusion ........................................................................................................................................ 238 
III.2.3. Printing with 8 wt% of SP(F)M particles ...................................................................................................... 239 

III.3. Conclusion .................................................................................................................................................. 241 
CHAPTER IV. MAGNETIC CHARACTERIZATIONS AT DIFFERENT SCALES ................................................................................248 

I. Introduction ...........................................................................................................................................248 
II. Static magnetic characterizations ......................................................................................................249 

II.1. Experimental techniques ............................................................................................................................ 249 
II.2. Static magnetic properties of nanoparticles ............................................................................................... 250 

II.2.1. FM and SP(F)M particles ............................................................................................................................. 250 
II.2.2. Comparison with the literature .................................................................................................................. 254 
II.2.3. Effect of the inversion degree in the spinel structure ................................................................................ 257 



 

 
 

II.2.4. Effect of the thermal treatment ................................................................................................................. 258 
II.2.5. Molecular fields models applied to Zn substituted magnetite ................................................................... 261 

II.2.5.A. Choice of a molecular field model ..................................................................................................... 261 
II.2.5.A.a. The Néel model ........................................................................................................................... 261 
II.2.5.A.b. The random localized canting model of Bercoff ......................................................................... 262 
II.2.5.A.c. The generalized Dionne model of superexchange dilution ......................................................... 264 
II.2.5.A.d. Comparison of these molecular fields models ........................................................................... 266 

II.2.5.B. Modeling the magnetic moment of Zn substituted maghemite with the help of the Bercoff molecular 

field data.. ........................................................................................................................................................... 266 
II.2.5.B.a. Ni(1-z)ZnzFe2O4 ferrites ................................................................................................................. 266 
II.2.5.B.b. Application to Zn substituted magnetite .................................................................................... 268 
II.2.5.B.c. Extension to Zn fraction in both tetrahedral and octahedral sites.............................................. 270 
II.2.5.B.d. From magnetite to maghemite magnetic moment .................................................................... 272 
II.2.5.B.e. Interpretation of measured magnetic moments of SP(F)M and  FM nanoparticles ................... 274 

II.2.6. Conclusion .................................................................................................................................................. 279 
II.3. Static magnetic properties of continuous coatings..................................................................................... 281 

II.3.1. Influence of the number of particle cleanings ............................................................................................ 281 
II.3.2. Effect of the thermal treatment ................................................................................................................. 282 
II.3.3. Conclusion .................................................................................................................................................. 286 

III. Dynamic magnetic and dielectric characterizations ...........................................................................287 
III.1. Experimental techniques ............................................................................................................................ 287 
III.2. At the nanoparticle scale ............................................................................................................................ 288 

III.2.1. At room temperature ................................................................................................................................. 288 
III.2.1.A. Permittivity measurements .............................................................................................................. 288 
III.2.1.B. Permeability measurements ............................................................................................................. 289 

III.2.1.B.a. Different compositions .............................................................................................................. 290 
III.2.1.B.b. FM and SP(F)M particles ............................................................................................................ 292 

III.2.1.C. Conclusion ........................................................................................................................................ 293 
III.2.2. Study of the permeability at various temperatures .................................................................................... 293 

III.2.2.A. FM particles ...................................................................................................................................... 294 
III.2.2.B. SP(F)M particles ................................................................................................................................ 294 

III.2.3. Interpretation through a dynamic susceptibility model ............................................................................. 296 
III.2.3.A. Value of the anisotropy constant K .................................................................................................. 297 
III.2.3.B. Influence of σ: the ratio between the magnetic anisotropy energy and the thermal energy .......... 301 
III.2.3.C. Influence of the damping parameter α ............................................................................................. 302 
III.2.3.D. Effect of the size distribution ........................................................................................................... 303 
III.2.3.E. Effect of the anisotropy constant K and the saturation magnetization MS ....................................... 306 

III.2.3.E.a. K and MS independent of the temperature................................................................................ 306 
III.2.3.E.b. Temperature dependence of K and MS ...................................................................................... 307 

III.2.3.F. Conclusion ......................................................................................................................................... 309 
III.3. Continuous coatings ................................................................................................................................... 309 

IV. Conclusion ..........................................................................................................................................311 

GENERAL CONCLUSION ................................................................................................................................ 320 

TABLE OF FIGURES ........................................................................................................................................ 325 

  



 

 
 

 



 

1/334 
 

Remerciements 

Je tiens tout d’abord à remercier Lise-Marie Lacroix et Michael Farle de l’honneur qu’ils 

m’ont fait en acceptant de rapporter ce travail de thèse. Je remercie également Sylvie Bégin, 

Grégoire de Loubens et Nicolas Vukadinovic d’avoir bien voulu faire partie de ce jury de thèse. 

  

J’adresse mes remerciements à mes deux Directeurs de thèse, André Thiaville et Clément 

Sanchez. Merci pour tous les conseils donnés au fil de ces trois années. Vos expertises dans vos 

domaines respectifs ont été très complémentaires et m’ont apporté beaucoup. 

 

Je remercie la Direction du CEA Le Ripault de m’avoir accueilli au sein de ses unités 

pendant ces trois années de thèse. 

 

Mes remerciements vont également au chef de laboratoire, ainsi qu’au chef de service qui 

m’ont accueilli à l’échelle du laboratoire et du service. 

 

Je tiens tout particulièrement à exprimer ma reconnaissance à Anne-Lise Adenot-Engelvin, 

qui a encadré mes travaux de thèse. Merci pour ton implication et ton soutien sans faille pendant 

ces trois ans. Je tiens aussi à remercier Christophe Boscher pour toute l’aide apportée sur le 

terrain. Tu as toujours été là quand j’en avais besoin. 

 

J’exprime aussi ma gratitude envers Christophe Lefevre, Jean-Marc Grenèche, Jose Maria 

Gonzalez Calbet, et Maria Luisa Ruiz Gonzalez qui ont chacun réalisé des caractérisations 

microstructurales sur mes échantillons. Ces collaborations ont apporté énormément pour la 

compréhension du matériau synthétisé. 

 

Merci aussi à Jean-Louis Longuet, Matthieu Junca, et Thierry Piquerot pour le temps que 

vous m’avez consacré pour me former sur les différents appareils (Microscopie Electronique 

en Transmission, Microscopie à Balayage, Diffraction des Rayons X, four tubulaire sous 

argon). 

 

Enfin, je suis reconnaissante envers toutes les personnes ayant collaboré à mes travaux de 

thèse ainsi qu’à l’ensemble du personnel du laboratoire pour leur accueil, leur aide, leur 

disponibilité et leur sympathie. Une pensée pour toi, Catherine, que j’ai beaucoup sollicité pour 

les démarches administratives. Merci de ta patience.  

 

Merci Karim, Karine et Jean-Hugues pour les mesures hyperfréquences. Ce fut agréable de 

travailler à vos côtés. 

 

Mes profonds remerciements vont à Yves, Charlotte, Luc, Sébastien, Frédéric, Joffrey, 

Michaël, Olivier, Hervé et Jean-Luc. Vous avez illuminé ces trois années. Merci pour votre 

soutien, votre dynamisme, vos conseils, pour tous ces moments passés à vos côtés, 



 

2/334 
 

professionnellement, sportivement et personnellement. C’est une réelle chance que de vous 

avoir rencontré et je la mesure. 

 

Un grand merci aux stagiaires qui m’ont aidé à achever mes travaux : Tom Rapeau, Tom 

Rautureau et Julie. Grâce à vous j’ai pu me centrer pleinement sur la rédaction du manuscrit 

ces derniers mois.  

 

Ces trois ans ont aussi été marqués de belles rencontres : Agathe, Alexis, Amira, Audrey, 

Colin, Geoffroy, Marjorie, Jérémy, Jean-Louis, Julien, Juliette, Louis, Marc, Maxime, Samy, 

Thomas,  Vincent F, Vincent G… Merci à tous pour les bons moments partagés au travail et en 

dehors. Je vous souhaite le meilleur pour la suite et bon courage aux prochains thésards. Je sais 

que vous ferez des choses incroyables. 

 

Mymy, Jérémy, et Alex, merci d’avoir été présents durant cette épreuve. 

 

Enfin, j’adresse mes plus sincères remerciements à ma famille pour son soutien indéfectible 

durant toute ma scolarité. Maman, Papa, Manon, Thibaud, Brieux, j’ai enfin réussi et j’espère 

que vous serez fiers. 

Une reconnaissance toute particulière à toi aussi, Ismaïl. Merci pour ton soutien,  ta patience 

et ton aide dans la gestion du quotidien pendant ces mois de rédaction. 

Une pensée aussi à mon grand-père, décédé en début d’année et qui je pense, aurait été fier.  



 

3/334 
 

Résumé long 

L’objectif de ces travaux de thèse est la réalisation de nouveaux matériaux aux propriétés 

magnétiques parfaitement contrôlées pour des applications électromagnétiques de types 

antennes RFID, stockage de données, transmission de puissance sans fil, absorbants radars… 

Le contrôle des pertes magnétiques de ces matériaux à des fréquences d’intérêt passe par 

l’élaboration de réseaux de micro-motifs d’oxydes magnétiques par voie liquide. Le principe 

repose sur l’élaboration d’une structure organisée en motifs ou domaines magnétiques définie 

par des caractéristiques géométriques (taille des motifs, rapport de forme, distance entre 

motifs). La réponse magnétique en perméabilité de tels matériaux est strictement liée aux 

contributions des domaines et des parois formés, donnant naissance à un matériau dit « multi-

bandes » au regard des pics distincts et séparés observés sur son spectre de perméabilité. 

L’objectif est ainsi de pouvoir piloter les pertes magnétiques d’un matériau via sa structuration 

en motifs et leurs caractéristiques géométriques. 

Deux techniques de réalisation de dépôts structurés à partir d’une dispersion de particules 

magnétiques sont étudiées : en premier lieu le dépôt d’une couche continue à l’aérographe 

nécessitant une gravure laser pour l’obtention des motifs, et dans un second temps le dépôt de 

motifs par impression jet d’encre. Les différentes étapes de mise en œuvre de ces dépôts sont 

résumées dans le schéma ci-dessous : 
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 La famille de matériaux sélectionnée pour la synthèse de nanoparticules est un ferrite 

spinelle de zinc. La composition du matériau est fixée à Zn0.4Fe2.6O4 afin de combiner à la fois 

une aimantation à saturation forte, mais aussi une permittivité diélectrique faible pour permettre 

une bonne pénétration de l’onde électromagnétique dans le dépôt final. Deux gammes de tailles 

de nanoparticules sont principalement visées dans le but d’analyser leur influence sur la 

structure et sur les propriétés magnétiques du dépôt. Ainsi, des nanoparticules 

superparamagnétiques de diamètre inférieur à 20 nm, la limite superparamagnétique, sont 

synthétisées ainsi que des particules de taille supérieure à la limite superparamagnétique 

(diamètre compris entre 20 et 1 µm). 

 

Les nanoparticules sont synthétisées en milieu organique par décomposition thermique. 

Deux alternatives possibles de chauffage pour cette synthèse sont comparées : d’un côté la voie 

classique en chauffage conventionnel en chauffe-ballon, et de l’autre côté la voie micro-ondes. 

La voie conventionnelle permet d’obtenir des nanoparticules avec des morphologies variées 

(cubes, octaèdres) par un ajustement des paramètres de synthèse tels que les rampes de 

température, les durées de palier, les ratios entre précurseurs et surfactants. Néanmoins, cette 

technique de chauffe génère des gradients de température au sein même du mélange réactionnel, 

ce qui induit une grande polydispersité des particules au niveau de la taille et de la morphologie. 

Face à ces difficultés, la voie micro-ondes est plus adaptée puisqu’elle permet un chauffage 

plus homogène et la reproductibilité entre synthèses est améliorée. Cette dernière voie est 

gardée pour la suite de l’étude avec l’élaboration de nanoparticules superparamagnétiques 

(notées SP(F)M) sphériques et uniformes de diamètres de 6.2 ± 1 nm, et ferrimagnétiques 

(notées FM) de diamètres de 22.4 ± 11 nm avec une morphologie atypique de « framboise ». 

En effet, ces structures « framboises » sont des recollements de cristallites plus petites avec une 

continuité entre plans cristallins d’une cristallite à une autre. Ces particules présentent une 

distribution en taille beaucoup plus large que les particules SP(F)M due à leur morphologie 

particulière. 

Une étude paramétrique de la décomposition thermique en voie micro-ondes est effectuée 

afin de déterminer le rôle et l’influence de chacun des réactifs dans la synthèse. Ainsi, deux 

surfactants sont utilisés, l’oleylamine (OAm) et l’acide oléique (OA), avec des rôles bien 

distincts. L’OA favorise la croissance des particules selon un axe préférentiel tandis que l’OAm 

l’inhibe. Il est donc possible de contrôler la morphologie des particules en jouant sur le ratio 

OAm/OA. Des particules sphériques sont obtenues avec un ratio proche de un. L’octadecene 

(ODE) sert à homogénéiser le mélange. L’éthylène glycol (EG) fait croitre les particules dans 

une certaine limite. En effet, au-dessus d’une certaine quantité d’EG, la tendance s’inverse et 

la taille des particules diminue avec la formation d’impuretés. 

La microstructure des particules est caractérisée par spectroscopie infrarouge (FTIR), 

diffraction des rayons X (DRX) affinée avec une analyse Rietveld, microscopie à très haute 

résolution (HAADF-STEM), et spectroscopie Mössbauer. Ces analyses sont réalisées sur les 

particules SP(F)M ainsi que sur deux échantillons de particules FM avec deux taux de zinc 

différents : 0.2, et 0.4. Le recoupement de ces diverses techniques met en évidence une 

oxydation des particules, plus conséquente pour les particules SP(F)M que FM. Par conséquent, 

les particules peuvent être assimilées à des structures de type cœur/coquille avec un cœur 

constitué de ferrite spinelle de zinc et une surface oxydée de maghemite substituée au zinc. 
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Cette hypothèse est nécessaire à la bonne interprétation des propriétés magnétiques des 

particules. De plus, la DRX couplée à la spectroscopie Mössbauer a permis de déceler une 

proportion de zinc sur les sites octaédriques de la maille spinelle, appelée plus communément 

degré d’inversion du spinelle, ce qui impacte aussi les propriétés magnétiques des particules. 

Par ailleurs, la composition chimique des particules est homogène à grande échelle (ICP-

AES), mais aussi localement (SEM-EDX). 

 

Des dispersions stables à partir de ces nanoparticules sont ensuite mises au point : soit par 

formulation dans un solvant organique, soit dans un solvant aqueux. Après synthèse et 

préalablement à la dispersion, les particules passent par un processus de lavage qui vise à 

éliminer les organiques résiduels provenant de la synthèse. En effet, une fois synthétisées, les 

particules sont recouvertes d’une pellicule d’organique en surface due à l’utilisation de 

surfactants organiques (OAm et OA). Une dualité s’inscrit autour de cette couche d’organique. 

En effet, elle se révèle particulièrement utile pour stabiliser les nanoparticules dans un milieu 

adéquat en les empêchant de s’agréger entre elles ou de sédimenter. A l’inverse, cette couche 

étant non magnétique, elle inhibera fortement les propriétés magnétiques des particules et par 

la suite des dépôts. Il est donc nécessaire de trouver un compromis lors des lavages afin de 

réduire cette couche d’organique pour apporter une aimantation suffisante aux particules, mais 

aussi afin de permettre leur dispersion en milieu liquide. Différentes méthodes de lavages sont 

étudiées : les lavages par centrifugation, reflux, estérification, et par montage Soxhlet. Les 

lavages par centrifugation sont retenus par rapport à leur efficacité et rapidité d’exécution. 

Une fois lavées, les particules sont dispersées directement en milieu organique dans 

l’hexane. La dispersion est rendue possible par encombrement stérique grâce aux chaînes 

hydrocarbonées non polaires de l’OA qui ont une bonne affinité avec l’hexane et qui sont 

adsorbées à la surface des particules par l’intermédiaire d’une tête carboxylique. Quant au rôle 

de l’OAm, ce surfactant agit comme une base de Lewis et régule le pH du milieu par absorption 

des protons générés par le greffage de l’OA à la surface de la particule. La surface de la particule 

serait alors uniquement recouverte par les groupements de l’OA et son épaisseur est estimée à 

approximativement une couche de carboxylates. Des dispersions stables sont réalisées avec 8 

%m de particules SP(F)M, et FM, séparément. Un transfert de la dispersion organique en milieu 

aqueux s’est avéré concluant avec les particules SP(F)M par le biais d’un agent de transfert : 

l’oléate de sodium. Néanmoins, la dispersion aqueuse est écartée pour la suite de l’étude, car 

l’agent utilisé pour la dispersion mousse beaucoup, ce qui risque de perturber la mise en œuvre 

des dépôts que ce soit par aérographie ou impression jet d’encre. D’autre part, elle reste difficile 

à adapter sur les plus grosses particules (FM). 

 

Des dépôts continus sont dans un premier temps réalisés par aérographie à partir des 

dispersions de particules SP(F)M et FM dans l’hexane. Cette technique de mise en œuvre repose 

sur la nébulisation d’un liquide à travers une buse sous l’impulsion d’air comprimé. Elle est 

assimilée à du spray. 

Une fois mis en forme, les dépôts sont traités thermiquement sous argon à travers deux 

étapes. Le traitement sous argon se révèle essentiel pour éviter l’oxydation des couches sous 

air. Les dépôts sont d’abord déliantés à 450 °C pour éliminer les organiques résiduels provenant 

de la dispersion des particules dans l’hexane. Puis, ils sont frittés dans un second temps à 770 
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°C, l’objectif étant de diminuer la porosité du matériau final en resserrant les grains après départ 

des organiques au déliantage, et en densifiant la couche. Ce traitement thermique génère 

d’importantes contraintes dans les films déposés. Les dépôts réalisés à partir de particules 

SP(F)M fissurent et se décollent complètement du substrat par endroits dès déliantage, tandis 

que ceux constitués de particules FM fissurent au moment du frittage. Pour comprendre ces 

mécanismes de fissuration, une étude de la dégradation des organiques en température est 

menée par des analyses thermogravimétriques couplées à de la spectrométrie de masse sur les 

particules et par de la DRX en température sur particules et dépôts. 

Ces analyses mettent en évidence un départ des organiques à partir de 300 °C et jusqu’à 600 

°C. Les groupements de l’OAm se dégradent en premier dès 300 °C. L’OA se décompose en 

deux temps avec un départ de sa chaîne hydrocarbonée à 300 °C puis de son groupement 

carboxylique à 350 °C. Le groupement carboxylique est plus difficile à éliminer car il est 

chimiquement adsorbé à la surface de la particule. De plus, la dégradation thermique des résidus 

carbonés à la surface de la particule engendre leur réduction à plus haute température lors du 

frittage. Une phase de wüstite dopée au zinc est déterminée aux rayons X. L’hypothèse de 

particules constituées d’une phase spinelle d’oxyde de fer et de zinc à cœur et d’une couche de 

wüstite de zinc en surface est établie. 

La dégradation progressive des organiques, ainsi que l’apparition de cette phase secondaire 

de wüstite de zinc occasionnent des contraintes dans les dépôts et provoquent donc de la 

fissuration et /ou perte de matière dans certains cas. Différentes stratégies pour réduire ces effets 

de fissuration sont examinées sans qu’aucune n’ait apporté d’amélioration.  

Le meilleur dépôt fritté avec des particules FM présente un taux de porosité de 50 %. 

Néanmoins, un test de faisabilité de gravure laser de motifs sur une couche déliantée et sur une 

couche frittée est mis en œuvre. Il s’avère que la gravure doit impérativement se faire sur 

couches frittées afin de garder une bonne adhérence de la couche sur le substrat après gravure. 

 

Le procédé d’aérographie est transféré et adapté pour de l’élaboration de motifs directement 

par voie jet d’encre. Il s’agit d’un procédé innovant qui permet la réalisation de motifs 2D ou 

3D par éjection de gouttes successives via des buses piézoélectriques. L’avantage de cette 

technique est qu’elle ne nécessite pas de traitement post dépôt pour générer des motifs. En 

revanche, la dispersion de particules préalablement stabilisées dans l’hexane doit être 

reformulée dans le but d’obtenir une encre éjectable et compatible avec les spécificités requises 

par la machine d’impression jet d’encre. Ainsi, la viscosité et la tension de surface du mélange 

doivent respecter des gammes imposées par la machine. Le rapport d’éjection, fonction de la 

viscosité et de la tension de surface, est un facteur adimensionnel prépondérant qui définit le 

caractère éjectable d’une encre. Il doit être compris entre 1 et 10. 

Deux encres organiques respectant ces prérequis sont élaborées à partir des particules 

SP(F)M : une encre à base de polymères avec un mélange de poly(1-decene) et d’hexane, et 

une encre à base de solvants avec un mélange d’octanol et d’hexane. 

Les deux encres sont éjectables et permettent la réalisation de motifs carrés de 500 µm de 

largeur. La solution à base de polymères est désavantageuse du fait de sa formulation qui 

présente une tension de surface et une viscosité plus basse que celles de la formulation à base 

de solvants. Elle induit donc un fort nappage de la plaque à buses qui déstabilise l’éjection de 

l’encre pendant l’impression et pourrait amener à l’obtention de motifs de moins bonne qualité. 
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D’autre part, cette encre est constituée d’une majorité de polymère en comparaison avec la 

quantité d’hexane, ce qui nécessite un recuit à haute température post dépôt différent de celui 

optimisé pour l’aérographie, et qui générera d’autant plus de porosité dans la couche. Pour ces 

raisons, l’encre à base de solvants est plus adaptée même si la qualité des motifs finaux n’est 

pas meilleure. En effet, cette formulation a l’avantage de sécher très rapidement sur le substrat, 

au détriment de phénomènes parasites tel que l’effet « coffee-ring ». Si les résultats sont 

encourageants et démontrent la faisabilité du procédé, cette dernière formulation peut encore 

être améliorée pour palier à cet effet. 

 

Cependant, des étapes de déliantage et de frittage similaires aux dépôts réalisés par 

aérographie sont requises pour les dépôts jet d’encre afin d’éliminer les éventuels organiques 

et de densifier les motifs. Les mêmes problématiques de fissuration seront donc rencontrées. 

Des voies d’amélioration au niveau du procédé de mise en œuvre des films ainsi que du 

traitement thermique sont discutées et pourraient être envisagées. Par exemple,  l’élaboration 

de films en partant d’une technique de spray de solutions de précurseurs sur un spinner 

chauffant ou par voie jet d’encre avec un plateau chauffant, la fabrication de films denses par 

voie micro-ondes sans post traitement thermique requis, et le frittage laser de dépôts 

(aérographie ou jet d’encre) pour de la fissuration contrôlée. 

 

Les propriétés magnétiques des particules et des dépôts réalisés par aérographie sont 

étudiées. Le lien est établi entre la microstructure du matériau et ses propriétés magnétiques. 

Tout d’abord, l’étude des cycles d’aimantation des particules en fonction du champ appliqué 

souligne des différences au niveau du comportement magnétique des particules SP(F)M et FM. 

La courbe d’aimantation des particules SP(F)M ne sature pas sous fort champ alors qu’au 

contraire elle sature dans le cas des particules FM, ce qui confirme bien le caractère 

superparamagnétique des particules SP(F)M. Par ailleurs, les aimantations à saturation des 

particules SP(F)M (85.6 emu/g ou A.m2/kg) et FM (80.6 emu/g ou A.m2/kg) sont inférieures à 

celle du massif pour la même composition recensée dans la littérature (98.8 emu/g ou A.m2/kg). 

La réduction de l’aimantation à saturation peut provenir de plusieurs causes : une oxydation de 

surface des particules, un degré d’inversion de la structure spinelle, du spin-canting à la surface 

des particules. De plus, les cycles d’aimantation des particules FM recuites à différentes 

températures sont inspectés. L’aimantation à saturation de ces particules diminue entre 300 et 

770 °C. Cette baisse est causée par la formation de wüstite substituée au zinc, préalablement 

identifiée. 

Un modèle de Bercoff corrigé basé sur la théorie du champ moléculaire permet de remonter 

aux moments magnétiques des particules SP(F)M et FM avec les deux taux de zinc différents 

(0.2 et 0.4) en faisant différentes hypothèses concernant la microstructure des particules : de 

l’oxydation de surface, un degré d’inversion de la spinelle et du spin-canting de surface. 

A l’échelle des dépôts, l’évolution de l’aimantation à saturation en fonction de la 

température de recuit est différente de celle observée dans le cas des particules. L’écart se 

justifie par une différence de réactivité au niveau des poudres et des dépôts lors du traitement 

thermique. La phase secondaire de wüstite de zinc se forme très rapidement dans le cas d’une 

poudre non mise en forme, alors qu’elle survient à plus haute température dans le cas d’un dépôt 

de l’ordre de 6 µm d’épaisseur. Par ailleurs, l’aimantation à saturation d’un dépôt fritté de 
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particules FM est de 76 emu/g (A.m2/kg), ce qui est prometteur d’autant plus que le dépôt est à 

50 % poreux. 

 

La permittivité et perméabilité des particules sont caractérisées et comparées à des poudres 

commerciales de Fe3O4, CoFe2O4 et NiZnFe2O4. L’introduction de zinc dans la composition du 

matériau permet bien de réduire sa permittivité en comparaison avec la poudre commerciale de 

Fe3O4, ce qui renforce le choix de la composition puisque les particules combinent bien une 

faible permittivité avec une forte aimantation à saturation non loin de celle du bulk. 

Les niveaux de perméabilité imaginaire sont affectés par la taille des particules, les 

particules FM induisant des niveaux de perméabilité beaucoup plus élevés que les particules 

SP(F)M. Un modèle de Raikher sur la susceptibilité dynamique est appliqué et reproduit avec 

succès le spectre de perméabilité des particules SP(F)M, de même que la dépendance en 

température des mesures dynamiques. Pour ce dernier point, le modèle prend en compte la 

dépendance en température du champ d’anisotropie des particules. Les tendances observées au 

niveau expérimental sont parfaitement reproduites par le modèle, à savoir : un décalage de la 

fréquence de résonance vers les hautes fréquences ainsi qu’une hausse des niveaux de 

perméabilité lors de la diminution en température, de même qu’une diminution de la largeur à 

mi-hauteur du pic de résonance pour les températures décroissantes. Cette dernière observation 

doit faire l’objet d’une étude plus approfondie. 

Les perméabilités imaginaires des dépôts continus déliantés et frittés avec des particules FM 

présentent des niveaux trop bas pour pouvoir espérer obtenir un comportement « multi-bandes » 

après structuration, les dépôts étant fissurés. L’obtention de ce type de spectre de perméabilité 

requiert l’élaboration d’un dépôt le plus dense possible, qui pourrait être réalisé en prenant en 

compte les perspectives précédemment énoncées sur de nouveaux procédés de mise en œuvre 

de dépôts en partant de solutions de précurseurs et/ou une autre technique de frittage. 
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Introduction 

Magnetic iron oxide nanoparticles are employed in a wide range of applications. They are 

commonly studied for biomedical applications like markers for Magnetic Resonance Imaging 

(MRI), new nanosystems for hyperthermia, or drug delivery carriers due to their low toxicity, 

and biocompatibility [1]. Their tunable sizes make them perfect candidates to observe or 

interact locally with entities at the cell scale without damaging healthy tissues [2]. In the case 

of magnetic hyperthermia, the application of an oscillating magnetic field to the nanoparticles 

allow them to generate local heat for cancer cells destruction which occurs above 42 °C. The 

radio-frequency range is usually required to penetrate the tissues in respect of the body. For 

magnetic hyperthermia, some requirements need to be filled. The particles have to be 

superparamagnetic with a zero coercivity to avoid the formation of aggregates and thus clots in 

the venous system. The saturation magnetization should be high enough to allow a sufficient 

heat of the particles under the applied field [3]. 

Besides biomedicine, such particles have demonstrated plenty interest in many fields: in 

electronics through magnetic storage media, printed electronics, spintronics, nanowires, 

quantum dots, carbon nanotubes, nanoelectromechanical systems, and permanent magnets; in 

energy with solar cells, heat distribution through ceramic-like materials, photovoltaic film 

coatings, fuel cells and batteries; in defense and aerospace through nanocomposites, 

nanocoatings, energy devices, and smart materials; in environmental remediation with 

pollution sensors, water treatment through membrane filtration, permeable barriers; in 

construction with the use of pigments for coloring concrete, tiles, bricks, nanocomposites; and 

even in agriculture through food packaging, nanofertillizers, nanopesticides [4] [5] [6]. 

 

Among all of these areas, the present study focuses on electronics applications. A high 

saturation magnetization combined with a high electrical resistivity, low electrical losses and a 

good chemical stability make iron oxide nanoparticles suitable for designing new magnetic 

materials for electromagnetic applications, like integrated circuitry, power handling, permanent 

magnets or magnetic recording. Due to the large panel of possibilities, these applications can 

be divided in four subgroups: inductors, high frequency, power, and electromagnetic 

interference suppression applications [7]. 

Inductors consist of low-noise amplifiers, filters, voltage-controlled oscillators, magnetic 

field sensors in electronic circuits. Multilayered iron oxide materials show a particular interest 

in the miniaturization and integration of circuits. Some processing methods are adopted to 

provide a high density and high permeability to the films: sputtering, pulsed laser deposition, 

tape casting, or a less costly sol-gel technique followed by spin-coating [7].  High Frequency 

applications refer to telecommunications (antennas, circulators in mobile phone) and radars. A 

complete penetration of the electromagnetic field is required. Non-conductive iron oxide films 

are more adapted in comparison with metals ones, due to the skin thickness which prevent the 

total penetration [8]. The third category is about power applications for computers, TV, video 

systems. At last, electromagnetic interference suppressors are particularly useful these days 

with the boom of the number of users of wireless communication  devices [7]. 
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The absorption of microwaves in ferrite generate magnetic losses. Typically, the magnetic 

signature of a bulk polycrystalline ferrite is wide band on its permeability spectrum due to 

its dispersed domain structure affected by the material defects (porosity, grain size distribution, 

precipitates, grain orientation). This behavior is illustrated in Figure 1.C for a polycrystalline 

bulk of Ni0.5Zn0.5Fe2O4 composition (Figure 1.C). In this context, the aim of this work is to 

develop novel materials with perfectly controlled magnetic properties for the previously 

described electromagnetic applications. Permeability losses and resonance frequency 

dependence will define the suitability of a material for an application. The objective is to tune 

the magnetic losses of the materials at desired frequencies through the realization of 

patterned networks of magnetic oxides. Therefore, it lies on the development of an organized 

framework in patterns forming magnetic domains, characterized by their geometry, namely 

pattern size, shape, spacing. The magnetic response of such structures is directly linked to the 

respective contributions of domains and domain walls. It can be also called “a multiband” 

magnetic behavior due to the separate peaks observed on the permeability spectrum. This 

behavior is exhibited for a metallic alloy structured in magnetic square domains after patterning 

in Figure 1.D. The magnetic losses are represented by separate absorption bands at different 

resonance frequencies of vortex, magnetic walls and domains. The magnetic texture is tuned by 

the geometric parameters of the patterns. The goal is to achieve this kind of behavior with 

magnetic oxides. 

 

 
Figure 1. Examples of a wide band type magnetic behavior of a polycrystalline ferrite (A [9], C), and a 

multiband one (D) in the case of a structure constituted of squares of permalloy (B) [10]. Permeability 

versus Log(Frequency) for a polycrystalline bulk Ni0.5Zn0.5Fe2O4 (C) and a perfect square of permalloy 

(150x150 μm2) (D) [11]. 

 

The system of zinc iron oxide spinel is selected for the study. The zinc doping enhances 

the saturation magnetization of ferrite films until a certain amount, and it also provides 

insulating properties to the material, allowing a good penetration of the electromagnetic 

wave in the material, suitable for electromagnetic applications [12]. 
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The ferromagnetic squares of permalloy displayed in Figure 1.B have been realized from a 

thermal evaporated metallic coating which has been going through an electron-beam 

lithography technique followed by a lift-off processing. The processes studied in this work are 

completely different as they are adapted to oxides, and start from the synthesis of 

nanoparticles, which will be the material for the elaboration of films by further fluid 

processing. Working with coating processes adapted to oxides has some advantages in 

comparison with the ones adapted to metals, as these processes are generally low-cost and more 

easily transferable to large scale. 

The dynamic magnetic response strictly depends on the coupling between particles and 

on the particle size. As a consequence, the range of size of the nanoparticles will be limited to 

a certain value. Indeed, the transition between magnetic single domain and multi-domain in a 

particle is linked to the particle size. Above a critical value, the particle is divided in several 

magnetic domains which display characteristic resonance peaks in the permeability spectrum 

of the material. These parasitic peaks will disturb the response of the textured material at a 

larger scale: the scale of pattern. In this case, it will be difficult to control the magnetic losses 

of the material if it is disturbed by contributions at the particle scale. To avoid the presence of 

resonance peaks coming from the nanoparticles walls and domains, it is better working with 

monodomain particles. This limit in size is fixed at 1 µm considering different critical 

diameters of particles with compositions close to the desired one: 60 nm for Zn0.4Fe2.6O4 [13], 

80 nm for Fe3O4 [14], and 3 µm for Ni0.49Zn0.49Co0.02Fe1.90O3.85 [15]. Two particular ranges of 

size will be selected: superparamagnetic particles with a diameter below 20 nm and 

ferrimagnetic ones above 20 nm. 

 

The manuscript focuses on a processing method departing from the synthesis of particles 

to the development of continuous or textured coatings in order to be able to tune the 

magnetic losses of coatings through their structuration. The work is divided in four chapters: 

 

• The chapter I details the context of the study with the choice of the material 

composition and size, and all the magnetism concepts required for the 

understanding of the study. Different synthesis methods of  oxides nanoparticles 

are described. The chapter I also deals with the synthesis of zinc iron oxide 

nanoparticles with a selected route, ensuring a good control of composition, 

shape and structural properties. The morphology, chemical composition and 

microstructure of these nanoparticles will be deeply investigated through a 

wide variety of characterization techniques: X-ray diffraction analysis, high 

resolution microscopy, Mössbauer spectroscopy… 

 

• The chapter II focuses on the stabilization of the previously synthesized 

magnetic particles in a suitable liquid medium, and on the development of 

continuous coatings through a spray-like technique: the airbrushing. The 

thermal treatment and resultant microstructure of coatings is investigated. The 

feasibility of patterning through laser etching is examined. 
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• A technologic transfer of the airbrushing to a more innovative and automatized 

process, the inkjet printing, is described in chapter III. The formulation of 

compatible inks from a particle dispersion is studied. A previous work has 

shown the interest of inkjet printing for elaborating well-controlled patterned 

coatings for electromagnetic applications [16]. 

 

• At last, the chapter IV exposes the static and dynamic magnetic 

characterizations at the nanoparticle and coating scale. Different models are 

studied in order to retrieve the experimental results and to understand the link 

between microstructure and magnetic properties. This last chapter allows to 

conclude about the choice of the overall process for the obtention of a 

multiband material. 
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Chapter I.  Elaboration of iron oxide 

spinel nanoparticles 

This chapter deals with the choice of the composition of the iron oxide spinel and the 

elaboration process of the nanoparticles based on a bibliographic analysis. A comprehensive 

study of nanoparticles morphology, chemical composition and microstructure is exposed to 

optimize the elaboration parameters to the needs. A detailed analysis of in-depth structural 

characterization of the spinel inversion degree of the optimized elaboration method is then 

performed. The magnetic properties will be described in details in chapter IV. 

 

I. The iron oxide spinel system 

This first part consists in a bibliographical outlook of the two major magnetic oxides spinels 

to which it will be often referred in results interpretation. 

 

I.1. Magnetite and maghemite 

 

I.1.1. Crystal structure 

 

Magnetite Fe3O4 and maghemite γ-Fe2O3 possess a spinel structure following the general 

chemical formula AB2X4 with A and B the cations and X the anions. These structures crystallize 

in the cubic system belonging to the space group Fd3m. The crystalline cell is constituted of 32 

oxygen atoms which arrange in a face-centered cubic (FCC) cell with 64 tetrahedral and 32 

octahedral sites partially occupied. Indeed, only one eighth of the tetrahedral sites (A sites) and 

half of the octahedral one (B sites) are filled in the structure (Figure I-1). 

 

  
Figure I-1. Basic mesh for the spinel structure [1] [2]. 
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Each octahedron is linked to six other octahedra by the sides and also to six tetrahedra by 

the tops. In the same way, each tetrahedron is connected to twelve octahedra by its four corners. 

One oxygen atom sees four iron atoms in its surroundings: one in a tetrahedral site, the three 

others in octahedra. The most commonly encountered macroscopic shapes of magnetite crystals 

are presented in Figure I-2 with the crystallographic planes (111) and (110). 

 

  
Figure I-2. Most commonly crystal shapes encountered for magnetite phase: octahedral (a-c), and twinned 

(d) [3]. 

 

There are different spinel configurations depending on the cation distribution on the 

tetrahedral and octahedral sites. In fact, spinels could arrange in inverse or normal 

configurations following the general formula below with M for a metallic cation: 

 

(𝑀1−𝛿
2+  𝑀𝛿

3+)[𝑀𝛿
2+ 𝑀2−𝛿

3+ ]𝑂4 I-1 

 

with δ called the degree of inversion (round and square brackets for tetrahedral and octahedral 

sites respectively). If δ is equal to 0, the spinel is called normal. When δ = 1, the spinel is 

inverse [4].  

 

Magnetite is a mixed oxide comprising Fe2+ and Fe3+ with an inverse spinel structure 

(Fe3+)Td[Fe3+ Fe2+]OcO4 [5]. Tetrahedral sites are only filled with half of trivalent cations 

whereas the octahedral sites are occupied by the remaining trivalent cations and all of the 

divalent one [6]. Magnetite possesses a lattice parameter of about 8.393 Å (PDF sheet 04-009-

2284) at room temperature.  

 

In the case of maghemite γ-Fe2O3 which is the oxidized form of magnetite, all of the iron 

cations are in the trivalent oxidation state. Thus, this iron oxide phase shows cationic vacancies 

in the octahedral sites noted □ which can organize in three different manners: 

 

• at first with a randomly distribution without inducing mesh distortion. The space group 

Fd3m is preserved. The new structure follows the formula below: (Fe3+)[Fe3+
5/3□1/3]O4

2−. 

The occupancy rate is about 5/6 and all of the configurations are similar [7].  

• Secondly with a partial order on the octahedral sites [8]. This configuration also doesn’t 

generate distortion in the network. However, the space group changes into P4132. The 

structure is therefore written: (Fe8
3+)[Fe4/3

3+  □8/3 Fe12
3+]O32

2−. In fact, it is exactly the case 

of the Li+ cation inside (Fe8) [Li4 Fe12] O32 structure. 
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• And lastly, in a completely ordered way. It leads to the obtention of a tetragonal mesh 

with a space group P43212. 

Magnetite and maghemite possess close structures which can be distinguished from one 

another by: 

 

• retrieval of their lattice parameter from XRD diffractometer: 8.393 Å (PDF sheet 04-

009-2284) for magnetite and 8.351 Å (PDF sheet 00-039-1346) for maghemite). 

• infrared spectroscopy since, magnetite and maghemite have different responses at 

specified wavenumber bands. More precisely, pure magnetite exhibits a single band 

between 580 and 590 cm-1. On the contrary, multiple bands have been found for the 

maghemite phase between 500 and 800 cm-1 [9] [2]. 

• Mössbauer spectroscopy through the isomeric shift [10]. This technique is sensitive to 

the oxidation degree of iron atoms, and also to the ratio between Fe2+ and Fe3+. 

• Raman spectroscopy. 

      

The next two paragraphs will introduce some basic principles in the field of magnetism and 

then focus on the magnetic properties applied to magnetite and maghemite.   

 

I.1.2. Magnetism basics 

 

The basic concepts described in this part introduce notions of both macroscopic static and 

dynamic properties used in chapter IV in which experimental magnetic characterizations will 

be analyzed at the particle and thin film scale (macroscopic scale). The link between the 

macroscopic properties with the atomic scale magnetism is presented since it is relevant to 

understand the effects of chemical composition and structural disorder. 

 

I.1.2.A. Magnetism at the macroscopic scale 

The elementary unit of magnetism is defined by a magnetic dipole with a moment m (A.m2) 

called the magnetic moment [11]. This vector quantity reflects the alignment of a solid body 

subjected to a magnetic field. It is linked to the angular momentum as detailed in section I.1.2.E. 

In the case of a solid body constituted of atoms, the attributed magnetization �⃗⃗�  (A/m) is written  
1

𝑉
∑ �⃗⃗�  , defined as the addition of the magnetic moments per unit volume inside the material. 

 

Therefore, to align all of the magnetic dipoles in a solid body, a magnetic field H (A/m) 

could be applied. Thus, the magnetization M is considered as a result of this dipole alignment, 

and gives birth to the magnetic susceptibility ꭓm = 
𝑀

𝐻
 which is the ability of a material to 

magnetize when subjected to a magnetic field.  

At this stage, the global magnetic field B (T) also called the magnetic induction could be 

described as the vector sum of the contributions of the magnetic field H and the magnetization 

M,  as follows: B = µ0 (H + M) with µ0 the permeability of free space equal to 4п × 10-7 Wb/Am. 
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µ0H and µ0M are the magnetic induction in free space and the part of induction coming from 

the material magnetization respectively [12].  

 

The concept of bulk susceptibility allows classifying the materials into two categories: 

materials with a magnetic order below a specified temperature and those without magnetic 

order.  

On the one hand, considering the last category, the interactions between atoms inside the 

crystalline network are weak. There is no long distance interaction, which results in materials 

without magnetic order. No spontaneous magnetization is displayed at a macroscopic level, its 

value is equal to zero without the application of a magnetic field and also even with temperature 

variation [13]. Two groups of materials match this category: 

 

• Diamagnetic materials with a low and negative susceptibility ꭓ ≈ -10-5. The 

magnetization is opposed to the applied magnetic field. For example, it is the case of 

copper, gold [12]…  

• Paramagnetic materials with a low and positive susceptibility ꭓ in the range 10-3-10-5. 

The weak generated magnetization is aligned with the applied magnetic field. For 

example, aluminum, manganese [12]… 

 

On the other hand,  the second category of materials display a long-range ordering of 

magnetic dipoles which is due to the quantum-mechanical exchange forces [13]. Magnetic 

moments are ordered in different manners (Figure I-3).  

 

 
Figure I-3. Arrangements of magnetic moments for materials with magnetic order 

 

Ferromagnetic materials possess a unique lattice with parallel magnetic moments oriented 

in the direction of the applied field. Ferrimagnetic and antiferromagnetic materials exhibit an 

antiparallel configuration of their magnetic moments in two different sublattices. In the case of 

antiferromagnetism, there is a compensation between the magnetic moments in the sublattices 

which generate a total magnetization equal to zero. On the contrary, magnetic moments of 

ferrimagnetic materials are unequal from one lattice to the other, thus leading to non-zero 

magnetization.  

 

Spontaneous magnetization of materials with magnetic order occurs at zero magnetic field 

below a specified temperature namely the Curie (TC) or Néel (TN) temperature for 

ferromagnetic and ferrimagnetic material respectively. Above these temperatures, the material 

loses its magnetic order and becomes paramagnetic. 
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I.1.2.B. Magnetic domains 

As mentioned in the last part, above the Curie temperature, the magnetic moments of a 

ferromagnetic material are randomly distributed. When the temperature decreases, the 

disordered magnetic moments tend to align until a perfect arrangement is reached below TC. 

This arrangement contains multiple areas or regions in which magnetic moments are parallel 

and in the same direction. These areas are called magnetic domains or Weiss domains and 

possess different directions of magnetization to guarantee a global magnetization of the material 

equal to zero [12], which can be observed on Figure I-4.     

 

 
Figure I-4. Sketch of the magnetic domains arrangement in a single crystal (a) and in a polycrystal (b) 

[14].  

 

To simplify the scheme, the crystallites in the polycrystal are represented as if they contain 

only single domains while it is not typically the case.  

 

As an explanation, different interactions between magnetic moments have to be considered. 

Dipolar magnetic interactions between spins have to be taken into account considering a large 

amount of spins in a material. Indeed, they can be preponderant in front of the exchange 

interactions which are short distance interactions [15]. In this respect, a configuration of spins 

all oriented in the same direction is energy-consuming regarding these interactions. To lower 

these dipolar interactions, the material is divided in domains uniformly magnetized with 

different orientations from one to the other.    

 

Under the application of the magnetic field, the domains could reorganize in two different 

manners: by the growth of domains oriented in the applied field direction to the detriment of 

the others, and by rotation of the magnetic moments in the domains to align with the extern 

applied field (Figure I-5). 
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Figure I-5. Reorganization of the magnetic domains under magnetic field. Arrangements without applied 

field (a), domains growth under field (b) and domains rotations under field (c) [14]. 

 

Generally, for samples with few defects, the response to weak magnetic fields comes from 

the displacement of domain boundaries inducing the domain growth whereas the rotation of 

domains occurs mainly under the application of strong magnetic fields [14]. The domain 

boundaries are termed the domain walls or Bloch walls. In fact, these boundaries are rather 

areas of transition between domains than thin walls. In these areas, the magnetization direction 

rotates from one side to the other between domains [16] (Figure I-6). In fact, an abrupt transition 

of the magnetic domains (Figure I-6.a) is expensive in exchange energy. A progressive 

transition of the magnetic moments inside the wall allows to reduce the surface energy in a 

Bloch wall [15]. 

 

 
Figure I-6. Transition area between two domains: sharply configuration which never happens (a) and 

progressively configuration which is called a Bloch wall (b). 

 

Another type of walls is observed in thin films: the Néel walls [17]. The difference with the 

Bloch walls lies in the magnetic moment orientation which rotates in parallel to the plane of the 

film and not in the plane of the wall anymore (Figure I-7). The type of walls will depend on the 

coating thickness. There is a critical thickness DC, approximatively equal to 500 Å in the case 

of permalloy above which Bloch walls are less energy-consuming than Néel walls [17].  

  

 
Figure I-7. Bloch wall (a) and Néel wall (b) within a film thickness d.  

 

The magnetization direction inside a domain also depends on the crystalline anisotropy 

which is described in the next part with other important forms of anisotropy. 

 

  

H

(a) (b) (c)

H
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I.1.2.C. Magnetic anisotropy 

Magnetic anisotropy is an important parameter since it has a real impact on the material 

magnetization whether at the nanoparticle scale or at the coating level. Four mechanisms are 

identified: magnetocrystalline, shape, surface and effective anisotropy. 

 

I.1.2.C.a. Magnetocrystalline anisotropy 

At first, in ferromagnetic materials, the magnetic moments are oriented in the same direction 

in each Weiss domain below the Curie temperature. The orientation of the spins depends on the 

magnetocrystalline anisotropy which varies from a material to the other. Indeed, the magnetic 

moments will tend to align along preferential crystallographic axes [12], that explains why the 

magnetic moment orientation relies on the crystal structure of the material. This phenomenon 

comes from the spin-orbit and orbit-lattice coupling which are responsible of a reduction of the 

material energy along preferential axes. These preferential axes are called directions of easy 

magnetization [13]. In this respect, magnetization measurement results will differ from a 

crystallographic axis to the other [18]. In the case of a cubic system like magnetite, the density 

of magnetocrystalline energy is written using the following formula [19]: 

 

𝐸𝑎
𝑐𝑢𝑏𝑖𝑐 =  𝐾1(𝛼1

2𝛼2 
2 + 𝛼2

2𝛼3
2 + 𝛼3

2𝛼1
2) + 𝐾2𝛼1

2𝛼2
2𝛼3

2  + ⋯ I-2 

 

where K1 and K2 the constants of magnetocrystalline anisotropy and 𝛼1, 𝛼2, 𝛼3 the cosines of 

the angles between the magnetization direction and the crystallographic axes. Also, 𝛼1 =

𝑠𝑖𝑛𝜃𝑐𝑜𝑠ɸ, 𝛼2 = 𝑠𝑖𝑛𝜃𝑠𝑖𝑛ɸ and 𝛼3 = 𝑐𝑜𝑠𝜃 with θ polar and ɸ azimuthal angles. The directions 

of easy magnetization are determined through K1 sign and 
𝐾2

|𝐾1|
. Fe3O4 has one direction of easy 

magnetization along [111] at room temperature [20] and its anisotropy coefficients are the 

following: K1 = 1.35. 104 J.m-3 and K2 = -0.28.104 J.m-3 [21]. 

 

In the case of maghemite, the direction of easy magnetization is along [110] [22] and K1 = 

- 4.65. 103 J.m-3 with K2 negligible [21]. 

 

Considering a single-domain nanoparticle with uniaxial anisotry, K2 becomes negligible and 

the magnetocrystalline anisotropy energy follows equation I-3: 

 

𝐸𝑎
𝑢𝑛𝑖 = 𝐾𝑉𝑠𝑖𝑛2𝜃 I-3 

 

with K the effective uniaxial anisotropy constant. 

 

I.1.2.C.b. Shape anisotropy 

The shape of a sample also generates anisotropy in a magnetic structure. When a material 

is subjected to a magnetic field H, magnetic poles are created on its surface which allow the 

penetration of magnetic flux lines. The sample could be correlated to a dipole which generates 

an external magnetic field. In this manner, to counter this external field, the material creates its 
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own internal demagnetizing field HD oppositely directed to the magnetization M, with the 

resulting equation: 

 

𝐵 = 𝜇0(𝐻 +𝑀) = 𝜇0(𝐻 +𝑀 + 𝐻𝐷) I-4 

  

where 𝐻𝐷 = −𝑁𝐷𝑀 with ND the effective demagnetizing factor. This last dimensionless factor 

is comprised between 0 and 1 and depends on the sample geometry [11].  The dipolar energy 

ED is the result of the interaction between the demagnetizing field and the distribution of 

magnetic moments inside the material. The demagnetizing field is linked to the orientation of 

the magnetization with respect to the shape of the sample. This is referred to the shape 

anisotropy. 

 

For a single-domain spherical sample with uniform magnetization, there is no shape 

anisotropy due to the isotropic behavior of the demagnetizing field in all directions. Otherwise, 

concerning non-spherical samples, the magnetization direction would prefer to align in the 

longest axis for which the demagnetizing field is lower.  

The energy of shape anisotropy is expressed by equation I-5 [19]:  

 

𝐸𝑎
𝑠ℎ𝑎𝑝𝑒 =

1

2
µ0𝑉(𝑁𝑥𝑀𝑥

2 + 𝑁𝑦𝑀𝑦
2 + 𝑁𝑧𝑀𝑧

2) I-5 

 

where µ0 is the vacuum permeability, V the sample volume, Nx, Ny, Nz and Mx, My, Mz the 

components of the demagnetizing factors and of magnetization in (x, y, z) directions, 

respectively. The normalization is respected: Nx + Ny + Nz = 1. In the case of a spherical 

nanoparticle, Nx = Ny = Nz = 
1

3
 . 

 

I.1.2.C.c. Surface anisotropy 

The origin of surface anisotropy comes from breaking of symmetry and decrease of the 

coordination of the nearest neighbors at the surface [19]. Considering a material layer, the 

associated energy is written: 

 

𝐸𝑎
𝑠𝑢𝑟𝑓

= 𝐾𝑆𝑉𝑠𝑖𝑛
2𝛼 I-6 

 

with KS the effective surface anisotropy constant and 𝛼 the angle between magnetization and 

the surface normal. In the case of nanoparticles, the surface anisotropy is a preponderant factor. 

Indeed, it increases with the reduction of the particle size due to the enhancement of the surface-

to-volume ratio. The surface anisotropy has a predominant impact on the total anisotropy. A 

phenomenon of “spin-canting” can occur at the particle surface, which means that the spins are 

inclined at a certain angle with their normal axis [23]. This source of anisotropy induces a 

decrease in the global magnetization [24] of the particle and is obviously emphasized for 

nanosized particles. Furthermore, the canting effect could also be observed in the particle core 

due the amount of vacancies available [23] [25]. Mössbauer spectroscopy is a characterization 

method which could be useful to determine the amount of canted spins.     
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I.1.2.C.d. Effective anisotropy constant 

In reality, the different types of anisotropies are tough to discriminate of each other. Thus, 

an effective anisotropy constant Keff is employed which includes both surface KS and volume 

KV anisotropies. In the case of a spherical particle, Keff is written (Equation I-7):  

 

𝐾𝑒𝑓𝑓 = 𝐾𝑉 + 
𝑆

𝑉
 𝐾𝑆 = 𝐾𝑉 + 

6

𝑑
 𝐾𝑆 I-7 

 

with S and V the particle surface and volume, respectively. d is the particle diameter. 

Consequently, the anisotropy increases when the particle size decreases [26] [27]. 

 

I.1.2.D. Dynamic permeability of magnetic materials 

High frequency and microwave applications of magnetic materials cover a wide range from 

non-resonant devices, rod antennas, read/write heads for digital tape [28], power transformers 

in electronic and telecommunications [29] like inductors for power transformers for example 

[30], information storage [31], and electromagnetic radiation absorption suitable for example 

for radar absorption [32] [28] of electromagnetic noise suppressor up to wireless power 

transmission. MnZn or NiZn  ferrites are widely used for these applications since they combine 

a high electrical resistivity hence allowing a good electromagnetic wave propagation and soft 

magnetic properties. The permeability 𝜇 defined by 𝐵 = 𝜇𝐻 = 𝜇0(𝐻 +𝑀) is a tensor quantity 

which links the magnetic induction B to the magnetic field H in a material:  

 

𝜇 = 𝜇′ − 𝑖𝜇′′   with   𝜇 =  𝜇0𝜇𝑟 I-8 

 

with μ’ the real part, µ’’ the imaginary part, µ0 the permeability of free space and µr the relative 

permeability. The magnetization dynamics is described by the nonlinear Landau-Lifshitz-

Gilbert (LLG) model [11]: 

 

(
𝑑�⃗⃗� 

𝑑𝑡
) = 𝛾0(�⃗⃗� × �⃗⃗� ) +

𝛼

𝑀𝑆
(�⃗⃗� ×

𝑑�⃗⃗� 

𝑑𝑡
) I-9 

 

where 𝑀𝑆 is the saturation magnetization, 𝛾0 = 𝛾𝜇0 with 𝛾 the gyromagnetic constant, H the 

magnetic field, and α the damping parameter. 

 

An expression of permeability in the case of a small amplitude propagating magnetic field 

expressed as 𝐻 = exp(j𝜔𝑡) could be deduced from equation I-9 [11] with the following real 

and imaginary parts 𝜇’ and 𝜇’’: 
 

𝜇′ = 1 + 𝜔𝑀

𝜔𝑟[𝜔𝑟
2 − 𝜔2(1 − 𝛼2)]

[𝜔𝑟
2 − 𝜔2(1 + 𝛼2)]2 + 4𝜔𝑟

2𝜔2𝛼2
 I-10 

 

𝜇′′ = 𝜔𝑀

𝜔𝛼[𝜔𝑟
2 + 𝜔2(1 + 𝛼2)]

[𝜔𝑟
2 − 𝜔2(1 + 𝛼2)]2 + 4𝜔𝑟

2𝜔2𝛼2
 I-11 
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where 𝜔𝑀 = 𝛾0𝑀𝑆 is the angular frequency, 𝛾0 = 𝛾𝜇0 with 𝛾 the gyromagnetic constant, 𝑀𝑆 

the saturation magnetization, 𝜔𝑟 = 𝛾0𝐻𝑟 the resonance frequency, 𝐻𝑟 the effective magnetic 

field for resonance including the contributions of the anisotropy field, the demagnetizing field 

and the external field, and then α the damping parameter. Some of the variables introduced here 

will be detailed in Chapter IV. 

 

The permeability losses (µ’’) and especially the resonance frequency dependence will 

predict the suitability of a material for an application or another. 

 

The magnetic resonance frequency depends on the local effective field experienced by the 

magnetic moments, which is not uniform: the local magnetic field in a domain wall has a 

demagnetization and exchange energy component very different from the volume magnetic 

domain. Then, the permeability spectrum of bulk polycrystalline ferrites is wide band due to its 

dispersed domain structure affected by the material microstructure namely the porosity, 

precipitates, grain size and orientation, and grain size dispersion. 

The main idea of this project is to create a multiband behavior in ferrites by a patterning to 

create a regular domain structure. To illustrate these ideas, two materials with different 

magnetic textures are compared in Figure I-8. The permeability spectra in panel-C 

corresponding to the behavior of a polycrystalline bulk Ni0.5Zn0.5Fe2O4 displays a large band 

regarding the magnetic losses μ’’. This comportment is attributed to the fact the polycrystalline 

bulk ferrite possesses a dispersed magnetic structure which depends on the size/orientation of 

the grains. Hence, the resonances of the different magnetic contributions (magnetic walls, 

domains) are not dissociated in separate bands. 

 

In the case of a textured film of permalloy in square shapes (Figure I-8.B), the magnetic 

texture could be controlled by the geometric parameters of the patterns. Indeed, Figure I-8.D 

represents the expected behavior with separated absorption bands at the resonance frequencies 

of vortex, magnetic walls, and domains in the case of a perfect square of permalloy [33]. The 

dynamic magnetic properties are governed by the pattern, the interest being to obtain a 

frequency-selective material by managing the losses frequency through the pattern shape. 

 

 
Figure I-8. Pictures of a polycrystalline ferrite (A) [34] and squares of permalloy (2x2 µm2) (B) [35]. 

Difference of permeability behavior between a wide band (C) and a multiband material (D). Permeability 

versus Log(Frequency) for a polycrystalline bulk Ni0.5Zn0.5Fe2O4 (C) and a perfect square of permalloy 

(150x150 µm2)  (D) [33]. 
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I.1.2.E. Magnetism at the atomic scale and the molecular field theory 

At the atomic scale, the magnetic moment µ𝐽⃗⃗  ⃗ of a charged particle is equal to −𝑔µ𝐵𝐽  with 

g the Landé factor, µB the Bohr magneton, and 𝐽  the angular momentum of the particle. 

Considering one electron, two contributions to the angular momentum are distinguished: the 

orbital angular momentum 𝑙  attributed to the orbit around the nucleus, and the intrinsic angular 

momentum 𝑠  corresponding to the electron spin. 

 

�⃗�  and 𝑆  are the total orbital momentum and spin momentum of the atom, calculated by 

adding all of the electrons contributions. At each angular momentum is associated a magnetic 

moment. Indeed, an orbital magnetic momentum µ𝑙⃗⃗  ⃗ is associated to the orbital angular 

momentum 𝑙  and reciprocally for 𝑠 . The Landé factor is equal to 1 for the orbital momentum 

and 2 for the spin one.  

The link between these atomic quantities which can be computed by quantum mechanics 

and the macroscopic magnetic quantities of paragraphs I.1.2.A, I.1.2.B and I.1.2.C was made 

historically in oxides by the molecular field theory. New approaches based on the Density 

Functional Theory (DFT) calculations are currently under development. 

 

The interactions concerning the spins alignment in ferromagnetic materials have been 

represented by Weiss in 1907. He introduced in its theory an internal field Hm called the 

molecular field, in addition to the external magnetic field H. According to the theory, the 

internal field Hm is arising from the interactions between the magnetic moments in relation to 

each other. It gives an explanation to the origin of the existence of a spontaneous magnetization 

of the material, without external magnetic field. 

 

A few years after Weiss, Heisenberg (1928) has described the exchange energy Eex between 

two adjacent spins S1 and S2 by an electrostatic interaction in the following form: 

 

𝐸𝑒𝑥 = −𝐽. 𝑆1⃗⃗  ⃗. 𝑆2⃗⃗  ⃗ = −𝐽. 𝑆1. 𝑆2. 𝑐𝑜𝑠 𝜙 I-12 

where J is the exchange integral, and 𝜙 the angle between the spins S1 and S2. 

 

The sign of J determines the magnetic order. For J > 0, the parallel arrangement is favored 

(ferromagnetic arrangement) and for J < 0, the antiparallel configuration is privileged 

(antiferromagnetic or ferrimagnetic). 

 

Similarly, the exchange energy Eex per unit volume is written: 

 

𝐸𝑒𝑥 =
−𝜇0
2

 ∑ 𝑛𝑖𝑗𝑚𝑖𝑚𝑗

𝑖,𝑗≠𝑖

=
−𝜇0
2

∑𝑚𝑖𝐻𝑖
𝑖

 I-13 

 

with 𝐻𝑖 = ∑ 𝑛𝑖𝑗𝑚𝑗𝑗≠𝑖 , mi and mj the magnetic moments of two adjacent atoms, nij a coefficient 

positive (parallel) or negative (antiparallel) as a function of the orientation of the magnetic 

moments. 
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Hi is considered as a local field on the moment mi. Regarding the Weiss molecular field 

theory, the variation of Hi should be neglected and only its average should be regarded as a 

function of the temperature: 

 

〈𝐸𝑒𝑥〉𝑇 = −𝜇0  ∑〈𝑚𝑖〉𝑇〈𝐻𝑖〉𝑇
𝑖

 I-14 

  

〈𝐻𝑖〉𝑇 = 𝐻𝑚 =∑𝑛𝑖𝑗〈𝑚𝑗〉𝑇
𝑗≠𝑖

 I-15 

 

The molecular field Hm is thus introduced in Equation I-15. 

According to the quantum theory of paramagnetism, the magnetization of an individual 

sublattice is written as follows [11]: 

 

𝑀𝑖 = 𝑛𝑖𝑔𝜇𝐵𝑆𝑖𝐵𝑆𝑖 (
𝑔𝐽𝜇𝐵𝜇0𝐻

𝑘𝐵𝑇
) I-16 

 

with ni the volume density of spins Si, g the Landé factor, µB the Bohr magneton , J the total 

angular momentum, and 𝐵𝑆𝑖(𝑥) the Brillouin function (Equation I-17). 

 

𝐵𝑆𝑖(𝑥) = [
(2𝐽 + 1)

2𝐽
] 𝑐𝑜𝑡ℎ [

(2𝐽 + 1)𝑥

2𝐽
] − (

1

2𝐽
) 𝑐𝑜𝑡ℎ (

𝑥

2𝐽
) I-17 

 

The magnetization reaching zero at the Curie temperature TC, its value can be obtained by 

linearizing the Brillouin function. Applying the molecular field theory to a ferrimagnetic 

material, the magnetization in each opposite sublattice could be stated as follows: 

 

𝑀𝑖 =
𝐶𝑖
𝑇
(𝐻 + 𝑁𝑖𝑖𝑀𝑖 + 𝑁𝑖𝑗𝑀𝑗) 𝐶𝑖 =

𝑛𝑖𝑔𝑖
2µ𝐵

2𝑆𝑖(𝑆𝑖 + 1)

3𝑘
 I-18 

𝑀𝑗 =
𝐶𝑗

𝑇
(𝐻 + 𝑁𝑗𝑖𝑀𝑖 + 𝑁𝑗𝑗𝑀𝑗) 𝐶𝑗 =

𝑛𝑗𝑔𝑗
2µ𝐵

2𝑆𝑗(𝑆𝑗 + 1)

3𝑘
 I-19 

 

where Nii (Njj) and Nij (Nji) are the molecular field coefficients in each sublattice and between 

sublattices respectively, with Mi and Mj the magnetization inside each sublattice. Ci and Cj are 

called the Curie coefficients. 

 

With a zero applied field H, the Curie temperature TC (Equation I-20) derives from the 

previous system of two linear equations (Equations I-18 and I-19) with Mi ≠ Mj ≠ 0 by 

calculating the determinant of the system: 

 

𝑇𝐶 =
1

2
(𝐶𝑖𝑁𝑖𝑖 + 𝐶𝑗𝑁𝑗𝑗) +

1

2
√(𝐶𝑖𝑁𝑖𝑖 − 𝐶𝑗𝑁𝑗𝑗)

2
+ 4𝐶𝑖𝐶𝑗𝑁𝑖𝑗

2  I-20 
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The molecular field theory also predicts the global magnetization as a function of the 

temperature in a material with opposite sublattices (Equation I-21). 

 

𝑀 = |𝑀𝑖 −𝑀𝑗| I-21 

 

After applying the Brillouin-Weiss function to each sublattice, the expression of the 

magnetization inside each sublattice as a function of the temperature is determined: 

 

𝑀𝑖(𝑇) = 𝑀𝑖(0)𝐵𝑆𝑖(𝑎𝑖) I-22 

  

𝑀𝑗(𝑇) = 𝑀𝑗(0)𝐵𝑆𝑗(𝑎𝑗) I-23 

 

with 𝐵𝑆𝑖(𝑎𝑖) and 𝐵𝑆𝑖(𝑎𝑗) the Brillouin functions. 𝑎𝑖 and 𝑎𝑗 are expressed as a function of the 

temperature (Equations I-24 and I-25). 

 

𝑎𝑖(𝑇) =
𝑚𝑖𝐻𝑚

(𝑖)

𝑘𝑇
=
𝑔𝑖µ𝐵𝑆𝑖
𝑘𝑇

(𝑁𝑖𝑖𝑀𝑖 + 𝑁𝑖𝑗𝑀𝑗) 
I-24 

  

𝑎𝑗(𝑇) =
𝑚𝑗𝐻𝑚

(𝑗)

𝑘𝑇
=
𝑔𝑗µ𝐵𝑆𝑗

𝑘𝑇
(𝑁𝑗𝑖𝑀𝑖 + 𝑁𝑗𝑗𝑀𝑗) 

I-25 

 

The corresponding molecular field coefficients are displayed in Equation I-26. 

 

𝑀𝑖(0) = 𝑛𝑖𝑔𝑖µ𝐵𝑆𝑖 
 

𝑀𝑗(0) = 𝑛𝑗𝑔𝑗µ𝐵𝑆𝑗 

 

I-26 
𝑁𝑖𝑖 =

𝑧𝑖𝑖
𝑛𝑖

2𝐽𝑖𝑖

𝑔𝑖
2µ𝐵

2  

 

𝑁𝑗𝑗 =
𝑧𝑗𝑗

𝑛𝑗

2𝐽𝑗𝑗

𝑔𝑗
2µ𝐵

2  

 

𝑁𝑖𝑗 =
𝑧𝑖𝑗

𝑛𝑗

2𝐽𝑖𝑗

𝑔𝑖𝑔𝑗µ𝐵
2  𝑁𝑗𝑖 =

𝑧𝑗𝑖

𝑛𝑖

2𝐽𝑗𝑖

𝑔𝑗𝑔𝑖µ𝐵
2  

 

with ni, nj the numbers of magnetic atoms in each sublattice per unit volume and zij the number 

of Sj nearest neighbors of spin Si. 

Among the other macroscopic properties introduced in paragraph I.1.2.C.a, 

magnetocrystalline anisotropy can be understood as a consequence of effective “one-ion” or 

“two-ions” contributions arising from spin-orbit coupling. 

 

I.1.3. Iron oxide spinels magnetic and electronic properties 

 

I.1.3.A. Magnetic order 

Magnetite and maghemite are ferrimagnetic materials. Three different exchange 

interactions rule the cations magnetic order: exchange interactions between tetrahedral sites 
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(AA), between octahedral sites (BB) and between the two different types of sites (AB). Fe3+ 

and Fe2+ ions possess spin magnetic moments of 5 µB and 4 µB respectively. 

 

In the case of magnetite, the magnetic moments are ferromagnetic inside the tetrahedral and 

octahedral sublattices (AA and BB interactions) which are in antiferromagnetic configuration 

in relation to each other (AB interactions) [36]. Thus, the spin magnetic moments follow the 

sketch on Figure I-9. 

 

 
Figure I-9. Organization of magnetic moments in A and B sublattices for magnetite case. 

 

Magnetic moments of ferric ions Fe(III) cancel each other out. The global magnetization is 

thus only due to the magnetic moments of ferrous ions Fe(II) (configuration d6). Theoretically, 

the resultant of the magnetic moments is equal to 4 µB in a reduced mesh, corresponding to 32 

µB due to the presence of 8 Fe2+ ions per unit cell [3] [37]. A saturation magnetization of bulk 

magnetite of 92 emu/g (A.m2/kg) has been previously reported [38] [39]. This value is close to 

98 emu/g (A.m2/kg) which is calculated from the theoretical value of 32 µB for the magnetic 

moment and 8.393 Å as the lattice parameter of massive magnetite through the following 

expression to convert Bohr magnetons in emu/g: 

 

𝑀𝑆(𝑒𝑚𝑢/𝑔) =
𝑛𝐵(µ𝐵)𝑁𝐴µ𝐵

𝑀
 I-27 

 

with nB(µB) the magnetic moment per formula unit in Bohr magnetons, NA the Avogadro’s 

number (mol-1), µB the Bohr magneton equal to 9.274 × 10−21 emu and M the molar mass 

(g.mol-1). If the spinel was normal, the magnetic moment of a reduced mesh would have been 

equal to (2x5-4) µB = 6 µB. 

For the maghemite, considering the expression (Fe3+)[Fe3+
5/3□1/3]O4

2− given at the part I.1.1 

[7] for the space group Fd3m, the magnetization is given by (5/3 – 1) × 5 µB = 10/3 µB in a 

reduced mesh. The saturation magnetization MS of bulk maghemite corresponds to 87 emu/g 

(A.m2/kg) (Equation I-27) which is close to the value of 74 emu/g (A.m2/kg) reported in the 

literature [40] [41]. 

 

The magnetization is linked to the amount of lone pair electrons per unit mesh. Figure I-10 

summarizes the number of lone pair electrons, the theoretical and experimental spin moments 

and also the bulk saturation magnetization for each structure, magnetite and maghemite. 

Tetrahedral sites (A)

Octahedral sites (B)Fe3+ Fe2+

M
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 Number of 

lone pair 

electrons 

per f.u 

Theoretical 

moment 

(µB/f.u) 

Experimental 

moment 

(µB/f.u) 

Bulk saturation 

magnetization 

(MS) (emu/g) 

Fe3O4 14 4 4.2 92 

γ-Fe2O3 13.33 3.33 3.15 74 
Figure I-10. Summary table of the general information (per formula unit), about spin magnetic moment 

and magnetization of magnetite and maghemite, from Dunlop et al. [21] [42]. MS is about 95 emu/g 

(A.m2/kg) for Fe3O4 above the Verwey temperature. 

 

I.1.3.B. Electronic properties 

 

In the spinel ferrite system, the conduction occurs by means of electrons hopping between 

Fe3+ and Fe2+ ions [43] located on the neighboring octahedral sites. In this way, the probability 

of electronic displacement is higher in Fe3O4 due to the same number of Fe3+ and Fe2+ ions 

placed on octahedral sites. In comparison, the probability is zero for γ-Fe2O3 because the 

structure does not contain any Fe2+ ions (except at their surface because of defects). 

 

At room temperature, for bulk materials, the resistivity is around 10-2 Ω.cm for magnetite 

and of 1019 Ω.cm for the maghemite which possesses insulating properties [44]. A gap of 0.14 

eV is observed between occupied and empty states in the electronic structure of Fe3O4 [45] and 

maghemite is a semiconductor which exhibits a 2.03 eV band gap [46]. 

Magnetite is therefore considered as a semiconductor with good conductivity properties. 

Indeed, its structure displays a high conductivity comprised between 103 and 2.5 × 104 Ω-1m-1 

according to Verwey et al [43] [47]. However, a phase change occurs around T = 120 K in the 

magnetite structure with alterations of its properties. The conductivity is drastically reduced 

and a decrease of the magnetization is also observed [47] [48]. This reaction induces a specific 

heat peak around 114 K which confirms the phase change [49]. It is called the Verwey transition 

with the corresponding Verwey temperature TV. This phenomenon is not fully understood. 

Some hypotheses have been made. At first, an electronic exchange occurs between Fe3+ and 

Fe2+ ions above TV and suddenly disappears below TV. The disappearance of the electrons 

hopping in octahedral sites might be due to a charge ordering below TV which explains the 

metal-insulator transition [50] [51]. A crystal structure change which induces a modification of 

the electronic properties is also an explanation [52]. 

 

The Verwey temperature TV is influenced by the stoichiometry and in other words by the 

inversion degree in the spinel structure δ, but also by the surface oxidation of particles [53] 

[54]. In this way, TV also depends on the particle size, and Bohra et al. observed it completely 

vanishes for magnetite particles with diameters below 20 nm [51] which could be due to the 

fact that tiny nanoparticles are more sensitive to the surface oxidation [55]. Similarly, TV 

decreases with the reduction of the particle size and shifts to low temperature with the 

introduction of cations in the structure (Zn, Ti…) until the transition is not anymore observed 

above a certain amount of cations [51]. 
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As previously mentioned, the insertion of cations in the spinel structure generates serious 

changes in the microstructural, chemical and physical properties of the material. The 

introduction of zinc in the structure has a particular interest for our study. The next paragraphs 

will introduce and explain the choice of the composition in agreement with our final application 

which is to develop magnetic coatings combining a high saturation magnetization with 

insulating properties. A compromise between these two parameters is made. The difference 

with magnetic properties of magnetite will be highlighted. 

 

I.2. Choice of the iron oxide spinel composition 

 

 Nonmagnetic 3d ion addition in ferrites (Al3+, Zn2+) has proven to paradoxically 

enhance their magnetic properties. This effect is reviewed for the well-known case of Zn and 

explained in the frame of the two sublattices model of ferrimagnetism. 

 

I.2.1. Effect of Zn doping on structural properties 

 

As seen in the previous part, magnetite possesses an inverse cubic spinel structure with 

oxygen in FCC configuration. The cations are divided between tetrahedral and octahedral sites. 

The insertion of other cations impacts Fe2+ and Fe3+ arrangement in the structure. They will 

occupy one or both sites according to their ionic radius, charge and coordination number [24]. 

Several possibilities are observed in Figure I-11.  
 

 
Figure I-11. General data about Fe3+, Fe2+ and Zn2+ ions. High spin noted HS and low spin LS. 

Information from R.D. Shannon [56]. 

 

In maghemite, the Fe3+ in tetrahedral sites (coordination IV) have a radius of 49 pm which 

is smaller than Zn2+ in the same site. The addition of Zn in the structure will expand the lattice 

parameter. 

 

Zn2+ ions rather prefer to occupy tetrahedral sites [57]. In this case, Zn-doped magnetite 

adopts the following formula:  

 

(𝑍𝑛𝑥−𝛿
2+ 𝐹𝑒(1−𝑥)+𝛿

3+ )[𝑍𝑛𝛿
2+𝐹𝑒(1−𝑥)

2+ 𝐹𝑒(1+𝑥)−𝛿
3+ ]𝑂4 I-28 

 

where x is the molar quantity of Zn2+ ions in ZnxFe3-xO4 composition and δ the degree of 

inversion in the spinel structure. The structure is designated as “normal” when all of the Zn 

cations are localized on the tetrahedral sites (A) and as an “inverse” framework when they lie 

on the octahedral one (B). At some point, it occurs that the Zn cations could be retrieved on 

both sites and the spinel structure starts to reverse. Thus, cation organization in A and B sites 

Fe3+ Fe2+ Zn2+

Ionic radius (pm) 49 58 55 64.5 78 63 61 78 92 60 68 74 90

Spin state HS LS HS HS HS LS HS HS

Coordination IV V VI VIII IV VI VIII IV V VI VIII

Charge +3 +2 +2
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strongly influences the magnetic properties of the material and especially its global 

magnetization, its Curie temperature as inferred from the molecular field theory... Synthesis 

conditions clearly impact the inversion degree δ [58] as well as its dependence with the 

temperature. Therefore, a good control of the synthesis and its parameters is required for the 

elaboration of nanoparticles with adjustable magnetic properties.  

 

I.2.2. Physical properties 

 

I.2.2.A. Magnetic properties 

Starting from the normal formula (𝑍𝑛𝑥
2+𝐹𝑒1−𝑥

3+ )[𝐹𝑒1+𝑥
3+ 𝐹𝑒1−𝑥

2+ ], the theoretical global 

magnetization of the structure can be calculated. It comes from the difference between the total 

magnetic moments at B and A sites [59] expressed in µB: 

 

𝑀𝐴 = (1 − 𝑥) × 5µ𝐵  𝑀𝐵 = (1 + 𝑥) × 5µ𝐵 + (1 − 𝑥) × 4µ𝐵  
I-29  

𝑀 = 𝑀𝐵 −𝑀𝐴 = (4 + 6𝑥) × 𝜇𝐵 
 

Accordingly, the magnetization is clearly dependent on the Zn content x in the structure. 

The evolution of the saturation magnetization MS and of the coercive field HC with the increase 

of Zn content in the structure is depicted on Figure I-12.A in the case of ZnxFe3-xO4 films 

obtained by spin-spray plating (SSP) [30]. The same trend is observed for ZnxFe3-xO4 coatings 

prepared by dipping the substrate in a solution containing nitrate precursors in DMAB as a 

solvent [60]. 

 

 
Figure I-12. Measurements of MS and HC as a function of the Zn amount in ZnxFe3-xO4 films [30] (A) (the 

red arrow points the interesting composition for the study) and a scheme of the Yafet-Kittel-type canting 

effect (B). 

 

The dependence of the saturation magnetization at room temperature on Zn content 

exhibited on Figure I-12.A results from both decrease of Curie temperature with zinc content 

and changes in intrinsic magnetic moment at 0 K which is shown on Figure I-13 [42]. 

An attempt of a quantitative interpretation of this trend in the frame of the molecular field 

theory is presented in chapter IV. 
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Figure I-13. Saturation magnetic moment in µB of various ferrites with Zn content, including ZnxFe3-xO4. 

From Gorter [42]. 

 

In the case of low Zn concentrations (0 < x < 0.5) (Figure I-13), Fe2+ ion content decreases 

with the increase of Zn2+. Fe3+ ions are still positioned on both sites. The structure follows a 

model of collinear ferrimagnetism with an antiparallel configuration between A and B sites 

because of prevalency of superexchange interaction A-O-B over B-O-B interactions. The 

magnetization at 0 K is equal to (4+6x)× 𝜇𝐵 as described above (Equation I-29). 

For higher Zn concentrations (0.5 < x < 1) (Figure I-13), the addition of Zn2+ in the structure 

induces a gradual replacement of Fe3+ ions with Zn2+ in A sites. A-O-B interactions are not 

prevailing anymore and B-O-B interactions become dominant. The octahedral sites (B) then 

splits into two sublattices where each part possesses a magnetic moment of the same amplitude 

but oriented at opposite angles [61]. This phenomenon is represented in a sketch on Figure I-12-

B and is called the Yafet-Kittel-type canting. The global magnetization M becomes: 

 

𝑀 = 𝑀𝐵 𝑐𝑜𝑠 𝛼𝑌𝐾 −𝑀𝐴 I-30 

 

with 𝛼𝑌𝐾 the canting angle between the magnetic moment with the direction of the global 

magnetization in the octahedral sites, also called the Yafet-Kittel angle [60], MA and MB the 

total magnetization at the tetrahedral and octahedral sites, respectively. The Yafet-Kittel-type 

canting causes a decrease of MB which explains the general diminution of the global 

magnetization for a certain amount of zinc. 

 

Concerning the coercive field HC which is linked to the magnetic anisotropy, a sharp 

decrease with the Zn amount until approximatively 0.2 is noticed (Figure I-12-A), which seems 

to be the border between a semi-hard magnetic material to a soft one. A smoother drop is then 

observed for x between 0.2 and 1 until it reaches zero around x ≈ 0.8. Such a trend could be 

interpreted by the decrease of the Fe2+ content, which has an effective one ion contribution to 

magnetic anisotropy greater than Fe3+ (for which L = 0). At x ≈ 0.8, the Curie temperature may 
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be lower than room temperature which is the case for Ni1-xZnxFe2O4 with a TC below room 

temperature for x = 0.8 [62]. 

 

For the sake of simplicity, the degree of inversion δ in the spinel structure has not initially 

been taken into account in this explanation. The next paragraph focuses on the way δ could 

impact the magnetization properties of the material, separately from the Zn content. 

 

I.2.2.B. The influence of the spinel inversion degree 

As previously mentioned (I.2.1), the magnetic properties of ZnxFe3-xO4 depend on the 

organization of cations on the tetrahedral (A) and octahedral (B) sites. It has been clearly 

demonstrated in some similar compositions with for example Mn1-xZnxFe2O4 [63]. This concept 

is described in the following schemes (Figure I-14). 

 

 

 
Figure I-14. Cation distribution on A and B sites for ZnxFe3-xO4 composition in a “normal” (A) and 

“inverse” (B) spinel structure. 

 

In the case of the “normal” configuration (Figure I-14.A), all of the Zn cations are located 

on the A sites. Fe3+ cations are divided between B sites and the available positions in A sites. 

Finally, Fe2+ cations lie only on the B sites. Otherwise, when the spinel starts to reverse, an 

exchange between Zn2+ on A sites and Fe3+ on B sites occurs. Hence, Zn2+ cations could be 

found at the octahedral positions (Figure I-14.B) resulting in a decrease of MB and then of the 

global magnetization M.    

 

The inversion of the spinel could appear for any Zn amount. Indeed, it has been examined 

for ZnFe2O4, MnFe2O4, CoFe2O4 composition and sometimes with a spin canting effect at the 

octahedral sites [25]. 

 

Franklinite (ZnFe2O4) has all of its A sites filled with Zn2+ cations in the “normal” 

organization. B sites only contain Fe3+ cations for this composition. Since Zn2+ cations are non-

magnetic, there is only a B-O-B exchange interaction and the magnetic moments are settled in 

an antiferromagnetic configuration in the octahedral sites (Figure I-15-A). Consequently, the 

global magnetization of the material is equal to zero. Bulk franklinite is paramagnetic above 10 

K (TN) [32] [64]. 

 

MB

MA

Tetrahedral sites (A)

Octahedral sites (B)Fe3+ Fe2+

M = MB - MA

Zn2+

A B
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Figure I-15. Cation distribution on A and B sites for ZnFe2O4 composition in a “normal” (A) and 

“inverse” (B) spinel structure. 

 

The inversion of the spinel proceeds in the same way as for the general ZnxFe3-xO4 formula. 

Indeed, some Zn2+ and Fe3+ are exchanged and are found at the octahedral (B) and tetrahedral 

(A) positions, respectively. The inversion gives to the material a magnetization at room 

temperature. The structure becomes ferrimagnetic at the nanoscale due to the predominance of 

A-O-B interactions [32]. 

 

I.2.2.C. Electronic properties 

The resistivity ρ increases with x on a logarithmic scale (Figure I-16). Indeed, the electron 

hopping between Fe2+ and Fe3+ in octahedral sites is affected by the insertion of Zn2+ ions in 

the structure which tends to diminish the proportion of Fe2+ in B sites. The conductivity is then 

reduced [30]. Above a Zn concentration of 0.15, the resistivity exceeds a value of 50 Ω.cm 

above which a material is considered as a perfect insulator for application in high-

frequency devices. It is thus a good indicator on which to rely on for the choice of the 

nanoparticles composition. 

 

 
Figure I-16. Evolution of the resistivity versus the Zn content in ZnxFe3-xO4 films [30]. 
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I.2.3. The selected iron oxide spinel composition 

 

To summarize, the Zn-doping ferrite system is selected to obtain an insulating mixed-

oxide and allow a good penetration of the electromagnetic wave in the material. Good 

insulating properties are noticed from x above 0.15, as well as a high saturation 

magnetization and weak coercive field for x below 0.5 (Figure I-12). For all of these reasons, 

the composition is fixed at Zn0.4Fe2.6O4 in the overall study. 

 

I.3. Particle size effect on the magnetic properties 

 

I.3.1. Superparamagnetism, transition single/multi domains 

 

At the particle scale, the size strongly influences the magnetic properties. The magnetization 

curve may exhibit if anisotropy is low enough a superparamagnetic behavior at room 

temperature, characterized by a non-saturating signal under high magnetic field. Indeed, below 

a certain limit of size r0 (20 nm according to S. Noh et al. [65]), the thermal energy becomes 

sufficient to overcome the energy barrier responsible of the change of magnetization direction 

of a particle. Thus, in the case of a non-interacting particles set, at zero applied field, the 

magnetization direction of each nanoparticle fluctuates over time and results in a zero global 

magnetization for a measured time above the reversal time of the spins [66] as well as a coercive 

field which tends towards zero (Figure I-17). However, when an external magnetic field is 

applied, the superparamagnetic particles magnetize in the direction of the field [67]. 

 

Another parameter relative to superparamagnetic particles is the blocking temperature TB, 

the temperature at which the thermal energy becomes strong enough to compete with the energy 

barrier of spins flipping and relative to the measurement time. Further details will be provided 

in Chapter IV.  

 

 
Figure I-17. Relation between the coercive field and the particle size (solid and dashed lines for particles 

without and with interactions, respectively). From U. Jeong et al. [67]. 

 

Under a critical size value rC and above r0, the particle moves from a multi-domain regime 

where multiple magnetic domains coexist to a single one. In fact, below rC, the domains become 

unstable and the configuration of lower energy is a single domain with all of the magnetic 

moments oriented in the same direction. The critical radius rC follows Equation I-31  [68] [69]: 
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𝑟𝐶 = 
9𝛾𝑤

µ0𝑀𝑆
2 I-31 

 

where 𝛾𝑤 = (𝐴𝐾)
1

2 is the surface energy of a Bloch wall, A is the exchange constant, K the 

anisotropy constant, µ0 the vacuum permeability and MS the saturation magnetization. 

 

The transition between a polydomain and a monodomain particle depends on the material 

composition. Indeed, dC = 2rC defined as the critical diameter has been determined 

experimentally as the maximum of the curve representing HC as a function of the diameter of 

nanoparticles (Figure I-17). dC is about 80 nm in the case of Fe3O4 particles [12] [70] and 60 

nm for Zn0.4Fe2.6O4 particles [65]. In the case of a polycrystalline material, this diameter is 

considerably increased due to the particle interactions which stabilize the monodomain 

structure. An experimental study by a neutron depolarization technique has shown that this 

diameter is about 3 µm for Ni0.49Zn0.49Co0.02Fe1.90O3.85 particles [71]. The size of the grain 

governing the domain wall creation, this parameter will intervene in the dynamic behavior of 

the material. 

 

Consequently, considering a set of particles in a film, the dynamic magnetic response will 

depend on the coupling between grains and also on the particle size. When the particle size 

exceeds the critical value of approximately 3 µm for the Ni0.49Zn0.49Co0.02Fe1.90O3.85 

composition, the permeability spectra will display resonance peaks for domain walls and 

domains. On the contrary, for diameters below 3 µm, no resonance peak of walls and domains 

remains. 

 

Hence, the interest of the project is to manage the magnetic losses by avoiding the parasitic 

signals of particle walls and domains. For this purpose, we would like to pilot the magnetic 

walls through the elaboration of patterns by the pattern geometry and not imposed by the 

particle size. This prerequisite imposes to work only with single-domain particles and thus to 

respect a condition on the nanoparticle size: the diameter should be below 1 µm by taking into 

account the particle interactions. 

As a consequence, two ranges of size of nanoparticles are selected for the present project, 

one below 20 nm [65] to study the superparamagnetic influence and one comprised between 20 

and 1 µm with ferrimagnetic particles. 

 

I.3.2. Shape effect 

 

Added to the particle size effect, the magnetic properties could also be influenced by the 

particle morphology. 

 

Noh et al. [65] have noticed a difference of 50 emu/g (A.m2/kg) in the saturation 

magnetization MS of Zn0.4Fe2.6O4 cubic and spherical particles with a diameter of about 20 nm. 

The highest value is obtained for the cubic shape. It might be due to the fact the curved surface 

of round-shape particles includes multiple facets which generate an increase of spins disorder 
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at the surface. In comparison, the cube has flat low energy faces and thus displays a smaller 

surface anisotropy. 

The coercive field HC could be impacted by the particle shape too. At same particle sizes of 

around 100 nm, Li et al. [70] highlight a higher HC in the case of a Fe3O4 cube in comparison 

with a sphere of the same material but with same values of MS. The difference would be 

attributed to the multiple orientations of easy axis in the sphere influenced by the polycrystals 

in its multi-domain structure. 

 

The control of the nanoparticle morphology through the synthesis is hence a major issue. 
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I.4. Conclusion 

 

Part I gives a detailed view of the state of the art and the basic concepts required for the 

understanding of the study. Globally, it concerns the material choice and its physical 

properties resumed as follows: 

 

• At first, notions of magnetism are presented: the different magnetic behaviors 

encountered in a material (paramagnetic, ferro-, ferri-, antiferro-…magnetic), the 

definition of a magnetic domain, the notion and types of anisotropy, and the dynamic 

magnetic properties. 

• The introduction to the family of iron oxides incorporating the crystal structure, 

magnetic and electronic properties. 

• The Zn-doping of iron oxide ZnxFe3-xO4 with the influence on the doping on: the 

crystal structure, magnetic and electronic properties, and the phenomenon of 

inversion degree in the spinel structure. The inversion degree will be discussed all 

along this manuscript. 

• The presentation of the superparamagnetism, described deeply in Chapter IV. The 

size effect on the magnetic properties of nanoparticles is introduced with the notion 

of the critical size for the transition between a single to multi domains, and then the 

incidence of the particle shape on the magnetic properties. 

• To end, the choice of the particle composition and size for the study is justified. The 

selected composition is Zn0.4Fe2.6O4 to combine a high value of the saturation 

magnetization with an electrical resistivity sufficient to ensure the penetration of the 

electromagnetic wave. Two preferred ranges of size are: below 20 nm with a 

superparamagnetic behavior, and ferrimagnetic between 20 and 1 µm. 

 

Such a material finds many applications in high frequency devices like non-resonant 

devices, rod antennas, read/write heads for digital tape, power transformers in electronic and 

telecommunications, information storage, radar absorption… or even for wireless power 

transfer (WPT) [72].  

 

Magnetic and electronic properties of iron oxide spinel nanoparticles are influenced by 

their size and shape. 

 

Therefore, the nanoparticles elaboration method should be chosen from: 

 

• The homogeneity of the chemical composition Zn0.4Fe2.6O4 and crystal phase. 

• The versatility of the method to elaborate two sizes of nanoparticles with a narrow 

dispersion for magnetic properties homogeneity: below 20 nm and above 20 nm. 

• The shape which has to be isotropic to avoid shape anisotropy or porosity in the 

coating. 

• The compatibility with the further step of the coating process. 

 

The next part will focus on the choice of the elaboration method. 
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II. Different elaboration methods: state of the art 

There are many ways to elaborate iron oxide spinel nanoparticles.  

 

Many researches demonstrate the interest of magnetic nanoparticles for applications in 

magnetic hyperthermia, or in recuperation of waste or soft matter based compounds. In this 

context, Lacroix et al. [73] have studied the synthesis of  monodisperse FeCo nanoparticles 

with a 14 nm diameter through the decomposition of organometallic precursors under H2 

atmosphere [74]. Salgueirino-Maceira et al. have demonstrated the benefit of a core/shell 

particle framework sliced in three layers: an iron oxide core, a gold shell on the outer and a 

silica intermediate layer to isolate the magnetic core from the gold coating. Such a structure is 

interesting in order to combine imaging and therapy for cancer treatment, as well as controlling 

the particle pathway towards the infected cells in the body through the application of an external 

magnetic field. Uniform particles in size and shape are required and have been synthesized by 

a coprecipitation method for the magnetic core [75]. Similarly, the elaboration of Fe3O4 

particles by coprecipitation and their arrangement in chains embedded in a gel matrix have been 

investigated by Myrovali et al. in order to improve the hyperthermia efficiency. Two ranges of 

size (10 and 40 nm) have been examined. The increase of particle diameter has been done by 

changing the precursor nature and especially by replacing chlorides with sulfates [76]. 

 

Magnetic nanoparticles possess many more potential applications like magnetic data storage 

or permanent magnets for example. Cobalt nanodisks with controlled dimensions (diameter of 

21 nm and thickness of 12 nm) have been evaluated for this purpose [77]. 

 

We would like to focus on the most commonly used elaboration methods and describe the 

advantages and drawbacks. The difficulty lies in the development of pure nanoparticles with 

perfectly controlled size and shape, with a high crystallinity and above all homogeneous 

regarding the chemical composition.   

 

II.1. Different elaboration routes 

 

All of the existing synthesis methods are divided into two main categories called the top-

down and bottom-up approaches. On the one hand, the top-down approach deals with the 

mechanic reduction or fragmentation of a massive material in small particles with sizes of up 

to the nanometer range. This process is carried out by means of grinding, ball-milling and even 

ultrasonication [78] [79]. Even though, these mechanic techniques generally induce a broad size 

distribution, very long reaction times, low yields, and impurities [78]. This is not the best way 

for a size and morphology control of pure nanoparticles. Another physical method could also 

be mentioned: an evaporation/sputtering process based on the principle of the Physical Vapor 

Deposition (PVD). A target constituted of the material of interest is vaporized by ion 

bombardment. An inert gas flow carries out the evaporated material onto the substrate where 

steps of nucleation/growth occur during condensation and allow the particle formation [80]. 

This last technique is expensive and is only applicable to metallic nanoparticles [81] [82]. 
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On the other hand, the bottom-up approach concerns the synthesis of nanoparticles starting 

from the assembling of atoms and molecules and resulting from condensations reactions or 

molecule decomposition. The particles are synthesized directly through chemical synthesis. The 

nanoparticle size and shape can be controlled by the synthesis parameters, with for example the 

temperature profile, the reaction duration, the chemical products, the stirring process, the ratio 

between surfactant and precursors, the pH… Some examples of the most common synthesis 

methods are described in the parts below: coprecipitation, thermal decomposition, 

hydrothermal/solvothermal synthesis, polyol synthesis, microemulsion, sol-gel process and 

oxidation/reduction. The technique used for the doped zinc ferrite nanoparticles synthesis has 

been chosen from the comparison between these different chemical methods considering the 

advantages and disadvantages in each case.   

 

II.1.1. Coprecipitation 

 

The coprecipitation is the most commonly used method to synthesize ferrite nanoparticles 

[78]. It has the advantage to be simple because it is carried out in water and it allows obtaining 

good reaction yields, what makes this synthesis eco-friendly. It has also the possibility to be 

developed on a large scale through automatized systems. 

 

 Iron oxides nanoparticles (Fe3O4, γ-Fe2O3) could be synthesized from divalent and trivalent 

iron salts which precipitate by adding a base [83] [84] [10] [85] [86] [87] [88]. Some examples 

of salts used in this context are sulphates, chlorides, nitrate [89] [84]… The pH of the reaction 

media will have an important effect on the nanoparticles formation, that is why this parameter 

has to be controlled. It can be tuned by addition of a sodium hydroxide solution for example 

[78]. After the introduction of all the reactants, the reaction can occur under intense stirring and 

sometimes can be initiated by heat [78]. 

  

Nanoparticles with sizes comprised between 2 and 50 nm could be elaborated [89]. 

However, this method entails a certain number of drawbacks. The size is tough to control, that 

is why the synthesis is heterogeneous in terms of size [79]. Then, the nanoparticles from this 

synthesis don’t have a high crystallinity. Consequently, this method requires a heating post-

treatment to enhance the degree of crystallinity [78]. Moreover, the coprecipitation process does 

not require a specific ligand in the reaction media, which is frequently used in organic synthesis 

to control the nanoparticles size and shape. Thus, it can generate the aggregation of 

nanoparticles which are difficult to separate after the synthesis [79].  

 

Other synthesis methods have been studied in order to obtain a better control of 

nanoparticles size and morphology. 

 

II.1.2. Hydrothermal/solvothermal synthesis 

 

The hydrothermal synthesis is close to the coprecipitation process except that it occurs in 

an autoclave in high temperature and pressure conditions. These supercritical conditions allow 

attaining a higher control of the nanoparticles size and morphology [79]. In fact, it affords to 
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monitor the Ostwald ripening through the hydrolysis kinetics which are considerably facilitated 

due to a better dissolution of the ionic species in the reactor [79]. Divalent and trivalent metal 

salts are dissolved in water or water-miscible organic solvents including ethanol or ethylene 

glycol [78]. The obtained solution is then introduced in an autoclave under high pressure. The 

applied temperature depends on the solvent used in the system. For example, Co-Zn ferrite 

nanoparticles with sizes ranging from 5.5 and 9 nm have been synthesized with the 

hydrothermal method [79] [90]. Co2+, Zn2+ and Fe2+ ions were precipitated at room temperature 

in aqueous media with a NaOH base. The solution is afterwards inserted in the autoclave with 

pressure and temperature conditions of about 103 kPa and 105 °C, respectively. Nanoparticle 

sizes are governed in this case by two important parameters: the pH and the reaction time. 

This synthesis method is suitable for nanoparticles production on a large scale [78] [84]. 

Morphology, size and size distribution can be well controlled by adjusting the pH, reaction 

time, temperature and pressure inside the autoclave and with the choice of adequate solvents. 

The primary drawback seems to be the low obtained yields [78].  

 

The hydrothermal synthesis takes place in aqueous media whereas the solvothermal one is 

its equivalent in organic solvents. 

 

II.1.3. Polyol synthesis 

 

The polyol route is a common synthesis used for the elaboration of monodisperse colloidal 

magnetic ferrite nanoparticles with high crystallinity. It deals with the use of polyols such as 

ethylene glycol, diethylene glycol, poly(ethylene glycol) and so on [91]… These solvents 

possess multiple roles in the synthesis and act as high-boiling point solvents, complexing 

agents, surfactants, reducing agents and amphiprotic solvents [78] [91]. This process is based 

on the reduction of metal salts in non-agglomerated particles. The choice of the polyol 

(molecular weight, polarity) has an effect on the nanoparticle shape, solubility and state of 

aggregation [79] [91].  The obtained nanoparticles could be easily spread out in polar solvents 

due to the presence of a hydrophilic layer around the particle coming from the polyol during 

synthesis [91]. 

 

Tiny nanoparticles with sizes ranging approximately from 5 to 15 nm could be synthesized 

with a narrow size distribution [89] [91]. This method is also appropriate for the synthesis of 

mixed oxides ferrites nanoparticles [78] with for example zinc nickel ferrite Zn0.7Ni0.3Fe2O4 

[91] or manganese zinc ferrite Mn0.48Zn0.12Fe2.4O4 [93] nanoparticles.   

 

II.1.4. Microemulsion 

 

The microemulsion method involves the use of micelles as nanoreactors. A microemulsion 

is a thermodynamically stable dispersion of two originally immiscible phases, which is made 

possible by the addition of an amphiphilic molecule called a surfactant [78]. The dispersion 

process falls into two categories: an oil-in-water emulsion called normal and a water-in-oil 

emulsion called the reverse one. The emulsion nature is linked to the ratio between the two 

phases (oil and water) and also the hydrophilic or lipophilic character of the surfactant at the 
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interfaces between water and oil phases [79]. The polar head of the surfactant is hydrophilic 

and therefore compatible with the water phase, whereas the non-polar tail is hydrophobic and 

will instead move in the oil phase. The dispersed droplets are between 2 and 100 nm. 

The mixture of two microemulsions of the same nature and containing the suitable reagents 

allows the precipitation of the nanoparticles inside the nanoreactors. The obtained nanoparticles 

can be recovered by adding ethanol to the system and with centrifugations or filtrations. 

 

The advantages of this method are: the synthesis of stable nanoparticles with different 

shapes and sizes by changing the type of surfactant, the ratio between the two phases and the 

reaction conditions [79]. It is also important to precise that it takes place at low temperature and 

that it can be used at the industrial scale. Indeed, most of the used solvents and surfactants can 

be recycled for many batches, in order to limit the production costs [78]. For example, MnFe2O4 

nanoparticles with sizes ranging from 4 to 15 nm were synthesized by the reverse emulsion 

technique with water-in-toluene micelles and sodium dodecylbenzenesulfonate as a wetting 

agent [94]. 

This synthesis is complicated to set-up and implies low yields of products. In addition, the 

produced nanoparticles are not well crystallized and often polydisperse [84].  

 

II.1.5. Sol-gel process 

 

The sol-gel synthesis is carried out in two stages: the hydrolysis and condensation of 

precursors and especially metal alkoxides M(OR)n with M for a metal and R for an organic alkyl 

group [78]. The obtained sol (a stable colloidal dispersion) may then be transformed into gel by 

further condensation reactions, still at room temperature. The solvent is here trapped in a solid 

network. There are two types of sol-gel reactions: a hydrolytic and a non-hydrolytic one [95]. 

The hydrolytic route involves the use of metallic salts in aqueous media. It allows the 

development of hydrogels which are gels consisting in hydrated oxides particles. Whereas this 

is the less expensive way, it is difficult to control the nanoparticle sizes. In this way, the non-

hydrolytic way which employs metal alkoxides in organic solvents leads to a better control of 

the nanoparticle monodispersity. 

 

This method is beneficial because the reactions occur at low temperatures (between 25 and 

200°C) with good control of nanoparticle size distribution and shape, and obviously it is simple 

in terms of equipment and process. The composition, size and shape can be monitored through 

sol concentration, annealing temperature, stirring velocity [78]. As an example, iron oxide 

nanoparticles with sizes ranging from 10 to 16 nm were synthesized by the polymeric sol-gel 

route with a high crystallinity [96]. 

 

Heating post treatments are required to remove the residual solvents, reaction by-products 

and obtain the pure crystalline nanoparticles [78]. 
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II.1.6. A non-hydrolytic route: the  thermal decomposition 

 

The thermal decomposition method is one of the easiest ways for the ferrite nanoparticles 

synthesis. It has been inspired from the synthesis of superconductor nanoparticles established 

in the 1990s [84] [97] and then employed for metallic and oxide nanoparticles synthesis. The 

obtained nanoparticles are monodisperse with a narrow size distribution, possess homogeneous 

morphologies and are highly crystalline. It consists in a thermal decomposition of 

organometallic precursors in organic media with the addition of a surfactant [78]. If we focus 

on the synthesis of iron oxide nanoparticles, the organometallic precursors are often metal 

acetylacetonates M(acac)n with M = Fe, Mn, Co, Ni, Zn, carbonyls, metal cupferronates (Cup 

= C6H5N(NO)O-), oleates and chlorides [84] [2]. A number of studies suggest that the purity of 

the precursors is an important factor for obtaining reproducible and pure nanoparticles, that is 

why the precursors are synthesized in a preliminary step [98] [99]. The surfactants commonly 

used are fatty acids, oleic acid, and a mixture of oleylamine and oleic acid. In more detail, the 

reactive media usually consists of the metal precursor, an adapted surfactant, and a hydrocarbon 

solvent. 

 

The synthesis temperature will depend on the decomposition temperature of the precursors. 

In general, it occurs at high temperature, that is why this method requires the use of solvents 

with high boiling points (between 270 and 350°C), for example alkenes and ethers. This 

synthesis allows a good control of the nanoparticle size and morphology through the tuning of 

the decomposition temperature, the ratio between precursors and surfactant, the choice of 

solvent, precursors and surfactant, the heating rate, and the reaction time [79] [84]. It is well 

adapted for large-scale production [78]. 

 

In comparison with the above mentioned methods like co-precipitation which are suitable 

for the obtention of high yields but not for monodisperse nanoparticles, this method allows a 

better control of the nanoparticle uniformity in terms of size and shape even if it is not 

convenient for large amount production [79]. 

The method is convenient for the elaboration of mixed-oxide ferrite nanoparticles and 

consequently, it seems to be adapted in our case with the synthesis of zinc ferrite nanoparticles. 

For example, MFe2O4 nanoparticles synthesis with M = Co, Ni or Mn by thermal decomposition 

of acetylacetonates and carboxylate precursors in organic media have been mentioned [100] 

[101] [102] [31]. 

Moreover, due to the use of organic surfactants in the synthesis media, the obtained 

nanoparticles are often coated with an organic layer at the end of the process, and therefore are 

hydrophobic. Consequently, this synthesis method is appropriate to obtain a stable dispersion 

of the nanoparticles in organic solvents such as hexane, toluene or chloroform. K. Butter’s 

group has studied the dispersion of iron-based colloids synthesized by thermal decomposition 

of iron carbonyl with different surfactants [103]. 
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II.1.7. Conclusion 

 

The main advantages and drawbacks of the most used synthesis methods for the 

elaboration of iron oxide nanoparticles have been detailed in the previous part. We can 

summarize these information in Figure I-18.  

 

 
Figure I-18. Comparison between the different chemical synthesis methods to elaborate magnetic 

nanoparticles [2] [78] [84] [104]. 

 

In the context of our research, we have chosen the thermal decomposition process to 

synthesize zinc iron oxide nanoparticles. Indeed, this method allows obtaining nanoparticles 

with a very narrow size distribution, a good control of the particle morphology, with an 

homogeneous chemical composition and with high yields (Figure I-18). Moreover, the 

nanoparticles are functionalized in-situ with the surfactants used in the reaction media. 

Thus, it looks easier to formulate stable dispersions after this kind of synthesis and we will 

detail this concept in the next chapter. Another suitable synthesis could have been the polyol 

synthesis. However, though this method is simple and fast, it is limited in terms of particle 

size. The literature suggests it is difficult to exceed a particle diameter of 15 nm. 

 

Additionally, another explanation could be added to justify the fact the polyol synthesis is 

not the best option. Actually, non-hydrolytic processes possess a lot of advantages in 

comparison with the hydrolytic ones. If the hydrolytic chemistry allows working at low 

temperatures between 20 and 100 °C and respecting the environment (concept of a green 

chemistry), there are a lot of disadvantages like the elaboration of systems with low 

crystallinity, and particles with hydroxides on the surface which require a post-

functionalization step to obtain stable dispersions. Likewise, homocondensation M-O-M (M 

= metal, O = oxygen) is favored in these systems. In contrast, non-hydrolytic systems are 

more adapted to mixed oxides and enhance heterocondensation M-O-M’. The obtained 

systems are mono and multicationic oxides well-crystallized in the nanometer range. The 

presence of organic molecules at the surface makes the nanoparticles hydrophobic and a 

transfer in organic media is eased [105] [106] [107] [108] [109] [110] [111] [112]. All of these 

benefits convinced us to select an organic synthesis and especially the thermal decomposition 

method regarding the Figure I-18. 

 

In this project, we elaborate zinc iron oxide nanoparticles by thermal decomposition of 

iron and zinc acetylacetonates in different chemical media which are described and 

compared in the part III. The mechanisms driving the thermal decomposition are described 

more precisely in the next section (part II.2), as well as different methods to perform the 

heating. 
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II.2. The thermal decomposition method and heating processes 

 

Two different heating routes are studied for the thermal decomposition of zinc iron oxide 

nanoparticles: a conventional way in a heating mantle and a microwave heating. In this part, 

the thermal decomposition synthesis will be described regarding the reaction mechanism and 

the two different methods of heating will be introduced and then compared specifically in the 

case of the synthesis of iron oxide nanoparticles.    

 

II.2.1. Thermal decomposition mechanisms 

 

As previously detailed, the thermal decomposition is a suitable synthesis for the elaboration 

of mixed cubic ferrites MxFe3-xO4 in comparison with other synthesis routes [113]. The particle 

formation occurs through the thermal decomposition of organometallic precursors in organic 

media with the addition of surfactants. The produced particles possess some advantages like a 

good control of their diameter, size distribution, and morphology through the tuning of the 

decomposition temperature, the ratio between precursors and surfactant, the choice of solvent, 

precursors and surfactant, the heating rate, and the reaction time. The LaMer’s theory is a 

pedagogical model commonly used to explain the thermal decomposition mechanisms which 

are in fact close to the seed-mediated growth [84]. 

 

II.2.1.A. Synthesis mechanisms 

The nucleation/growth theory, otherwise known as the LaMer’s theory allows depicting the 

mechanisms of the thermal decomposition synthesis from the precursor decomposition to the 

formation of nanoparticles. Following the theory [114], the nanoparticle formation is described 

in three steps: the production of monomers or the pre-nucleation step, the nucleation from a 

supersaturated solution which occurs from a critical concentration of nuclei and then, the 

growth of the formed nuclei (Figure I-19).  

 

 
Figure I-19. LaMer’s diagram: monomer concentration versus time of reaction [114]. From L. Wu et al. 

[115]. 
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During the pre-nucleation step, the starting point is the supersaturated solution which is 

initiated by the dissolution and decomposition of precursors in the solvents, leading to the 

release of ions in solution. The concentration of reactive species in solution increases until 

solubility limit is reached. Then, at the critical concentration, the nucleation spontaneously 

occurs which further reduces the ion concentration below the nucleation limit. Hence the 

nucleation step is fast, giving rise to the growth of the formed nuclei in a last step. The growth 

is governed by a diffusion of the solute towards the particle surface and lasts until all the 

reagents are used up.  

 

In this way, the synthesis is governed by the decomposition of the precursors. During 

heating, the reagents are heated up to the boiling point of the used solvent. When the 

decomposition temperature of the precursors is reached, the precursors start to decompose, 

initiating the release of species in the solution. When the critical concentration is attained, the 

nuclei become stable in solution and nucleation/growth steps can occur.  

 

The nanoparticle size distribution can be monitored through the nucleation and growth 

steps, with a precise control of the supersaturation conditions. To obtain monodisperse 

nanoparticles with a narrow size distribution, it is necessary to separate these steps. Indeed, if 

nucleation and growth could occur at the same time, it means that new nuclei will be created 

during the growth of nuclei previously formed. Thus, it will induce the formation of 

heterogeneous nanoparticles in terms of size and this is clearly what should be avoided [114]. 

 

Moreover, coalescence between particles could appear during the growth step. To avoid this 

phenomenon, electrostatic or steric repulsion between particles may be a solution. It can be set 

up by the introduction of a surfactant in the starting mixture either to create a charged double 

layer in a polar solvent at the particle surface or to enable steric hindrance with adsorption of 

molecules from long-chain polymers, both methods leading to the stabilization of particles in 

solution [116]. It will be described in more details in the chapter II. 

Besides the LaMer’s theory, other mechanisms also exist to describe the crystal growth like 

the oriented attachment. Indeed, in oriented attachment, particles with similar crystallographic 

orientations clump together forming organized aggregates with bindings of particles at planar 

interfaces [117]. 

 

II.2.1.B. Control of the nanoparticle size, shape and composition 

This kind of synthesis method is convenient to control the nanoparticle size, shape and even 

the chemical composition. 

 

On the one hand, it is possible to control the nanoparticle size by changing the solvent in 

the reaction mixture and especially by modifying the boiling point of the solvent. For example, 

J. Park et al. have obtained nanoparticles with sizes ranging from 5 to 22 nm by using one 

different solvent each time: 1-hexadecene, octyl ether, 1-octadecene, 1-eicosene and 

trioctylamine (Figure I-20) [26]. The nanoparticle diameter increases with the elevation of the 
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boiling point of the solvent. It is believed to be due to a better reactivity of the iron precursor 

in solvents with higher boiling points.  

 

 
Figure I-20. (a,f) 5 (b,g) 9 (c,h) 12 (d,i) 16 and (e,j) 22 nm nanoparticles obtained by increasing the boiling 

point of the solvent. From J. Park et al. [26]. 

 

At the same time, nanoparticles sizes can be more finely tuned. In this context, iron oxide 

nanoparticles with sizes ranging from 6 to 13 nm were synthesized. The purpose was to increase 

the nanoparticle size by 1 nm by a seed-mediated growth technique with different ratios of iron 

precursor and oleic acid as a surfactant (Figure I-21) [118]. This study perfectly shows how to 

adjust the nanoparticle size by controlling the growth step of the thermal decomposition 

process.  
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Figure I-21. a) 6 b) 7 c) 8 d) 9 e) 10 f) 11 g) 12 and h) 13 nm nanoparticles obtained by a seed-mediated 

growth method. From J. Park et al. [118]. 

 

The two effects previously mentioned had also been studied by Demortière et al. (Figure 

I-22) [27]. Thus, the nanoparticle diameter increases when the ratio between oleic acid and iron 

oleate rises and with the elevation of solvent boiling point.  

 

 
Figure I-22. Effect of the molar ratio between surfactant and precursor and the solvent boiling point on 

the nanoparticle size. From Demortière et al.[27]. 

 

In other cases, the nanoparticle sizes could be well adjusted by using a combination of two 

surfactants. Monodisperse Fe3O4 nanoparticles were synthesized by thermal decomposition of 

iron(III) acetylacetonate in 1,2 hydrocarbon-diol as a solvent with a mixture of two surfactants: 

oleic acid and oleylamine (Figure I-23) [119] [120].  
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Figure I-23. 16 nm Fe3O4 nanoparticles (TEM bright field images. From S. Sun and H. Zeng [119]. 

 

Moreover, as with the control of the nanoparticle size, a lot of studies were performed about 

how to tune the nanoparticle shapes. One of the parameters although not mentioned in this 

section is the reactivity of precursors which can be tuned to control the nanoparticles size and 

shape during synthesis. Indeed it can be controlled by the chain length and concentration of the 

surfactant. The speed and efficiency of the reaction will increase with short chain length. 

 

The change of ratio between iron oleate as a precursor and oleic acid as a surfactant, through 

the study of the reaction temperature, have resulted in the elaboration of γ-Fe2O3 nanoparticles 

with cubic and spherical shapes in a controlled way (Figure I-24) [121]. 

 

 
Figure I-24. TEM images of a) spherical and b) cubic γ-Fe2O3 nanoparticles. From G. Salazar-Alvarez et 

al. [121].  

 

Following the same strategy, Fe3O4 nanoparticles with controlled shapes and sizes between 

8 and 50 nm were obtained by thermal decomposition of iron oleate in octadecene [122]. The 

nanoparticle sizes were monitored by changing the ratio between the precursor and acid oleic, 

the surfactant in this case. Different shapes were obtained: cubic and then spherical when the 

reaction time was increased (Figure I-25). 
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Figure I-25. Fe3O4 nanoparticles synthesis by thermal decomposition in octadecene. From N. R. Jana’s 

group[122] 

 

Furthermore, W. Baaziz et al. had investigated the synthesis of cubic iron oxide 

nanoparticles in a mixture of a homemade iron oleate precursor, octadecene as a solvent and a 

mixture of two surfactants: oleic acid and sodium oleate (Figure I-26) [123].   

 

 
Figure I-26. b) TEM image and e) HRTEM micrograph of 19 nm nanoparticles with cubic shape. From 

W. Baaziz et al.[123]. 

 

On the other hand, the tuning of nanoparticle chemical composition has been explored. The 

choice of the type of precursor has a predominant role in the chemical composition homogeneity 

of nanoparticles. Mixed-oxide nanoparticles MxFe3-xO4 could be synthesized by mixing several 

metallic precursors (M = Zn, Co, Ni, Mn…) [31] [102] [105] [124]. Acetylacetonate M(acac) 

metal salts are often used [31] [102] [105] [119] [125]. Otherwise, the chemical composition is 

not so simple to control. In most of the cases, heterogeneity of composition was noticed and it 

is often caused by the difference between the decomposition temperatures of the used 

precursors.  Using precursors with decomposition temperature close allows obtaining 

nanoparticles with an homogeneous chemical composition [105].  

 

Additionally, in the case of magnetite nanoparticles, the chemical composition can vary 

with the nanoparticle size. Some studies have highlighted the formation of a thin oxidized layer 

at the surface of the particle like a core-shell framework with the magnetite phase as a core. 

This phenomenon has been observed for nanoparticles with sizes above a dozen nanometers. 

Under this indicated size, the nanoparticles seem to be constituted of maghemite [27] [2]. 
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II.2.2. Comparison between conventional and microwave heating 

 

In the classical way, the heating is achieved with a heating mantle into contact with a hot 

plate. The energy is transferred through mechanisms of convection, conduction and radiation 

of heat between the plate and the surface of the mantle [115], which generate inevitable thermal 

gradients in the solution. The difficulty also relies on the way to maintain a constant 

temperature, especially at large scale [116]. Microwave heating has been developed to solve 

these issues. Indeed, it allows to generate heat through the interactions between the molecules 

in the reaction vessel and the electromagnetic field, resulting in a more homogeneous 

temperature. The next part will focus on the advent of the microwave oven in chemistry and 

also its interest in comparison with the conventional heating. 

 

II.2.2.A. General overview 

The first experiments of material synthesis by microwave heating emerged in 1986 [126]. 

This recent process is used as an aid to classical chemical synthesis like the hydrothermal or 

thermal decomposition method. Indeed, the microwave route offers short heating times, high 

heating rates, a homogeneous thermal transmission [127], fast reaction kinetics, and the 

formation of less by-products of reaction [127] [128]. Similarly, it provides a better 

reproducibility between experiments, quantitative yields, even if lower than with co-

precipitation, hydrothermal or thermal decomposition [78] and it is also scalable [127]. 

 

The microwave heating technique occurs through two mechanisms: dipolar polarization and 

ionic conduction. The permanent dielectric dipolar moment of a molecule aligns with the 

electric field of the microwave excitation by orientating the molecule parallel to the field. 

Mechanical losses (which can be seen as frictions between molecules) are transformed into 

heat. The ionic conduction refers to charged chemical species which will move into the media 

under the electrical force 𝐹 = 𝑞𝐸 with q the charge and E the electrical field. The viscosity of 

the medium will convert this kinetic energy into heat. 

 

Three indicators quantify the suitability of a solvent for microwave heating: 

 

• the dielectric constant ε’ which predicts the ability of a material to be polarized by an 

external electric field. It can be assimilated to a measure of the microwave energy 

density. 

• the dielectric loss ε’’ namely the loss factor which defines the efficiency of conversion 

of electromagnetic energy in heat. 

• the loss tangent tan δ = ε’’/ ε’ which corresponds to the ratio between dissipative and 

capacitive behavior of a material. A high value indicates the efficiency of production of 

heat through microwave irradiation. 

 

The choice of solvent is important in microwave reaction. In such synthesis, the thermal 

decomposition is less governed by the boiling temperature of solvents than their dielectric 

constant. What mattered is to select a mixture of solvents capable of coupling with the applied 
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microwave field [129]. Polar solvents are hence more convenient than nonpolar ones for a better 

coupling with the microwave. A compromise has to be done because too polar solvents like 

DMSO (dielectric constant ε’ = 47) initiate too much pressure in the microwave reactor (due to 

a too high loss tangent) activating the system security and the shutdown of the device. Non 

polar solvents with a too low dielectric constant produce in general paramagnetic particles. It 

is the case for the experiments performed by Brollo et al. who synthesized superparamagnetic 

Fe3O4 particles with octadecene (ODE) [129]. 

 

The nanoparticle growth is sensitive to reaction conditions. Microwave devices are well 

adapted to this kind of synthesis because they enable to control different parameters like the 

temperature, the pressure and temperature rates [128]. In general, these systems can heat up 

until 300 °C and the most used frequency is about 2 450 MHz for microwave magnetrons with 

a power from 600 to 1000 W [130]. The temperature can be monitored inside the reactor with 

an optical fiber probe and an external infrared sensor. Sometimes some devices present a 

camera for the observation of stirring (Figure I-27) [128]. The overpressure inside the reactor 

due to the evaporation of constituent of the reaction medium can be evacuated thanks to a drain 

at the surface of the vessel [78]. 

 

 
Figure I-27. Scheme of a microwave reactor with a temperature probe. From Gawande et al. [128]. 

 

One of the major assets is that the microwave heating enables to produce more 

homogeneous nanoparticles in terms of size in comparison with the classical heating [127]. This 

phenomenon is due to two different facts.  

On the one hand, the delivering of a more uniform heat inside the reactor has an impact on 

the nanoparticle homogeneity. In classical heating, the heat transfer is performed from the 

external surface of the glass container to the interior of the container (Figure I-28). This type of 

heat transfer could generate temperature gradients inside the solution volume, hence the heat 

heterogeneity. On the contrary, in microwave heating, the heating process starts in the solution 

and spreads to the reactor walls. There is a heat release from the inside of the container to the 

exterior (Figure I-28) [130], which explains the uniform heating.   

On the other hand, a homogeneous nucleation and a shorter crystallization time under 

microwave irradiation are responsible for the production of monodisperse nanoparticles. 
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Indeed, in microwave heating, the dipoles tend to align in the direction of the applied electric 

field and the generated energy losses are dissipated as heat due to dielectric losses and molecular 

friction. This point explains why the heating starts at the heart of the solution with multiple 

nucleation. Thus, competitive growth is also induced inside the solution which means that there 

will have a slight decrease of the nanoparticle mean size whereas in classical way, the 

nucleation operates on the glassware walls which gives somewhat bigger nanoparticles (Figure 

I-29) [129]. 

 

 
Figure I-28. Mechanisms of heating for 

microwave and classical configurations. 

From Perino et al. [130]. 
 

Figure I-29. Difference of reactional mechanism for the 

particle formation for classical and microwave thermal 

decomposition. From Brollo et al. [129]. 

 

For an optimal efficiency of the heating, the mixture must possess a suitable high dielectric 

constant ε’ to allow microwave absorption [131]. Figure I-30 depicts the loss tangent δ which 

quantify the heating efficiency of solvents. When this value is above 0.5, the solvent is 

considered as efficient for microwave heating. When the value is comprised between 0.1 and 

0.5, it is acceptable and then below 0.1, the solvent is inefficient [128]. 

 

 
Figure I-30. Loss tangent δ for the most common solvents (2.45 GHz, 20°C). From Gawande et al. [128]. 

 

As an example, dibenzyl ether seems to be a promising candidate to elaborate homogeneous 

magnetite nanoparticles with sizes around 6 nm by a thermal decomposition method [119]. 

However, dibenzyl ether possesses a low dielectric constant ε’ of 3.86, that makes it not suitable 

for microwave-assisted thermal decomposition. An alternative in this case could be the use of 

room temperature ionic liquids (RTIL) with for example [bmim] [BF4] which can be used to 

improve the polarity of solvents, as a microwave absorbing agent [132]. 
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II.2.2.B. Microwave heating for the elaboration of iron oxide spinel 

nanoparticles 

Firstly, M. E. F. Brollo et al. have compared a thermal decomposition synthesis with and 

without the use of microwave heating [129] for the development of iron oxide magnetic 

nanoparticles. Iron oleate has been used as a precursor, oleic acid as a surfactant. Solvents with 

different dielectric constants have been tested like dibenzyl ether, octadecene, benzyl alcohol, 

and dimethyl sulfoxide DMSO. The influence of the solvents has been studied and the results 

are in agreement with the previous part II.2.2.A. DMSO has a high dielectric loss tangent 

(Figure I-30). The conversion of microwave energy into heat is enhanced and the temperature 

rises close to the boiling point of the solvent. The ascent of pressure is then generated into the 

reaction vessel resulting in the stop of the reaction for safety requirements. It is therefore not 

the case for solvents with a lower loss tangent like octadecene. 

 

Other parameters have been investigated: the heating ramp, the reaction time and the 

precursor concentration. At first, the more rapid the heating ramp, the smaller the particles will 

be. Next, a long reaction time will grow bigger particles until precursor depletion. And finally, 

a high precursor concentration will tend to produce smaller particles [129]. 

 

A. Makridis et al. have performed the synthesis of manganese and cobalt ferrite 

nanoparticles through microwave-assisted hydrothermal method [133]. Nanoparticles with 

sizes below 14 nm have been synthesized in a mixture of metal acetylacetonates and 

octadecylamine. The microwave-assisted method results in best yields and times of reaction 24 

times shorter compared to the classical hydrothermal process [134]. 

In the same way, Fe3O4 nanoparticles have been synthesized through microwave-assisted 

hydrothermal method [135]. A. Rizzuti et al. have studied the addition of different surfactants 

(polvinylpyrrolidone, oleic acid) on the control of nanoparticle shape and growth.  

 

Some other authors have investigated the microwave heating and reported the elaboration 

of nanoparticles with high purity and crystallinity. M. Sertkol et al. have set up a microwave-

assisted combustion method to develop 20 nm ZnxNi1-xFe2O4 nanoparticles [136]. C. 

Sciancalepore et al. have reported a microwave-assisted thermal synthesis of magnetite 

nanoparticles with sizes ranging from 4 to 8 nm [137].  

 

All of the previously mentioned synthesis assisted by microwave have been realized in the 

single mode. Otherwise, it is possible to scale-up by upgrading towards the multi-mode 

microwave-assisted synthesis. The synthesis operates in the same manner, the difference being 

that the system consists of a multiple vessels rotor for simultaneous batches. This novel 

configuration has been tested by L. Gonzalez-Moragas et al. with the production of 3 g of 

superparamagnetic Fe2O3 nanoparticles in less than 1 h in one time. To have a better idea of 

what it represents, only 22 mg of the same nanoparticles could be obtained in one batch with 

the single mode. In both methods, the nanoparticles hold the same characteristics in terms of 

size, stability, and magnetic properties [138]. 
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II.3. Conclusion 

 

Different synthesis routes employed for the elaboration of mixed cubic ferrites MxFe3-xO4 

have been detailed and summarized (coprecipitation, hydrothermal/solvothermal, polyol, 

microemulsion, sol-gel, and thermal decomposition). The advantages and drawbacks of the 

methods have guided the choice of the synthesis to a non-hydrolytic synthesis: the thermal 

decomposition. 

 

Among the assets, the particles synthesized by thermal decomposition evidence a good 

control of their diameter, size distribution, and morphology through the tuning of the 

decomposition temperature, the ratio between precursors and surfactant, the choice of 

solvent, precursors and surfactant, the heating rate, and the reaction time. In addition, this 

approach favors a homogeneous chemical composition and high yields. 

Moreover, the nanoparticles are also functionalized directly in-situ with the surfactants 

used in the reaction media, which will ease the stabilization of particles in solution. This 

particularity is a major strength to the next step of the project: the formulation of a stable 

dispersion of nanoparticles (Chapter II). Indeed, the synthesis choice has to take into account 

the overall process of the study, the final goal being to produce a stable ink for inkjet printing. 

 

The reactional mechanisms of the selected synthesis method have been detailed through 

the LaMer’s theory, comparable to the seed-mediated growth. 

 

Two ways have been explored and compared for the heating process: a classical way in a 

heating mantle and a microwave one. The microwave option has been retained for the study. 

This reproducible route allows combining a homogeneous heating directly inside the reactor, 

eliminating the issues of thermal gradients engendered by the conventional heating, as well 

as a production of uniform particles in terms of size and shape. 

 

Thus, the microwave assisted thermal decomposition is well adapted for the present study: 

the synthesis of zinc iron oxide nanoparticles. 
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III. Zn0.4Fe2.6O4 synthesis by thermal decomposition 

III.1. Comparison of two heating routes 

 

The nanoparticles are synthesized by thermal decomposition with organic solvents. Two 

different ways of heating are employed derived from the literature: the conventional one in a 

heating mantle which has been carried out by Audrey Delots during a 6 month internship and 

the other one in a microwave oven. These two different processing methods are compared to 

determine the most appropriate way to control the size and the morphology spread of the 

obtained nanoparticles. A good control of the particle size of Fe3O4 through the addition of 

ethylene glycol has been reported [139]. Other studies have used this work to synthesize core-

shell Fe3O4 nanoparticles [140] [141]. We applied this technique to mixed oxides of ZnxFe3-

xO4, in order to tune the magnetic and dielectric properties by the ratio Zn/Fe [142] (Part I.2.). 

 

This chapter will only focus on the nanoparticles synthesis and their microstructural and 

chemical properties. The two different experimental protocols are described in the next parts 

and then compared. 

 

III.1.1. Classical thermal decomposition 

 

III.1.1.A. Experimental protocol 

A first method for ZnxFe3-xO4 synthesis is inspired and adapted from Y. Yang et al. group 

[32]. The setup is described on Figure I-31.A.  

 

 
Figure I-31. Setup sketch (A) and temperature profile (B) for classical thermal decomposition.  

 

The quantities of precursors which includes iron, zinc acetylacetonates (Fe(acac)3 and 

Zn(acac)2) and oleic acid (OA) are dispersed in benzyl ether. The obtained mixture is stirred 

during 10 min to homogenize the solution and then heated up to 120 °C during 30 min to 

dehydrate the precursors (Figure I-31.B). After the dehydration stage, the solution is reheated 

to 200 °C during 30 min to remove a portion of oleic acid from the main flask, which goes 

T = 120 °C
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t2 = 30 min

T = 290°C
t3
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A
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directly in the second round flask in Figure I-31.A. At this temperature, the precursors start to 

decompose. Indeed, oleic acid begins its decomposition around 200 °C (Figure I-32), Fe(acac)3 

around 195 °C [143] and Zn(acac)2 around 136 °C [144]. It initiates a condensation reaction. 

 

 
Figure I-32. TG-DTA curves of acid oleic (90% purity) 

 

Thereafter, the second flask in the set-up is removed and the temperature is increased to the 

boiling temperature of benzyl ether (290 °C) at a certain rate A (°C/min) for refluxing during a 

time t3 (Figure I-31-B). This step allows to pursue the decomposition of the precursors and thus 

to induce the nucleation/growth of nanoparticles. The system is finally cooled down to room 

temperature. The variation of A and t3 has an impact on the nanoparticle shape and size. These 

parameters finally drive the nanoparticle morphology. The next part introduces the results 

obtained through this synthesis, the aim being to obtain nanoparticles homogeneous in terms of 

shape and size and which meet the requirements defined in part I.4. Indeed, it needs to be borne 

in mind that two ranges of size are researched in the interest of this study: superparamagnetic 

particles with a diameter below 20 nm and ferrimagnetic particles with diameters comprised 

between 30 and 60 nm. 

 

III.1.1.B. Effect of synthesis parameters… 

 

III.1.1.B.a. … on the particle size 

Five different experiments are described in this section on Figure I-33. The influence of the 

content of zinc, solvent, surfactant and even the temperature rate A with the duration time t3 

have been briefly examined. A short comparison with Audrey Delots’ results will be 

summarized at the end of the part. The goal was to handle and verify the reproducibility of the 

synthesis, as well as the main observed conclusions. 
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Figure I-33. Summary table of the experiments with variation of  some parameters: molar ratios of Zn, 

solvent and surfactant compared to Fe, molar ratio of solvent versus surfactant, and also A and t3. 

 

An analysis of the different parameters on the nanoparticles size and shape can be drawn 

from these results (Figure I-33). The nanoparticle size is compared through TEM observations 

(Figure I-35) and X-ray diffraction (XRD) patterns (Figure I-34). The TEM pictures give a 

simple idea of the range of size while XRD allows to calculate the size more precisely with the 

Debye-Scherrer formula [145] as follows: 

 

𝑑 =
𝐾 𝜆

𝛽 cos (𝜃)
 I-32 

 

with d the crystallite diameter, K a shape factor (equal to 0.89 is the case of spherical particles), 

λ the wavelength of the X-ray source, 𝛽 the full-width at half maximum (FWHM) and θ the 

peak position. Each peak is fitted with a Lorentzian function as follows: 

 

𝑦 = 𝑦0 +
2 × 𝐴

𝜋
×

𝛽

4 × (𝑥 − 𝑥𝐶)
2 + 𝛽2

 I-33 

 

where y is the intensity, y0 the offset, 𝐴 =  
𝐻×𝜋×𝛽

2
 the area under the curve with H the maximum 

peak intensity, x the angle in theta degree and xc the position of the peak. 

 

The values of diameters in Figure I-33 are the average of the calculated sizes corresponding 

to the main peaks displayed in Figure I-34. 
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Figure I-34. X-ray diffraction patterns for the experiments 1 to 4 summarized in Figure I-33. 

 

As we previously mentioned (III.1.1.A), the protocol parameters clearly influence the 

particle synthesis. Indeed, the duration of the step at 290 °C t3 has a direct impact on the particle 

size. Experiments 1 and 5 have been performed with the shortest temperature stages and they 

also show the smallest particle sizes of the campaign. Hence, the longer t3 is, the bigger the 

nanoparticles are. 

In the same manner, the sloped ramp A to attain the stage at 290 °C affects the particle 

growth. In general, a slow heating rate gives to the particles more time to form and develop 

[146]. The particles should acquire bigger diameters with slower heating rates. However, it is 

not confirmed by these experiments, especially regarding the samples 2 and 3 in the table 

(Figure I-33). 

 

After the protocol parameters, the proportions between solvents, surfactants and precursors 

have their own effect. The surfactant, oleic acid, is used to control the particle growth. Indeed, 

the increase of the molar ratio between surfactant and Fe makes the particle diameters grow. It 

is shown with experiments 2 and 4. Likewise, the quantity of solvent is also important. It seems 

that a large volume of solvent compared to the surfactant induces a decrease of the particle size. 

It may be due to the dilution of the surfactant. This could be the case for the samples 3 and 5 

with at the same time the effect of a shorter duration time at 290 °C. 

 

III.1.1.B.b. … on the particle shape 

The molar ratio of surfactant versus precursors is also known to master the particle 

morphology. In their work [32], Y. Yang et al. highlight more specifically the incidence of the 

molar ratio of Zn with surfactant on the particle shape. Indeed, they conclude that if the Zn 

content is in large excess compared to the surfactant one, the obtained particle morphologies 

are irregular and less defined. In their study, the particles display octahedral forms for a ratio 

below 0.58, polyhedral between 0.6 and 0.75 and disparate above 0.75.  
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Building on this insight, all of the five samples possess ratios below 0.58. Therefore, 

according to Y. Yang et al. [32] the particles should be octahedral which is clearly not the case 

(Figure I-35). 

 

 
Figure I-35. TEM pictures for the experiments 1 to 5 summarized in Figure I-33. 

 

Instead, the nanoparticles exhibit polyhedral shapes with a huge polydispersity whether in 

terms of size or morphology in each batch. The only exception is for the sample 4 for which the 

particles look uniform with hexagonal shapes (truncated octahedron) of approximatively 80 

nm, which is in agreement with XRD analysis (Figure I-33 and Figure I-34). Considering the 

sample 5 with a value of 0.54 is close to the limit under which particles should be octahedral 

and above which they must be polyhedral, it could match with the literature. However, the 

global trend observed in the literature is not observed. 

 

III.1.1.B.c. Discussion 

Nonetheless, some similarities with what Audrey Delots has noticed during her internship 

are verified. On the one hand, regarding the protocol parameters, the duration t3 of the heating 

stage at 290 °C controls the nanoparticle growth. A long time t3 improves the formation of 

bigger particles. A compromise has to be made because too long duration time could induce 

heterogeneities in the system due to the generation of new nuclei with a delayed growth, and 

thus polydispersity. 

 

The shape and size monodispersity of particles is also enhanced with fast heating rates. The 

homogeneous nucleation is made possible due to a simultaneous growth of nuclei. This point 

is not evidenced with our particles. 

 

On the other hand, Audrey Delots has also pointed the surfactant and precursors effect. 

Indeed, the particle size increases with the ratio Zn on surfactant (samples 2 and 4). An 

1 2
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3
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explanation could be that the nucleus growth is easier in an environment with a surfactant 

content reduced. Four types of morphologies have been discovered by varying the molar ratio 

between Zn and Fe, and which also differ from the literature [32]. Below 0.17, the particles 

should be spherical, between 0.17 and 0.33 octahedral, cubic between 0.33 and 0.67, and then 

polyhedral above 0.67. This tendency is not exhibited in this case either. Anyhow, it is true that 

the surfactant versus Zn content has an impact on the particle shape. The surfactant binds 

preferentially onto crystallographic planes and thus inhibits the growth in the normal of this 

direction [147]. Indeed, the surfactant is used to reside on the faces with lower energies and 

especially in the planes (111), (110) and (100) [148]. Hence, the surfactant fixes on these planes 

and, octahedral, polyhedral or cubic shapes are preferred depending on the quantity added 

(Figure I-36). 

 

 
Figure I-36. Octahedral (A), polyhedral (truncated octahedral) (B) and cubic (C) morphology with a 

precursor/surfactant ratio below 0.58 (A), between 0.58 and 0.72 (B) and between 0.72 and 0.78 (C). At 

higher ratio, irregular particles are formed. From Y. Yang et al. [32]. 

 

The presence of large nanoparticles of about 300-400 nm of diameters, also called 

mesocrystals (sample 3) may originate from secondary reactions due to non-hydrolytic coupling 

at high temperature. They would come from aggregation caused by nanoparticles embedded in 

an organic framework emerging from the surfactant. The formation of organic shells at the 

particle surrounding occurs during the synthesis and will be described in details in Chapter II. 

 

As a conclusion, the uniformity of particle size and shape is closely related to the protocol 

parameters (heating rate A and duration time t3) and also to the solvent, surfactant and 

precursors contents. A competition between these two types of criteria is observed. 

 

A global polydispersity in size and shape is noticed in the samples. The synthesis conditions 

are difficult to pilot with a basic chemical set-up. It is thus delicate to draw conclusions when 

a lot of parameters vary at the same time, without the possibility to set one of them. Especially, 

the heating rate A is conditioned by the heating mantle used. A solution is to modify the set-up 

and to precisely pilot the temperature rate with a heating mantle directly connected to a 

temperature controller. In this way, an experimental procedure could be performed by keeping 

the heating rate constant and modifying the other parameters and back again. In this manner, it 

could be easier to discriminate the effect of a parameter with another one. Finally, the key of a 

well-controlled synthesis lies in the operating protocol. In view of the major problems 

encountered and to improve the reproducibility between experiments, the thermal 

decomposition in a microwave oven is investigated. 
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III.1.2. Microwave-assisted thermal decomposition 

 

The second synthesis method of ZnxFe3-xO4 particles is based on the work of Y-J. Liang et 

al. who have performed the synthesis of Fe3O4 nanoparticles through microwave-assisted 

thermal decomposition [139]. In this method, the molar quantities of Fe(acac)3 and Zn(acac)2 

are added to a homogeneous mixture of oleylamine (OAm), oleic acid (OA) and octadecene 

(ODE). A volume of ethylene glycol (EG) is introduced only to make the nanoparticles grow. 

The obtained solution is kept under ultrasound during 10 minutes before introduction in the 

microwave reactor monowave 300 (Anton-Paar, Figure I-37.A). The mixture is at first heated 

up to 200 °C in 5 min and maintained at this temperature for 10 min. Then, the temperature is 

increased from 200 °C to 270 °C in 5 min and stays constant for 15 min. The reactor is finally 

cooled down to 60 °C (Figure I-37.B). 

 

 
Figure I-37. Setup sketch (A) and temperature profile (B) for microwave-assisted thermal decomposition. 

 

The effect of each solvent (OAm, OA, ODE, EG) is not clearly described in the publication 

[139], except for EG which is used to increase the particle sizes. OAm and OA are employed 

as surfactants. An experimental campaign has provided many answers considering the 

incidence of each solvent in the synthesis. It is described in part III.2. 

 

In this manuscript, the word “surfactant” is used to qualify oleylamine and oleic acid to ease 

the explanation. Indeed, they are much more than surfactants. These multifunctional reactants 

are employed in the synthesis of multiple nanoparticle systems as surfactants, solvents, 

stabilizers, or reducing agents. They combine several functions at the same time, depending on 

the precursors and other reactants used in the synthesis. Oleylamine alone can also complex 

with metal ions, forming intermediate precursors decomposed in a controllable way to elaborate 

nanoparticles [149]. 

As previously described, oleylamine is often used as a cosolvent with oleic acid. In the 

study, the reaction medium has a reductive effect due to the amine functions of oleylamine, 

which contribute to the reduction of Fe3+ in Fe2+ ions. The combination of oleylamine with oleic 

acid also enables to tune the particle morphology by changing their proportion, these two 

reagents binding differently onto the crystal planes of the particle [149]. The present chapter 

focus on the influence of oleylamine and oleic acid on the particle morphology, other functions 

are investigated in chapter II. 

After both synthesis methods, the nanoparticles are recovered and washed six times by 

centrifugation processes with addition of a mixture of 73 %v of ethyl acetate and the rest of 

ethanol. Once all of the organics are removed, the nanoparticles are dried naturally under air. 

36 °C/min

14 °C/min
T1 = 200 °C
t1 = 10 min

T2 = 270 °C
t2 = 15 min

RT

BA
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The monowave 300 microwave allows to work with small containers of a maximum of 20 

mL per reactor. Only between 50 and 100 mg of particles are collected per reactor. A synthesis 

transfer in reactors of 500 mL capacity is made possible with another system: the Masterwave 

BTR. The procedure has been adapted. The second temperature increase T2 (Figure I-37-B) 

occurs at 250 °C, not at 270 °C. The reproducibility between the two devices has been verified. 

The set-up at larger scale raises productivity 10 to 20 times compared with the monowave 300. 

 

III.1.3. Discussion 

 

III.1.3.A. Choice of solvents 

 

Liang et al. [139] have used two different mixtures of solvents. On the one hand, the first 

mixture is constituted of three solvents with low dielectric constants, dielectric losses and loss 

tangents: OAm, OA and ODE (Figure I-38). Contrary to Brollo et al. [129], they have 

succeeded to synthesize non superparamagnetic particles with diameters of 4 and 20 nm with 

only ODE as a solvent. 

In the second mixture, a quantity of ethylene glycol (EG) is added. EG is a polar solvent 

with a high dielectric constant (Figure I-38), making it a suitable candidate for microwave 

heating. The addition of such solvent allows at the same time enhancing the heating efficiency 

of the solvent and increasing the particle diameter to 50 and 200 nm depending on the added 

ratios. 

 

 
Figure I-38. Boiling point (from the safety data sheets) and the measured dielectric constant, loss and loss 

tangent at 2.45 GHz of the solvents used.  Comparison of the dielectric constants with the literature [150] 

[151] [152]. 

 

According to the different results obtained with octadecene in the literature, it is worth 

questioning this solvent efficiency in microwave heating. Octadecene is not a good microwave 

absorber due to its small loss tangent, it looks thus not well adapted for microwave synthesis. 

A rapid heating is favored by solvents with higher loss tangents. 

benzyl
ether

OAm OA ODE EG

Boiling temperature
(°C)

298 > 300 194 315 197

Dielectric constant 
ε’ from literature
(20-25 °C)

3.86 2.13 2.46 2.25 37

Mesured dielectric
constant ε’

3.74 2.68 2.18 2.00 14.40

Mesured dielectric
loss ε’’

0.58 0.10 0.06 0.04 14.41

Mesured loss
tangent tan δ

0.16 0.04 0.03 0.02 1.00
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A hypothesis for the elaboration of particles with octadecene through microwave irradiation 

is that considering a mixture of precursors in a solvent, the precursors could have higher loss 

tangents than the liquid media, thus engendering a selective heating in the reactor [153] [154]. 

It explains why nanoparticles could be synthesized even in solvent with a low dielectric 

constant. 

Conversely, a mixture of precursors in a solvent with a high loss tangent will favor the 

absorption of the microwave by the solvent with a short penetration length of the microwave 

due to the reactivity of the solvent. In this case the heating is fast and effective. 

In the case of a solvent with a low loss tangent, the microwaves will penetrate deeply in the 

reactor until reaching a constituent with a higher loss tangent which will allow a slower heating 

of the solution [155]. Furthermore, it is important to keep in mind that the dielectric properties 

depend on the frequency and also the temperature [156] [157]. 

 

As in the case of benzyl ether mentioned in part II.2.2.A (Figure I-38), an ionic liquid could 

be added to the reaction media to enhance the heating efficiency through microwave coupling. 

Hence, ODE could be used as a solvent in microwave reactor as it leads to the elaboration 

of homogeneous particles even with a less efficient heating. 

 

III.1.3.B. Characterization of the morphology and size of Zn0.4Fe2.6O4 

nanoparticles 

As explained in part I.2.2, we will focus on Zn0.4Fe2.6O4 nanoparticles with the composition 

of interest for the study. On the one hand, the two different heating processes for the thermal 

decomposition could be compared through the nanoparticle morphologies. The conventional 

way in a heating mantle allows obtaining various morphologies: cubes, octahedra (III.1.1.B)... 

However, it induces heterogeneity in terms of size and shape in a batch, due to insufficient 

monitoring of the temperature and gradients during the reaction, which is clearly observed in 

Figure I-39-A. 

 

 
Figure I-39. Nanoparticles obtained by thermal decomposition. (A) classical and (B) microwave heating. 

 

 On the contrary, it is easier to control the temperature rates with the microwave-assisted 

thermal decomposition. Indeed, it enables a fast and more uniform heating, leading to 

nanoparticles with homogeneous size and shape, and also reproducible (Figure I-39.B). 
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Moreover, in addition to enabling homogeneity in terms of nanoparticles size and 

morphology, the two ranges of size mentioned in part I.4 are attainable and controllable (Figure 

I-40). Indeed, particles with sizes below the superparamagnetic limit [65] are obtained in Figure 

I-40.A with a diameter close to 5 nm (written SP(F)M for superparamagnetic particles within 

the document), and then diameters above this limit are also achievable with sizes around 35 nm 

at first glance (Figure I-40.B, written FM for ferrimagnetic particles). The nanoparticle growth 

occurs with the addition of ethylene glycol in the reactor. The effect of each solvent used in the 

microwave synthesis will be detailed in part 0. 

 

 
Figure I-40. Zn0.4Fe2.6O4 microwave heating. (A) SP(F)M and (B) FM particles. 

 

If the SP(F)M nanoparticles (Figure I-40.A) are spherical in shape, the morphologies 

displayed in Figure I-40-B look like “raspberry” frameworks. This structure could be 

assimilated to a binding between crystallites (Figure I-41.A) and the continuity of the crystal 

planes in one raspberry structure is confirmed thanks to a close observation of the structure with 

high-resolution transmission electron microscopy (HRTEM in GRAND ARM, Figure I-41.B-

E) performed at the Spanish National Center for Electron Microscopy (ICTS) in Complutense 

University in Madrid in Spain. This shape type has already been observed in previous studies, 

in particular in the case of iron oxide [158] with nanostructures of about 250 nm. 

 

A B
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Figure I-41. (A) TEM and (B-E) HRTEM in GRAND ARM images of the “raspberry” structure (FM 

particles).  

 

In respect of the atypical morphology of the FM particles, the pore diameters of the 

nanoparticles have been estimated according to the BET (Brunauer-Emmett-Teller) method. 

The BET analysis allows measuring the surface area and pore volume of a material by nitrogen 

adsorption/desorption. Furthermore, it is crucial to verify that the synthesized material is not 

too porous, its density being important regarding its magnetic properties. Figure I-42 

summarizes the specific surfaces, cumulative volume to desorption and the mean diameter of 

the pores in the case of three experiments with a classical heating and one microwave-assisted. 

In general, the pore diameters are comprised between 10 and 30 Å (Figure I-43). The pore size 

decreases with the specific surface of the particle. Thus, larger particles tend to display broader 

pores than smaller particles. In parallel, the increase of the desorption volume with the specific 

surface (Figure I-43) evidences the presence of more pores in the small particles, but with 

smaller diameters. This result is in agreement with the raspberry-like shape of the FM particles 

which should present more pores as a result of its framework. These informations indicate that 

the SP(F)M particles might possess tiny pores due to their huge specific area and also that the 

classical heating does not provide particles less porous than the microwave heating. 

In addition, the specific surfaces analyzed by the BET technique are in agreement with the 

theoretical ones  for the sample 5 and FM particles (Figure I-42). On the contrary, a large gap 

is noticed for samples 2 and 4. It means that a lot of developed surface of particles is lost in the 

case of samples 2 and 4, due to closed porosity. It is consistent with the desorption volume. FM 

particles are finally less porous and the developed surface is more accessible. 
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Figure I-42. Values of specific surfaces, cumulative volume to desorption and pore diameters estimated by 

BET for nanoparticles obtained by classical and microwave heating. 

 

 
Figure I-43. Evolution of pore diameters and cumulative volume to desorption versus the specific surface 

for classical and microwave samples (Figure I-42). Dashed lines are just guides for eyes. 

 

The phase purity of the obtained nanoparticles is also demonstrated with X-ray diffraction 

patterns (Figure I-44). All of the patterns match with the PDF 04-021-5090 which corresponds 

to pure Zn0.35Fe2.65O4 magnetite with a cubic structure and Fd-3m space group. The main peaks 

are indexed in Figure I-44. In the case of the microwave heating, according to the Scherrer 

formula (Equation I-32), the crystallite size is equal to 5.4 nm for the SP(F)M particles which 

is in agreement with TEM (Figure I-40.A). The FM particles possess crystallites with a 20.0 

nm diameter which corroborates the hypothesis of a “raspberry” structure constituted of several 

crystallites (Figure I-40.B). 

 

 

Heating

Specific surface 
(m2/g)

Cumulative 
volume 

(desorption) 
(cm3/g)

Mean porous
diameter (Å)

TEM XRD BET Theo

2

classical

50 - 100 57.1 5.6 15.3 0.041 19.3

4 100 60.4 0.7 11.5 0.049 26.2

5 25 - 50 - 31.9 30.5 0.122 12.1

FM MW 27.4 ± 4.0 19.1 37.3 41.8 0.144 10.4
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Figure I-44. X-ray diffraction patterns of Zn0.48Fe2.52O4 (blue curve) and Zn0.4Fe2.6O4 nanoparticles (FM in 

red and SP(F)M in orange) for classical and microwave heating respectively. 

 

To complete the X-ray diffraction results, the samples are observed by TEM and the 

diameters are deduced from the pictures with the software ImageJ.  

 

At first, the diameter values are counted from image processing with ImageJ. Figure I-45 

and Figure I-46 exhibit the frequency distribution in percentage of the diameters observed in 

several experiments for SP(F)M and FM particles respectively. 150 to 750 particles are recorded 

per sample. Each distribution is fitted with a log normal distribution with the following formula 

[159]: 

 

𝑓(𝐷) =  
1

√2𝜋𝜎𝐷
 𝑒

−𝑙𝑛2(
𝐷
𝐷0
)

2𝜎2  I-34 

 

with 𝐷 the particle diameter, 𝐷0 the median diameter and 𝜎 the degree of polydispersion. 𝐷0 

and 𝜎 are displayed on each graph. The mean diameter 〈𝐷〉  and the standard deviation 𝜎𝐷 are 

then calculated as follows: 

 

〈𝐷〉 =  𝐷0𝑒
𝜎2/2 I-35 

 

𝜎𝐷 = 〈𝐷〉 √𝑒𝜎
2
− 1 I-36 

 

The results are classified in the charts in Figure I-45 and Figure I-46. Then, the sizes are 

averaged through 5 to 7 samples originating from different synthesis batches. The final average 

is calculated from 1000 to 2500 particles. 

 

Concerning SP(F)M nanoparticles (Figure I-45), the mean diameter is of 6.3 ± 1.1 nm based 

on seven experiments (Figure I-49). The crystallite diameter calculated with the Scherrer 

formula is compared to the one obtained through the log normal distribution with TEM images 



CHAPTER I                                                                                                 ELABORATION OF IRON OXIDE SPINEL NANOPARTICLES 

69/334 
 

for four of the samples. A good correlation between those values is noticed even if the crystallite 

size is always smaller than the diameter observed in TEM. It could be due to a lack of accuracy 

during image treatment. Moreover, the narrow distributions confirm the homogeneity of the 

particle sizes and also the good reproducibility of the experiments. 

 

 

 

 
Figure I-45. Frequency distribution in percentage of the diameters of 7 samples of SP(F)M nanoparticles. 

 

As the FM particles are not perfect spheres and due to the “raspberry” morphology, the 

contours of a single particle are difficult to distinguish. Indeed, some confusion could occur 

between the “raspberry” as the particle entity, and crystallites. Thus, the uncertainties are 

greater in this case. Large distributions of particle size which are in fact the addition of two 

subdistributions corresponding to two populations of size are displayed in Figure I-46. This 

tendency is emphasized in Figure I-47 with the clear evidence of two distributions, one around 

16.5 nm and the second around 44.6 nm. The first population around 16.5 nm might correspond 

to unit crystallites whereas the second one should be assimilated to the “raspberry” particles, 

considered as collections of many crystallites arranged in bunch. The crystallite size (16.5 nm) 

in Figure I-47 is consistent with the values calculated with the Scherrer formula in Figure I-46. 

The mean diameter considering the five experiments is equal to 21.6 ± 1.5 nm. Therefore, 
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broadly speaking, in view of the complexity of the morphology, the experiments are 

reproducible. 

 

 

 
Figure I-46. Frequency distribution in percentage of the diameters of 4 samples of FM nanoparticles. 

 

Taking into account the two populations of size, Figure I-47 exhibits the homogeneity of 

the particles if we consider the first peak (D0 = 16.5 nm) with the crystallites only. The second 

peak (D0 = 44.6 nm) displays a broader distribution due to the fact that “raspberry” particles are 

difficult to discriminate and to separate from each other. 

 

 
Figure I-47. Highlighting of two populations of size in the frequency distribution of diameters for FM 

particles. 

 

To summarize all of these histogram distributions, the partition criteria of the Sturges 

method [160] is taken into account to slice the particles in a number of size categories. The 

larger of one category or the bin-width (W) is expressed as follows: 
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𝑊 = 
𝐷𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛

𝑘
 I-37 

 

with   𝑘 = 1 + 3.322 × log(𝑁) 
 

where Dmax and Dmin are the maximum and minimum diameters, k the total number of classes 

and N the number of assessed particles. The total number of classes k is equal to 13 for SP(F)M 

and 12 for FM particles. Figure I-48 shows the final distributions fitted with a lognormal 

function: SP(F)M particles with a mean diameter of 6.2 ± 1 nm and FM particles with a 22.4 ± 

11 nm diameter.  

 

The average crystallite size for SP(F)M (resp. FM) computed from XRD patterns: 4.5 nm 

(resp. 19.1 nm) is reduced compared to the TEM one: 6.2 ± 1 nm (resp. 22.4 ± 11 nm) (Figure 

I-45 and Figure I-46), as found for Fe3O4 nanoparticles [161]. Nevertheless, in the case of FM 

particles, the Sturge slicing allows to obtain a mean particle diameter closer to the one obtained 

in XRD which is actually more accurate even if the standard deviation is important due to the 

large particle size distribution. 

 

Concerning SP(F)M particles, the values are close. The gap between TEM and XRD 

diameters is not surprising, especially knowing that the Debye-Scherrer method which is an 

approximate method is used for XRD analysis. 

For FM particles, the discrepancies could be due to the nanoparticle morphology (a 

crystallite assembly in a “raspberry structure”), highlighting the fact it is difficult to distinguish 

the borders of one particle from another. Moreover, when a particle is constituted of several 

grains, the diameter calculated by XRD should be below the one estimated by TEM, because 

the particle is not a single-domain. Also, another explanation lies in the large distribution of 

particles as inferred from the histograms (Figure I-46 to Figure I-48). 

 

 
Figure I-48. Histogram distributions fitted with a lognormal function in dark lines of Zn0.4Fe2.6O4 (A) 

SP(F)M and (B) FM with sizes of 6.2 ± 1 nm and 22.4 ± 11 nm respectively. Statistic made with a set of 

1000 to 2500  particles. 

As a conclusion, the heating in a microwave oven allows to obtain nanoparticles with the 

two desired ranges of size, namely SPM spherical particles with a 6.2 ± 1 nm diameter and 

FM “raspberry” particles with a 22.4 ± 11 nm diameter. This type of heating enables a good 
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morphology and size control which lead to homogeneity, and the method is reproducible. On 

the contrary, even if different morphologies are accessible with the classical way, a few 

disadvantages are reported. Indeed, the heterogeneity in size and shape is observed and this 

technique is clearly not easily reproducible (Figure I-49). At the same time, the classical way 

does not allow to reduce the particle porosity in comparison with the microwave technique. 

 

 
Figure I-49. Summary table of the two heating ways with advantages and drawbacks. 

 

III.1.3.C. Theoretical and experimental chemical compositions 

The agreement between theoretical and experimental chemical compositions has to be 

checked to ensure that the magnetic properties are homogeneous and reproducible. Figure I-50 

exhibits the gaps between the theoretical and experimental chemical compositions analyzed by 

ICP-AES in the case of classical thermal decomposition. At first, Audrey Delots’ experiments 

are confronted to the literature. Indeed, three types of experiments are displayed, synthesis with 

10 °C/min as the heating ramp (A, Figure I-31) (blue points), another with 20 °C/min (violet 

points) and the comparison with the trend obtained in the literature [32] (green points). 

 

 
Figure I-50. Discrepancies between theoretical and experimental chemical composition for classical 

thermal decomposition. x given for the molar quantity of Zn in the formula ZnxFe3-xO4. Samples 1, 2, 4, 5 

added (Figure I-33). 

Heating
type

Protocol Precursors Solvents Surfactant
(nm)

Advantages Drawbacks
TEM XRD

Classical
290°C

2h

Fe(acac)3

Zn(acac)2

benzyl
ether

OA 80 - 400 64.7
•Different 
morphologies 
(cubes, octahedra)

•Heterogeneity in 
size and shape
•Problem of 
reproducibility

Microwave
270°C
15 min

ODE

EG

OA
OAm

6.2 ± 1 
(SP(F)M)

4.5 •Homogeneity in size 

and shape

•Morphology control

•Reproducible

•Selectivity of solvent 
(permittivity)

EG
22.4 ± 11

(FM)
19.1

OA = oleic acid, Oam = oleylamine, ODE = octadecene, EG = ethylene glycol
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Regarding the blue points, one can conclude that the experiments are not reproducible. 

Indeed, three theoretical compositions were reproduced and resulted with three different 

experimental chemical compositions. Thus, no clear tendency could emerge from these results.  

Considering the experiments with 20°C/min for the temperature ramp, a possible trend 

could be evidenced which highlights the existence of a discrepancy between theoretical and 

experimental compositions. As the theoretical molar quantity of Zn is more important than the 

experimental one, it is clearly proved that zinc enters hardly inside the spinel structure and in 

an inhomogeneous manner. This fact could be due to the nature of the zinc precursor and 

especially to the difference between the decomposition temperature of iron and zinc precursors 

[162] [163]. Moreover, Y. Yang et al. [32] demonstrate a linear trend for the same interval of 

theoretical compositions (between 0.4 and 1.4 for x) which clearly underlines the difficulty to 

reproduce the classical synthesis by changing operator and/or experimental setup. Furthermore, 

it appears that from a certain molar quantity of zinc (1.4), the experimental chemical 

composition stays the same. The system seems to reach a chemical saturation for a certain 

amount of zinc, which is clearly not exhibited with our assays (violet points). 

 

Figure I-51 introduces the theoretical and experimental chemical compositions of some 

classical samples displayed in Figure I-33 and samples obtained through microwave heating. 

Samples 1 to 5 resulting from classical heating are also placed on the graph in Figure I-50. This 

seems to follow the trend observed in the literature (green curve) and the chemical composition 

looks reproducible considering sample 4 and 5.  

In the case of microwave heating, the experimental compositions are close to the theoretical 

one and also reproducible, making this method more controllable. 

 

 
Figure I-51. Summary of the theoretical and experimental chemical compositions for classical and 

microwave-assisted thermal decomposition. The three experimental compositions corresponds to three 

measures realized in the same batch. 

 

III.1.3.D. Conclusion 

 

To conclude, to counter the various disadvantages encountered with the classical heating 

(heterogeneity in size and shape, non-reproducibility), the microwave-assisted thermal 

decomposition is selected as the convenient method in this study to synthesize uniform 

Theoretical

composition

Experimental composition Nanoparticle size

1 2 3 nm (TEM) nm (XRD)

Classical heating

1 Zn0.27Fe2.73O4 Zn0.10Fe2.90O4 - 40 - 80 39.8

2 Zn0.48Fe2.52O4 Zn0.20Fe2.80O4 Zn0.21Fe2.79O4 Zn0.21Fe2.79O4 50 - 100 57.1

4

Zn1.13Fe1.87O4

Zn0.42Fe2.58O4 Zn0.42Fe2.58O4 Zn0.41Fe2.59O4 100 60.4

5 Zn0.42Fe2.58O4 Zn0.42Fe2.58O4 Zn0.42Fe2.58O4 25 - 50 -

Microwave

heating

without

EG
Zn0.4Fe2.6O4

Zn0.38Fe2.62O4 - 6.2  1 4.5

with

EG
Zn0.31Fe2.69O4 Zn0.31Fe2.69O4 - 22.4  11 19.1
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spherical nanoparticles with a reproducible chemical composition. The next part III.2 will 

focus on a parametric study of the microwave synthesis to allow a better understanding of 

the reaction mechanisms and of the influence of each solvent/surfactant.   

 

III.2. Parametric study of the microwave-assisted thermal decomposition 

 

This parametric study is intended to optimize the reaction parameters: the Zn precursor, the 

solvents and surfactants proportions and the temperature ramp in order to check the sensibility 

of the synthesis to these parameters. The incidence of one parameter on the chemical 

composition through XRD, the morphology by TEM and size of crystallites by the Scherrer 

method is investigated.  

 

III.2.1. Choice of the zinc precursor 

 

The synthesis of mixed oxides ZnxFe3-xO4 requires the use of two precursors: one for the 

iron, the other for the zinc. A difference between the reactivity of each precursor could occur 

and favor the insertion of an element at the expense of another. Hence, it could generate gradient 

of chemical composition within the nanoparticles and also an important gap between the 

theoretical and experimental compositions. The point in this case is to avoid any heterogeneity 

of composition. 

In the case of the use of two acetylacetonates, as Fe(acac)3 decomposition occurs around 

195 °C [143] and Zn(acac)2 decomposition around 136 °C [144], a large difference between 

these two temperatures is noticed. It should then induce heterogeneity in terms of chemical 

composition according to the literature [162] [163] with the formation of secondary products 

of reaction for example. Indeed, as stated by E. Solano et al. [162] in the case of CuFe2O4 

nanoparticles the synthesis is governed by the decomposition of the two acetylacetonates. The 

gap between the decomposition temperatures creates a two-speed reaction with the generation 

of a temperature gradient. In this case, the formation of a secondary phase (metallic copper) 

due to the difference between decomposition temperatures of Fe(acac)3 (180 °C) and Cu(acac)2 

(280 °C) has been observed [162]. A better outcome is demonstrated by replacing Zn(acac)2 

with ZnCl2. 

 

Actually, mixing an acetylacetonate with a chloride allows controlling the reaction only 

with the decomposition of the iron precursor. ZnCl2 is an ionic salt and just incorporates directly 

in the particle structure when dissolving in TREG [163]. The use of ZnCl2 should enhance the 

reaction with Fe(acac)3 allowing a direct incorporation of zinc and thus pure products with a 

chemical homogenization. 

 

To check all of these informations and to choose the most appropriate Zn precursor in the 

synthesis, the use of a Zn acetylacetonate and a Zn chloride are compared in similar conditions. 

The use of ZnCl2 requires a polar organic media. Thus the reaction media has been adapted for 

this experiment with the use of triethylene glycol (TREG) which possesses a dual role namely 

a solvent and a capping agent. This kind of synthesis does not require the addition of a 
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surfactant. To be sure of evidencing the impact of the precursor change, the two trials have been 

executed in the same exact conditions with a heating mantle. 

 

ZnFe2O4 nanoparticles have been synthesized. First, the particles obtained in the case of 

ZnCl2 as the precursor are larger in comparison with those achieved with Zn(acac)2 (Figure 

I-52). The analysis of the X-ray diffraction patterns is in agreement with TEM pictures (Figure 

I-53). The particle diameters calculated with the Scherrer formula (Equation I-32) are of 13.1 

nm and 6.5 nm for ZnCl2 and Zn(acac)2 precursors respectively (Figure I-54). 

 

Secondly, the experimental chemical compositions displayed in Figure I-54 are surprising 

in view of the literature. Indeed, the use of Zn(acac)3 allows to produce nanoparticles with 

chemical compositions close to the theoretical ones whereas ZnCl2 is responsible of an 

important gap between theory and experiment. These experiments significantly contradict the 

literature. 

 

 
Figure I-52. Microwave-assisted thermal decomposition with change of Zn precursor: (A) Zn(acac)2 and 

(B) ZnCl2. 

 

Figure I-53. X-ray diffraction patterns of two dissociated experiments realized with Zn(acac)2 and ZnCl2. 

 

A B
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Figure I-54. Comparison of chemical compositions from ICP-AES and nanoparticle sizes with the change 

of Zn precursor. 

 

Despite this gap in the chemical compositions, none of the precursors introduces impurities 

in the system (Figure I-53) since no secondary phases is noticed. Hence, this particular behavior 

can be due to a difficulty of Zn to enter into the lattice. At some point, if we consider that ZnCl2, 

as an ionic salt, dissolves rapidly in the media, there is a certain amount of time before the start 

of the decomposition of Fe(acac)3. Finally, maybe we should consider it is better to have two 

precursors with decomposition temperatures not so far away considering the case of Fe(acac)3 

(180 °C) and Cu(acac)2 (280 °C) [162] than using two different families of precursors with one 

them available too soon before the other. A second option could be to introduce ZnCl2 in the 

mantle at the time the decomposition of Fe(acac)3 starts. 

Lastly, ZnCl2 is not relevant for the nanoparticles synthesis in our case. This short study 

about Zn precursor in a solvothermal synthesis highlights the fact that a combination of two 

acetylacetonates will be the best way to achieve nanoparticles homogeneous in terms of 

chemical composition and with an experimental composition close to the ratio introduced at the 

beginning of the experiment. The interest is thus to combine these advantages with the 

microwave heating which conducts to a monodisperse distribution. After discussing about 

precursors, the influence of the solvents has also to be underlined. 
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III.2.2. Influence of solvents 

 

The microwave-assisted thermal decomposition described in part III.1.2 employs two 

different solvents: octadecene (ODE) and ethylene glycol (EG). The effect of the addition of 

EG in the experiment is examined in the following part. By adding the ethylene glycol (EG) 

quantity, the synthesis route is close to a polyol process rather than a thermal decomposition 

one. 

 

III.2.2.A. Addition of ethylene glycol (EG) 

A first observation has been made in part III.1.1.B.c about the introduction of EG in the 

reaction media. Indeed, according to Figure I-40, the EG is responsible for an increase of the 

particle size from 6.2 ± 1 nm (without EG) to 22.4 ± 11 nm with addition of EG (respectively 

SP(F)M and FM particles). Four other experiments have been conducted by increasing the EG 

quantity inside the microwave reactor, departing from the synthesis with the FM particles (part 

III.1.1.B.c) taken in the study as a reference. The idea is to analyze which particle diameter is 

attainable by increasing EG quantity. The expectation was to obtain larger particles by 

increasing the EG volume due to the bond of more crystallites together in the ”raspberry” 

structure. 

 

The “raspberry”-like morphology depicted in III.1.3.B and typical to the addition of EG is 

recovered in these experiments (Figure I-55). The EG quantity increases from test A to E with 

A corresponding to the FM particles. TEM pictures (Figure I-55) only allows to define the 

nanoparticles morphologies. Due to the intriguing particle shape and to the chains they form on 

the picture, X-ray data are required to determine the particle size and thus to conclude if EG 

quantity has an influence on the particle size. 

 

 
Figure I-55. Effect of ethylene glycol quantity in the microwave synthesis: n(EG)/n(Fe(acac)3 = 36 (A), 72 

(B), 123 (C), 191 (D) and 287 (E). A is the reference corresponding to FM particles. 

A B C

D E

Reference FM

↑ EG
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On the one hand, the presence of a secondary phase is clearly demonstrated in Figure I-56 

with the presence of Zn0.98O (PDF 01-082-9745) from a certain quantity of EG (test C, 

nEG/nFe(acac)3
=123, Figure I-58). An excess of EG in the system might affect the homogenization 

of the precursors inside the reactor which leads to the emergence of impurities and especially 

zinc oxide. All of the zinc has not been able to react with the iron. 

 

 
Figure I-56. X-ray diffraction patterns evidencing the influence of EG addition through A to E 

experiments. 

 

On the other hand, the nanoparticle diameters decrease with the increase of EG quantity in 

the reaction media (Figure I-57 and Figure I-58). This behavior is the exact opposite of what 

we were expecting for. The particle size decreases up to a certain limit of EG quantity, from 

which it stabilizes (test D, Figure I-58). Consequently, the FM nanoparticles with a diameter of 

27.4 ± 4.0 nm (test A) are the ones with the largest sizes. The addition of EG does not allow to 

exceed this size. Indeed, for high quantity, ethylene glycol might act as a complexing agent 

with metallic precursors and prevent them to react together, conducting to smaller particles 

[164]. Moreover, under heating, this polyol solvent might become more reductive than 

oleylamine with oleic acid. 

 

 

 

 

↑ EG
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Figure I-57. Evolution of the particle 

diameter with the increase of EG content 

(derived from XRD) The blue dashed 

line is just a guide for the eyes. 

 
Figure I-58. Overview of the particle size (from XRD) in 

relation to the EG amount. 

 

In order to understand the synthesis mechanisms, the influence of solvents with higher 

molecular weight is also tested. A first assumption was that it could increase the particle 

diameters. 

 

III.2.2.B. Influence of the molecular weight of the solvent 

While still considering the synthesis of FM nanoparticles as a reference, different solvents 

have been used to replace or in combination with ethylene glycol (EG) in order to state about 

the influence of the molecular weight of the solvent on the nanoparticle shape and size. For this 

purpose, triethylene glycol (TREG) and polyethylene glycol (PEG) have been employed 

(Figure I-59). 

 

 EG TREG PEG-136 

Molecular 

formula 
C2H6O2 C6H14O4 HO(C2H4O)136H 

Semi-

developed 

formula    

Structural 

formula 

 
  

Molecular 

weight 

(g/mol) 
62.07 150.17 6000 

Figure I-59. Molecular weight of ethylene glycol (EG), triethylene glycol (TREG) and polytethylene glycol 

(PEG). 
 

PEG 6000 is employed (Figure I-59). It can be written PEG-136 with 136 corresponding to 

the number n of oxyethylene groups (C2H4O) calculated as follows: 

 

𝑀𝑤 = 2𝑀(𝐻) +𝑀(𝑂) + 𝑀(𝐶2𝐻4𝑂) × 𝑛 = 18 + 44𝑛 = 6000 I-38 

 

with Mw the molecular weight (g/mol) and M the molar mass (g/mol). 
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III.2.2.B.a. An invisible solvent: the TREG 

Three experiments are compared in this section in Figure I-60: the first is the reference 

namely the FM particles (A), secondly the same assay by replacing the EG quantity with TREG 

which possesses a higher molecular weight (Figure I-59), and then a last sample with a mix of 

EG and TREG in the same quantity. 

 

Correlating both the TEM images (Figure I-60) and XRD analysis (Figure I-61 and Figure 

I-62), the sample (B) exhibits the same morphology and a range of size of the order of the 

SP(F)M nanoparticles (Figure I-40-A), specifically spherical particles with a 3.9 nm diameter. 

It results in the nanoparticles obtained only with a mixture of OAm, OA and ODE. Thus, the 

use of TREG in substitution of EG has no effect on the nanoparticles. 

 

Raspberry-type frameworks are retrieved in the case of the sample (C) with a combination 

of EG and TREG. Hence, raspberry shapes are the signature of the EG solvent. The slightly 

smaller diameters observed for these particles in comparison with the reference synthesis (A) 

might be due to the use of less EG and to the uselessness of the TREG. No impurities are noticed 

in the experiments (Figure I-62). 

 

 
Figure I-60. Nanoparticles obtained by microwave-assisted thermal decomposition with EG (A), TREG 

(B), and a mix of EG and TREG (C). See Figure I-61 for ratios. 

 

 
Figure I-61. Volume quantities of solvents and XRD sizes of nanoparticles synthesized with EG (A), 

TREG (B), and a mix of EG and TREG (C). 

 

A B C

A B C

VEG
mL

2 - 1

VTREG - 2 1

Size nm 17.3 3.9 11.5
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Figure I-62. X-ray diffraction patterns of nanoparticles synthesized with EG (A), TREG (B), and a mix of 

EG and TREG (C). 

 

The use of TREG as a solvent with almost three times the molecular weight of the EG has 

clearly no impact on the synthesis when compared with the SP(F)M particles. 

 

III.2.2.B.b. Influence of PEG 6000, alone 

After the assays with TREG, the EG was replaced with PEG 6000 to increase the molecular 

weight even more (Figure I-59). Figure I-63 to Figure I-65 compare the characterizations results 

of the reference FM nanoparticles for the sample (A) and the sample (B) synthesized in the 

same exact conditions but with introduction of PEG 6000 instead of EG in the microwave 

reactor. The nanoparticles obtained with PEG 6000 (Figure I-63-B) display an important 

heterogeneity in terms of size with platelet and triangular morphologies. Indeed, the 

nanoparticle framework is not spherical and of raspberry-type anymore. On the contrary, the 

particles tend to stretch out along one or several preferential crystallographic axis and thus show 

these rectangular or triangular shapes. It is worth noting that the rectangular forms could 

correspond to a triangle observed from one of its edge. 

 

Regarding the XRD analysis (Figure I-64 and Figure I-65), the introduction of PEG induces 

an increase of the particle diameters in comparison with the SP(F)M particles, but considerably 

below the sizes of the FM particles. The particles are also pure regarding the crystalline phase 

(Figure I-65). 
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Figure I-63. Nanoparticles obtained by microwave-assisted thermal decomposition with EG (A) and PEG 

(B). See Figure I-64 for ratios. 

 

 
Figure I-64. Volume quantities of solvents and XRD sizes of nanoparticles synthesized with EG (A), and 

PEG (B). 

 

 
Figure I-65. X-ray diffraction patterns of nanoparticles synthesized with EG (A), and PEG (B). 

 

To conclude, the use of a solvent with a higher molecular weight does not improve the 

nanoparticle sizes, even if it seems that PEG 6000 makes the particles grow which is clearly 

not the case for TREG. Besides, if TREG allows to keep a certain homogeneity of the particles, 

the PEG induces a lot of heterogeneity that we try so hard to avoid. 

 

III.2.2.B.c. Influence of a mixture of EG and PEG 

A combination of EG and PEG has also been studied. Three samples are compared in this 

section: (A) synthesized only with PEG, (B) and (C) with a mixture of PEG and EG, sample 

A B

A B

VEG
mL

2 -

VPEG - 2

Size nm 17.3 6.9
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(C) containing the doubled quantities (Figure I-66 and Figure I-68). The typical morphology 

previously analyzed in the case of PEG and EG used alone is retrieved in TEM pictures (Figure 

I-66). Indeed, once PEG and EG are mixed together in the reactor (Samples B and C), two 

populations of nanoparticles are clearly discerned: the first one corresponding to the rectangular 

and triangular nanoparticles observed only with the use of PEG (Sample A) and the second one 

attributing to the “raspberry” type morphology of the nanoparticles. It seems that these two 

solvents play two separated roles in the synthesis, their effect do not unite to make the particle 

grow in the same manner. They behave exactly like if the synthesis were done separately and 

then mixed together at the end of the process. These observations completely confirm that EG 

is the only responsible for the amazing framework of nanoparticles with raspberry-like shapes.  

 

 
Figure I-66. Nanoparticles obtained by microwave-assisted thermal decomposition with PEG (A) and a 

combination of PEG and EG (B-C). See Figure I-68 for ratios. 

 

X-ray diffraction analysis underscores pure cubic spinel structures for all the samples as in 

the previous parts (Figure I-67). Sample (B) and (C) display the same particle diameters (Figure 

I-68), which means that the dilution of the precursors has no incidence on the nanoparticles 

growth. 

 

 
Figure I-67. X-ray diffraction patterns of nanoparticles synthesized with PEG (A) and a combination of 

PEG and EG (B-C). See Figure I-68 for ratios. 

 

A B C
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Figure I-68. Molar ratio of solvents and XRD sizes of nanoparticles synthesized with PEG (A) and a 

combination of PEG and EG (B-C). 

 

III.2.2.C. Conclusion 

These experiments establish the role of the EG in the formation of “raspberry” structures. 

A simple picture could explain how EG addition results in raspberry morphology: the 

respective –OH terminations of EG may link together two smaller crystallites during the 

growth phase. This hypothesis should be checked with comparison of other raspberry 

morphologies. Figure I-69 compares the raspberry morphology obtained in this study with 

some similar structures synthesized in other works with EG [158] [165].  

 

 
Figure I-69. Comparison of raspberry nanoparticles elaborated in this study (blue box), by Xuan et al. 

[165] (violet box) and by Gerber et al. [158] (orange box).  

 

Xuan et al. have elaborated ferrite nanospheres with diameters comprised between 100 

and 300 nm through a solvothermal method involving chloride salts in a mixture of EG and 

diethylene glycol (DEG). The particle size is tuned by the ratio between EG and DEG 

volumes. The particle atypical framework is depicted as an agglomeration of nanocrystals 

with sizes between 10 and 20 nm, emphasizing the polycrystalline nature of the raspberry 

particle [165]. Gerber et al. have studied the synthesis of raspberry nanostructures of iron 

oxide by means of a polyol solvothermal method with chloride salts in EG. They define the 

raspberry structure as an ensemble of aggregated nanocrystals with similar crystallographic 

orientations. The crystallite size is adjusted between 5 and 60 nm and the overall particle 

reaches a size of approximatively 250 nm [158]. 
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Further research works also illustrate the synthesis of raspberry-type structure with 

chloride salts in solvothermal routes performed in EG: Fe3O4 particles of 250 nm [166], Zn 

ferrite hollow nanospheres of 250 nm [167], ZnFe2O4 spherical porous structures (between 

15 and 90 nm) [168], and nickel ferrite nanoparticles (between 130 and 240 nm) [169]. 

 

III.2.3. Influence of the thermic cycle 

 

The interest of the temperature ramps in the synthesis protocol is also studied with PEG 

6000 in place of EG in the microwave reactor. The nanoparticles (B) in Figure I-70 represent 

the result obtained with the whole thermal protocol (Figure I-37-B) whereas in the inset (A) 

only the first heating ramp was performed. The reactor was cooled down to room temperature 

after being maintained at 200 °C during 10 minutes. The color of the solution gives a valuable 

insight of the reaction stage. In this way, samples (A) and (B) have showed a brown and dark 

colors at the end of the synthesis, respectively, which clearly confirms they are not at the same 

stage of development. Indeed, the temperature ramp at 200 °C and 270 °C has two specific 

roles. 

 

Considering the nanoparticle size and morphology (Figure I-70), significant differences 

appear. The particles in the inset (A) are smaller than the ones in the inset (B). Moreover, they 

look not crystallized, sounding like a mass of amorphous particles with undefined shapes. It is 

not the case for the sample (B) as mentioned in the previous part (III.2.2.B.b). 

 

 
Figure I-70. Microwave-assisted thermal decomposition completed until the first temperature level (T1, t1, 

Figure I-37.B) (A) in comparison with the full protocol (B). 

 

X-ray diffraction analysis seems to confirm the previous assumption. Indeed, the sample 

(A) exhibits very wide peaks in its XRD pattern (Figure I-71), which means the nanoparticles 

are not well crystallized and contain a significant amorphous quantity. The ratio between the 

particle diameters of the two samples is almost two (Figure I-72). 

 

A B
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Figure I-71. X-ray diffraction patterns of nanoparticles represented in Figure I-70, synthesized with PEG. 

 

 
Figure I-72. Molar ratio of PEG with iron precursor and XRD sizes of nanoparticles (A) and (B) of Figure 

I-70. 

 

Following these results, we could attribute the function of each temperature ramp in the 

operating protocol, giving some precisions on the reaction process. At 200 °C, oxolation 

reactions between cationic complexes coming from precursors seem to occur while the 

crystallization step and growth require increasing the temperature to 270 °C (Figure I-73). The 

oxolation consists of a condensation reaction between monomers, leading to the formation of 

oxo bridges (O=) between cations, and hence to metal-oxygen-metal bridges. Carboxylic 

groups coming from oleic acid molecules can exchange with the acetylacetonate ligands. 

Therefore and at the same time, carboxylic acids could lead to esterification reactions with 

enolic functions existing in the reaction medium (enolic forms of free beta dicetones). The 

esterification reaction generates water in-situ, which is consumed during the oxolation reactions 

maintening the medium hydrophobic [170]. 

 

 In this way, the particles in sample A have not completed their growth and could not be 

well crystallized. In addition, these experiments highlight an overpressure inside the microwave 

reactor due to the introduction of PEG, making this solvent not suitable for the synthesis. The 

overpressure is attributed to a high dielectric constant ε’ and above all a high loss tangent of the 

aqueous solution of PEG (10 wt%) introduced in the reactor. The value is at least twice the 

dielectric constant ε’ of EG at this concentration according to Arnold et al. [171]. 
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Figure I-73. Reaction steps during thermal procedure. 

 

III.2.4. Influence of surfactants 

 

The microwave synthesis deals with a mixture of three solvents namely OAm, OA and 

ODE. ODE is used in the operating protocol to ease the handling and the solubilization of the 

viscous surfactants in the reactor. As it is only used to homogenize the overall precursors with 

surfactants, ODE does not influence the particle nucleation/growth and is thus not studied in 

the section. OAm and OA are the wetting agents of the synthesis which influence the 

nanoparticle shape and size differently. These surfactants possess two different and 

complementary functions in the synthesis. 

 

The sample A (Figure I-74) could be easily compared to the SP(F)M spherical particles. 

Indeed, the nanoparticles have been elaborated with the inverse volumetric proportions (2 mL 

OAm, 8 mL OA, and 8 mL OAm, 2 mL OA respectively). Elongated particles with cubic, cube-

like and tetrahedron shapes with a mean diameter of 18 nm are observed in the sample A (Figure 

I-74 and Figure I-75), which is clearly an expression of the surfactant ratio. A first assumption 

is that OA favors the nanoparticles growth along a preferential crystallographic axis. 

 

The nanoparticles of the sample C synthesized with the exact same quantities of OAm and 

OA in the reactor are spherical in shape and with relatively homogeneous diameters around 8.9 

nm (Figure I-74 and Figure I-75). However, the presence of a few cubes or cube-like shapes is 

noticed. Thus, when introduced in the same proportions, the surfactants’ effects cancel each 

other. 

 

Tiny spherical nanoparticles of about 6.0 nm are obtained with the SP(F)M synthesis ratio 

divided by 2 (Sample D, Figure I-74 and Figure I-75). The increase of OA does not seem enough 

to induce a growth of the nanoparticles along a certain crystallographic axis. 

 

Nanoparticles in the sample B synthesized with the inverse proportion of surfactant in 

comparison with the sample D do not display spherical morphologies (Figure I-74). This 

observation is in agreement with our first assumption stating that OA induces a particle 

elongation along a certain axis. The particle sizes are smaller compared to sample A (Figure 
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I-75). At this stage, a second assumption could be made: OAm would inhibit the nanoparticles 

growth by complexing the metallic cations. 

 

These four experiments allow to distinguish two potential roles for our surfactants. Indeed, 

OA stimulates the nanoparticle growth along a preferential axis while OAm slows down its 

growth. Tuning their compositional ratio yields to a good control of the nanoparticle 

morphology. Thus, the nanoparticles become spherical in shape using the appropriate ratio 

between the two surfactants. 

 

 
Figure I-74. Influence of the surfactants: oleylamine (OAm) and oleic acid (OA) in the microwave 

synthesis. Figure I-75 for ratios. 

 

 
Figure I-75. Volumetric ratio of OAm versus OA and XRD sizes of nanoparticles (A) to (D) of Figure I-74. 

 

The second assumption is verified with another trial (Sample E, Figure I-76). The OAm 

quantity is slightly increased compared to sample D and the XRD mean diameter is reduced, 

which confirms the hypothesis. Moreover, the ODE volume is diminished from 6 to 2 mL at 

the same time. This quantity may be sufficient to blend and homogenize the surfactants. 
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Figure I-76. Nanoparticles synthesized with a surfactant volumetric ratio of 2.5 and by decreasing the 

volume of ODE (2 instead of 6 mL). 

 

Similarly, the sample F (Figure I-77) has been obtained in the presence of a very large excess 

of OAm. The produced nanoparticles are spherical and of comparable sizes with SP(F)M 

reference. Once again, it supports the inhibitor role of OAm in the synthesis. 

 

Moreover, the sample G (Figure I-77) could be compared to the FM reference as the 

difference lies in the increase of the EG quantity without using ODE to homogenize the 

precursors. The nanoparticle framework looks different in terms of morphology from the 

“raspberry” type structure usually observed when using EG in the reactor (part III.2.2.A). In 

this case, the EG has a double function: it is used both as a binder to group some unit crystallites 

and as a simple solvent to mix the surfactants uniformly in replacement of ODE. Following the 

trend in Figure I-57, the nanoparticles should exhibit a diameter of approximatively 9-10 nm, 

which is hard to deduce from TEM images as we already mentioned before. 
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Figure I-77. Nanoparticles synthesized without ODE evidencing the influence of OAm and EG.  

 

As a conclusion, OAm and OA are used as complementary surfactants in the synthesis. 

Their own role is balanced when used in the proper quantities and allow to produce spherical 

and reproducible nanoparticles. The ODE is only required to homogenize the overall precursors 

with surfactants. The question of precursor homogenization gives rise to another: are the 

nanoparticles homogeneous in terms of chemical composition? Does it depend on the 

nanoparticle shape? 

 

To verify the local chemical composition at the nanoparticle level, the samples were 

analyzed by STEM coupled with EDX. This technique allows to determine the chemical 

elements contained in a material up to quantitatively when using reference samples. To ensure 

the reliability of the method, the Zn/Fe ratios estimated by STEM-EDX of two samples with 

spherical shapes are compared to the theoretical ones (Figure I-78). It clearly appears that the 

technique determines a ratio close to the theory and thus differentiates one sample from another 

through its zinc level. Thus, the method is trustworthy. 

 

 
Figure I-78. Comparison of the theoretical Zn/Fe ratio of two samples with the one estimated by STEM-

EDX. 
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The sample A (Figure I-74 and Figure I-75) is examined by STEM-EDS. Four nanoparticles 

exhibiting rectangular and triangular shapes in 2D view are picked and analyzed (Figure I-79). 

Iron and zinc quantities are determined in any nanoparticle shape. Therefore, the presence of 

different morphologies is not induced by a preferential growth of a phase in a different system. 

Both rectangular and triangular shapes look of the same composition. The Zn/Fe ratios 

incorporated in the table (Figure I-79) are presented only for information purposes and above 

all are just qualitative factors. Even if these values do not quantify precisely the amount of iron 

and zinc in the particles, the zinc is retrieved in low quantity, which means its incorporation is 

not ideal with the surfactant ratio employed in the experiment. In comparison, the SP(F)M 

reference synthesis (Figure I-78) exhibits higher Zn/Fe ratios, indicating the proportions of 

surfactant used are more convenient and favor a better homogenization of the precursors. 
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Figure I-79. Estimated Zn/Fe ratios of four different nanoparticles in sample A (Figure I-74, Figure I-75). 

 

III.2.5. Conclusion 

 

The previous experimental campaign has enabled to identify the role of each solvent in 

the synthesis. The choice of the zinc precursor has been justified. The introduction of EG in 

the reactor allows to increase the particle diameter until a certain quantity, from which the 

particle size decreases and with the presence of impurities in the system. Regarding the 

surfactants, OA encourages the particle growth along a preferential axis and OAm inhibits 

its growth. The nanoparticle morphology could be well-controlled by adjusting the 

surfactants ratio. The conditions taken for SP(F)M and FM references synthesis are retained 
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due to reproducibility, homogeneity in terms of size, shape and chemical composition 

reasons. 

 

III.2.6. Microstructural characterizations 

 

III.2.6.A. Infrared spectroscopy 

 

After synthesis, the nanoparticles are recovered and washed by centrifugation processes 

with addition of a mixture of ethanol and ethyl acetate. This procedure is required to remove 

the remaining organics and the surfactants still present at the particle surroundings and surface. 

The cleaning steps will be described in details in the Chapter II. Once all of the organics are 

removed, the nanoparticles are dried naturally under air. 

 

A Fourier Transform Infrared Spectroscopy (FTIR) analysis is performed on the 

nanoparticles once dried after the cleaning operations. This technique enables to investigate the 

nanoparticle structure through the vibration modes of the chemical bonds in the iron zinc oxide 

nanoparticles. 

 

The resolution of these bands will depend on the structural order depicted above and 

especially on the vacancies [172]. Indeed, a decrease of the number of absorption bands is 

attributed to an increase of the vacancies disorder. A completely disordered phase with 

randomly distribution of cations and vacancies involves a band broadening between 500 and 

800 cm-1 due to a spreading of the vibrational frequencies which are different from one lattice 

to the other. An ordered phase shows more absorption bands and also sharper [9].  For example, 

Fe3O4 nanoparticles synthesized by a sol-gel technique [173] display two particular peaks in 

FTIR transmission spectra. A first metal-oxygen band observed at 590 cm-1 represents the 

stretching vibrations of the metal at tetrahedral sites. A second metal-oxygen band at 445 cm-1 

corresponds to the same vibrations except that it is located in octahedral sites. The observation 

of these two peaks are in agreement with X-ray diffraction analysis which shows that the 

calculated lattice parameter is comprised between the magnetite and maghemite value. Thus, 

the obtained phase is not pure magnetite [173]. 

It could also help to depict the organic layer at the particle surface (Chapter II). This 

technique does not introduce precisely quantification, and just give a qualitative idea of the 

proportion of each phase in the synthesized material. 

 

The infrared spectra of the SP(F)M and FM nanoparticles between 4000 and 400 cm-1 are 

represented in Figure I-80. The nanoparticles have not seen the same cleaning steps. Indeed, 

the SP(F)M particles have been washed by centrifugation four times while the FM particles 

have been centrifuged six times. The purpose of this chapter is not to compare the number of 

washings, since it will be described in Chapter II. The aim is to be able to identify the five 

separate interesting areas in the infrared spectrum, shown with five distinct color bands in 

Figure I-80. In ascending order, we find in yellow the Fe-O bond (400-850 cm-1) band 

corresponding to the link between iron and oxygen inside the particles, in pink the carbonyl 

groups C=O (1200-1800 cm-1) at the particle surface, in blue and violet the alkyl chains also at 
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the particle surface (2800-3000 cm-1) by dissociating CH2 and CH3, and then in gray the 

hydroxyl O-H groups at the particle surface (3000-3700 cm-1) depending on the progress on the 

particle cleaning steps. Overall, the intensity of the last four bands depends entirely on the 

number of cleaning steps and hence on the organic amount still present around the particles 

(Chapter II). In this section, we will only focus on the first band (in yellow): the one 

corresponding to the material. 

 

 

Figure I-80. Infrared spectrum of the SP(F)M and FM nanoparticles after 4 and 6 cleaning steps 

respectively. 
 

The Fe-O bond (400-850 cm-1) bands for the SP(F)M and FM nanoparticles are displayed 

in Figure I-81. The layout of the band is clearly affected by the nanoparticle size.  

 

 
Figure I-81. Infrared spectrum of the SP(F)M (4 cleaning steps) (A) and FM (6 cleaning steps) (B) 

nanoparticles (zoom on the Fe-O vibrational band). 

 

In his thesis, M. Pauly compared the infrared spectrum of iron oxide nanoparticles with 3 

different sizes and correlated the trend to the ones obtained for pure magnetite and maghemite 

(Figure I-82) [2]. 

A B
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Figure I-82. Infrared spectrum of iron oxide nanoparticles with 5 (NP5), 12 (NP12) and 16 (NP16) nm 

diameter, correlated to pure magnetite and maghemite. From M. Pauly [2]. 

 

Magnetite and maghemite displays their own particularities regarding this band (Figure 

I-82) [2]. In the case of pure magnetite, a wide single band is observed around 580-590 cm-1 

with a maximum at 573 cm-1. The presence of a shoulder at 700 cm-1 due to superficial oxidation 

is also evidenced [2]. In the case of pure maghemite, several bands at different wavenumbers 

between 500 and 800 cm-1, close enough from each other, are considered with a major peak at 

640 cm-1. 

 

As the particle size increases, the band becomes closer in shape to the pure magnetite band 

and at the same time the peak position is moving towards the peak maxima of magnetite [2].  

 

In our case, the FM particles (Figure I-81-B) display a peak with a maximum intensity at 

538 cm-1 corresponding to Fe-O stretching vibrations in pure spinel zinc ferrite nanoparticles. 

The trend of the curve looks similar to the one observed in the case of pure magnetite [2] which 

means that our FM reference looks pure in phase.  

 

The wide Fe-O stretching vibrations band of SP(F)M particles (Figure I-81-A) is divided in 

several peaks with different maxima which match the maghemite profile (Figure I-82). It 

appears that the SP(F)M nanoparticles could be constituted of two phases: the pure Zn0.4Fe2.6O4 

phase and a phase of Zn2+ substituted maghemite. The assumption is that they exhibit a 

core/shell structure with the oxidized layer as the shell and the pure phase in the core. This 

result is usual since M. Pauly [2] evidences the presence of magnetite and maghemite in Fe3O4 

particles with sizes below 16 nm. He also mentions the fact Fe2+ ions in small particles of 

magnetite are more sensitive to oxidation. The presence of Zn2+ substituted maghemite could 

be confirmed with X-ray diffraction. The value of the lattice constant (8.396 Å) is close to the 

one obtained by Mozaffari et al.[174] for oxidized Zn0.4Fe2.6O4. 

 

III.2.6.B. Characterization of the inversion degree in the spinel structure 

As explained in part I.2.2.B, the inversion degree in the spinel structure influences the 

physical properties of the material and especially its magnetic properties. The combination of 

three methods of characterizations, namely X-ray diffraction, high-resolution TEM (HRTEM) 
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and Mössbauer spectroscopy, will allow determining if the spinel structure of our nanoparticles 

is normal, inversed or partially inversed. These results have a potential interest in the analysis 

of the static magnetic properties at the nanoparticle scale in Chapter IV. 

 

Three samples with different chemical compositions and sizes are analyzed: Zn0.2Fe2.8O4 

nanoparticles with a 22.4 ± 11 nm diameter, and Zn0.4Fe2.6O4 nanoparticles with 6.2 ± 1 

(SP(F)M reference) and 22.4 ± 11 nm (FM reference) diameters. 

 

III.2.6.B.a. X-ray diffraction analysis 

The X-ray diffraction analysis for the determination of the inversion degree in the spinel 

structure has been achieved by Christophe Lefevre at the IPCMS in Strasbourg. The X-ray 

diffractometers are analyzed and refined by the Rietveld method on Fullprof software and give 

structural information as the unit cell parameter, the particle size, ion coordination and ion 

occupancy in the framework. 

 

Figure I-83 shows the results obtained for the three samples through the Rietveld 

refinement. All of the samples present a cubic spinel structure (space group Fd3̅m) with a single 

phase. The unit cell a, the particle diameter 〈𝐷〉𝑅, and the location of Zn cations at the 

tetrahedral (Th) and octahedral (Oh) sites are acquired. 〈𝐷〉𝑅 can be correlated to the particle 

diameters calculated through distribution functions fitted with a log normal law from TEM 

observations 〈𝐷〉𝑇𝐸𝑀, and with the Debye-Scherrer formula (Equation I-32) 〈𝐷〉𝑆. 
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Figure I-83. Estimated crystallite size of ZnxFe3-xO4 particles through TEM, Scherrer and Rietveld 

analysis. Information about Zn cations positions on the tetrahedral and octahedral sites. 

 

The estimated sizes 〈𝐷〉𝑅 and 〈𝐷〉𝑆 are reduced in comparison with 〈𝐷〉𝑇𝐸𝑀 and follow the 

trend: 

 

〈𝐷〉𝑅 < 〈𝐷〉𝑆 < 〈𝐷〉𝑇𝐸𝑀 I-39 

 

The three diameters are in the same order of magnitude. The method on which to rely on 

for the determination of the size is the Rietveld analysis. Indeed, by contrast with Scherrer 

which is an approximate method giving just a simple estimation of the size, the Rietveld 

analysis is a fine method of diffractometer treatment analysis. It takes into account the 

background signal, the shapes, positions and intensities of the peaks. A progressive refinement 

is proceeded until achieving a perfect match with the experimental data. One difference with 

the Scherrer formula is that the instrumental parameters are also considered and the crystallite 

size is corrected with the device contribution, making this method trustworthy. 〈𝐷〉𝑇𝐸𝑀 is an 

overestimated diameter due to the manual retrieval of particles with ImageJ. Finally, the 

diameters are classified from highest to lowest accuracy. 

 

The values of the lattice parameter a coming from the Rietveld treatment (Figure I-83) are 

consistent with the values found in the reference PDF sheets. Pure Zn0.35Fe2.65O4 (PDF 04-021-

5090) and ZnFe2O4 (PDF 00-001-1108) with a cubic structure and Fd-3m space group display 

values of 8.414 Å and 8.442 Å for a. Considering equal nanoparticle sizes, the unit cell a tends 

to increase by rising the Zn content. 

TEM Scherrer Rietveld

a ZnTh ZnOh

nm nm Å nm -

Zn0.2Fe2.8O4 22.4 ± 11 18 8.398 15 ± 1 0.2 0

Zn0.4Fe2.6O4 6.2 ± 1 5 8.396 4 ± 1 0.4 0

Zn0.4Fe2.6O4 22.4 ± 11 20 8.408 17 ± 1 0.26 0.14

PDF sheet data

a Sheet number

Fe2O3 - - 8.351 00-039-1346

Fe3O4 - - 8.393 04-009-2284

Zn0.35Fe2.65O4 - - 8.414 04-021-5090

ZnFe2O4 - - 8.442 01-071-5149
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This is consistent with the trend observed using the invariant method of Paul Poix [175] 

applied to mixed ferrites (Figure I-84). The invariant method of Paul Poix allows to calculate 

the lattice parameter a by resolving a second-order equation: 
 

11

64
𝛼2 −

5𝛼

4√3
𝑎 + 𝛼2 − 𝛽2 = 0 I-40 

  

𝛼2 = 3𝛼2 (𝑢 −
1

8
)
2

,  𝛽2 = 𝛼2 (3𝑢2 − 2𝑢 +
3

8
) I-41 

 

with α and β the distances between a cation and an oxygen atom at the position (u,u,u) in a 

tetrahedral and octahedral sites, respectively. The solution of the equation is given by: 

 

𝑎 =  
40𝛼

11√3
+√

64

11
𝛽2 −

512

363
𝛼2 I-42 

 

 
Figure I-84. Evolution of the experimental lattice parameters as a function of the Zn content in the case of 

Zn2+ substituted maghemite (A) and magnetite composition (B). The points are correlated to a fit from 

Batista et al. [176] (A) and with the Paul Poix’s method. 

 

The lattice parameter of a mixed oxide (here ZnxFe3-xO4) follows a linear law in function of 

x (Figure I-84), which is consistent with the literature [177] [178]. It can be also understood 

from Figure I-83 that the ionic radius of Zn2+ is higher in tetrahedral site than the one of Fe2+ 

in octahedral site, so the lattice parameter increases as the Zn content increases. 

 

The inversion degree δ in the spinel structure corresponds to the number of Zn cations 

located at the octahedral (Oh) sites, namely the last column of the table in Figure I-83. Thus, 

only one sample displays a partial inversion of its structure: the 22.4 ± 11 nm diameter particles 

with Zn0.4Fe2.6O4 composition, also known as the FM reference in this manuscript. The formula 

I-28 (part I.2.1) can be applied with δ = 0.14 to describe the detailed structure, with round and 

square brackets for the tetrahedral (Th) and octahedral (Oh) sites: 

 

(𝑍𝑛0.26
2+ 𝐹𝑒0.74

3+ )[𝑍𝑛0.14
2+ 𝐹𝑒0.6

2+𝐹𝑒1.26
3+ ]𝑂4 I-43 
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Regardless the normal structures of the other samples, it is natural to wonder if the inversion 

degree occurs only from a specify particle diameter meaning if there is a limit size, or depending 

on an amount of zinc in the structure. Kotsikau et al. [179] have assessed inversion degrees in 

ZnxFe3-xO4 particles with a 10 nm diameter and relatively similar zinc quantities [179]. Hence, 

the inversion could also occur in the SP(F)M particles. 

Considering the Zn amount, it depends on the synthesis. Saha et al. [180] have reported a 

start of inversion in the spinel structure from x = 0.2 in the same material. 

 

These results underline the stochastic behavior of the cation distribution in the spinel 

structure. This phenomenon remains not well controlled and is clearly affected by the synthesis 

route and conditions. Indeed, it should absolutely be taken into account due to its impact in the 

magnetic properties of the whole structure, making those systems hard to tune [180] [181] [182] 

[183]. 

 

III.2.6.B.b. Microstructural observations 

Thorough microstructural characterizations have been performed by Maria Luisa Ruiz 

Gonzalez and Jose Maria Gonzalez Calbet in the National Center for Electron Microscopy 

(ICTS) at the Complutense University of Madrid (UCM). Deeper observations than the ones 

realized at CEA with a TEM have been realized with a scanning transmission electron 

microscope (STEM) combined to the high-angle annular dark-field imaging (HAADF) 

technique. HAADF-STEM allows observing a material until the atomic scale with a very high 

resolution. It could be coupled to electron energy loss spectroscopy (EELS) to retrace the 

position of atoms in the crystalline structure, depending on the chemical composition. 

 

The same samples (part III.2.6.B.a) have been analyzed in this section. The observations go 

into determining the position of iron and zinc cations in the spinel structure of ZnxFe3-xO4 

nanoparticles and thus defining if the spinel is normal or inversed. An amount of Zn cations at 

the octahedral positions means that the spinel is inversed with a value of a degree of inversion 

δ comprised between 0 and 1.   

 

Figure I-85 to Figure I-88 only deal with the FM reference sample of Zn0.4Fe2.6O4 

nanoparticles with a 22.4 ± 11 nm diameter. At first, the particles are observed along different 

crystal planes. The network of crystal planes is clearly seen in Figure I-85 for [211] and [100] 

directions with the position of atoms in the mesh. 
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Figure I-85. Typical atomic resolved HAADF images of an area of an orientated particle along [211] (A) 

and [100] (B). 

 

Direction [101] is chosen as the octahedral and tetrahedral sites are more visible in this axis. 

Figure I-86.A exhibits the HAADF image of a particle oriented along [101]. A scheme 

represents the position of iron, zinc and oxygen atoms in the structure with iron and zinc located 

respectively at the octahedral (Oh) and tetrahedral (Th) sites (Figure I-86.B-C). 

 

 
Figure I-86. (A) Typical atomic resolved HAADF image of an area of an orientated particle along [101], 

(B) Position of Fe and Zn cations in the spinel structure, (C) Spinel structure in 3D. 

 

Once coupled with EELS (Figure I-87 and Figure I-88), atomically resolved chemical 

mappings are obtained. At the beginning, the detection of Zn was tricky. The Zn-L2,3 edge was 

too weak and hard to distinguish in the EELS spectra, making the observation not easy as the 

starting Zn amount in the particle is low. Finally, the detection of Zn has been possible through 

some adjustments of the device as the use of two energy windows and at the same time by 

changing the spot size. 

 

Zn is hence detected even if its signal remains noisy (Figure I-87.D). According to Figure 

I-87 and Figure I-88, it seems that Zn cations are at least detected on the octahedral positions. 
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This result is in complete agreement with the Rietveld analysis produced from the X-ray data 

of the sample (Figure I-83). The FM particles evidence a partially inversed structure. X-ray 

diffraction analysis and STEM observations point in the same direction. 

 

 
Figure I-87. (A) HAADF image of a particle oriented along [101] with the following HAADF-EELS 

chemical mapping (B), Fe (C) and Zn (D) L2,3 EELS spectra. 

 

The relative intensity of the peak corresponding to Fe-L2,3 edge matches with the one 

obtained for Fe3O4 in the literature [184] (Fe3+ Fe2+), which depicts the measurement reliability 

and quality. 

 

 
Figure I-88. HAADF-EELS chemical mappings of a particle oriented along [101]. 

 

After microstructural observations, the samples are characterized by Mössbauer 

spectroscopy to complete and support the outcomes. 
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III.2.6.B.c. Mössbauer spectroscopy 

The measurements have been carried out by Jean-Marc Grenèche at the Institut des 

Molécules et Matériaux du Mans (IMMM UMR CNRS 6283) at the Maine University in Le 

Mans. 

Due to its high sensibility to the local atomic environment and the oxidation degree of iron, 
57Fe Mössbauer spectrometry allows to determine the ratio between the concentrations of Fe2+ 

and Fe3+ in a material, their environment, and hence the distribution of each iron species in the 

tetrahedral and octahedral sites of the iron oxide spinel leading to the inversion cationic degree 

δ.    

 
57Fe Mössbauer spectra are first realized at 300 and 77 K. The hyperfine structure results 

essentially in magnetic sextets with asymmetrical and broadened lines for the largest particles 

but quadrupolar features for the smallest particles. The spectra are fitted using the MOSFIT 

program with Lorentzian lines according to quadrupole and magnetic contributions. A 

calibration sample of α-Fe is used. The values of the hyperfine parameters are refined: the 

isomer shift δFe (mm/s) which depicts the oxidation degree of iron, the width at half height Γ 

(mm/s), the quadrupole splitting QS (mm/s) which is the distance between the lines of the 

quadrupole doublet reflecting the asymmetry of charges in the iron environment, the quadrupole 

shift 2 (mm/s) which corresponds to the quadrupolar electric interaction in the presence of 

dipolar magnetic interactions and the hyperfine magnetic field Bhf (T) which comes from the 

interaction between the magnetic moment of the nucleus with its magnetic environment [185] 

[186]. 

On the one hand, the spectra at 300 K and 77 K obtained on Zn0.2Fe2.6O4 and FM particles 

are shown in Figure I-89. The asymmetry of outermost lines at 300 K has to be compared to 

those typical of maghemite and magnetite: one concludes to the presence of a mixture of Fe 

magnetic moments in blocked state and suggested to superparamagnetic relaxation phenomena. 

In addition, the oxidation Fe state is not exclusively 3+.  At 77 K, the hyperfine structure 

exhibits more resolved magnetic sextet attributed mostly to the presence of Fe3+ species with a 

magnetic blocked order. In addition, the shoulder of some lines (located at around -3 mm/s) is 

consistent with the presence of Fe2+ component, as observed in the case of magnetite.  

 

 
Figure I-89. Mössbauer spectra of Zn0.2Fe2.6O4 and FM particles at 77 and 300 K. 
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At 300 K, the fitting model is based on two main components: they consist of (i) a 

distribution of hyperfine fields linearly correlated to that of isomer shift (dark blue in Figure 

I-89), attributed to the biggest nanoparticles containing Fe species different oxidation states 

ranged from 3+ to 2+ and (ii) a distribution of only hyperfine fields (cyan in Figure I-89) 

attributed to the smallest particles containing only Fe3+ species. At 77 K, the best physical 

description consists in three components: a distribution of hyperfine fields linearly correlated 

to that of isomer shift (dark blue in Figure I-89), attributed to the biggest particles containing 

Fe species with oxidation states rather close to 3+, (ii) a magnetic component (red in Figure 

I-89), attributed to an Fe2+ magnetic component and (iii) a small quadrupolar doublet assigned 

to Fe2+ ions. It is clear that the present fitting models are not unique to describe the broadened 

lines but the mean values of the hyperfine parameters remain invariant. The mean values of the 

isomer shift δFe at 300 K allows calculating the proportion of Zn2+ substituted maghemite and 

magnetite (Figure I-90) from the isomer shift values of pure maghemite and magnetite at room 

temperature of 0.32 mm/s and 0.53 mm/s, respectively [187]. As a conclusion, Zn0.2Fe2.6O4 and 

FM particles are partially oxidized. The particles present core-shell structures with Zn2+ 

substituted magnetite at the inner and Zn2+ substituted maghemite at the outer. FM particles are 

constituted of approximately 55 % of Zn2+ substituted maghemite making them less oxidized 

than Zn0.2Fe2.6O4 ones (Figure I-90). 

 

 Temperature Isomer shift 

Zn2+ 

substituted 

magnetite 

Zn2+ 

substituted 

maghemite 

 K 
mm/s 

±0.005 

% 

±2 

% 

±2 

Zn0.2Fe2.6O4 300 <0.424> 49.5 50.5 

FM 300 <0.435> 54.8 45.2 
Figure I-90. Mean values of isomer shift and the corresponding proportions of Zn2+ substituted magnetite 

and maghemite for Zn0.2Fe2.6O4 and FM particles. 

 

On the other hand, the Mössbauer spectra of SP(F)M particles are also recorded at the same 

temperatures (Figure I-91). Their hyperfine structures are different: indeed, one observes at 300 

K a rather well resolved quadrupolar doublet and a second component resulting in wide and 

symmetrical wings, which can be well described using a large single component. But the 77 K 

spectrum appears as a very large single line component: its symmetry is also consistent with a 

unique oxidation state, i.e. Fe3+ species according to the value of the isomer shift: this result is 

in perfect agreement with the one observed at 300 K. In fact, the hyperfine magnetic field is 

equal to zero over time due to the relaxation of the magnetic moments of particles during the 

measurement time. These spectra illustrate the effect of very fast superparamagnetic relaxation 

in SP(F)M particles, which confirms the superparamagnetic behavior of these smallest particles, 

compared to previous ones. Two contributions are displayed at 300 K meaning there are two 

different times of relaxation which could be ascribed to a distribution of particle size due to 

aggregation, or to the existence of interactions between particles. 
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Figure I-91. Mössbauer spectra of SP(F)M particles at 77 and 300 K. 

 

The mean value of isomer shift of 0.32 mm/s evidences clearly the presence of only Fe3+ 

ions. Thus, SP(F)M particles seems completely oxidized (Figure I-92). 

 

Temperature Isomer shift 

K 
mm/s 

± 0.05 

300 0.32 
Figure I-92. Mean value of isomer shift of SP(F)M particles at 300 K. 

 

At this stage, a second important question to better understand the magnetic properties 

results in the location of the different cationic species in the tetrahedral and octahedral sites in 

the one hand and in the estimation of the canting angle of these respective magnetic moments 

and of the thickness of the superficial canted layer, on the other hand.  It is clear that the lack 

of resolution of the hyperfine structure observed on the classical Mössbauer spectra prevents 

from a clear discrimination of the two Fe species and thus an accurate quantitative description, 

as is generally concluded in most studies on ferrites and nanoferrites.  

To get around this difficulty, in-field Mössbauer experiments are required. Indeed, one can 

follow the action of the external magnetic field from the intensities of the intermediate lines of 

the sextet and the evolution of the magnetic splitting which corresponds to the effective 

magnetic field at the 57Fe nucleus, equivalent to the vectorial sum of the hyperfine field and the 

external magnetic field. In the case of a ferrimagnetic sample, one expects a splitting into two 

magnetic components describing the parallel and anti-parallel magnetic Fe moments respect to 

the external magnetic field, providing a sufficiently large external field of at least 6-7 T. It is 

also important to mention that in the case of the Fe oxides, the hyperfine field is anti-parallel to 

the magnetic moment, resulting in the large negative contact term contribution: this sign cannot 

be obtained from classical Mössbauer experiments but from in-field Mössbauer experiments. 

Consequently, the analysis of the in-field spectrum gives rise to the values of the effective field 

Beff of the different Fe sites and their respective angle θ defined by the directions of the γ-beam 

and Fe magnetic moment, in addition to their isomer shift and quadrupole shift. One can then 

estimate the values of the hyperfine field according to the following expression: 
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𝐵ℎ𝑓
2 = 𝐵𝑒𝑓𝑓

2 + 𝐵𝑎𝑝𝑝
2 − 2𝐵𝑒𝑓𝑓𝐵𝑎𝑝𝑝𝑐𝑜𝑠𝜃 I-44 

 

when the applied magnetic field Bapp is oriented parallel to the -beam. 

 

In the present study, Mössbauer spectra were recorded on the three samples at 14 K under 

a magnetic field of 8 T using the cryomagnetic device where the external magnetic field is 

oriented parallel to the -beam. They are illustrated in Figure I-94 while the values of the 

different hyperfine parameters are given in Figure I-93. 

 

In the case of SP(F)M nanoparticles, the in-field spectrum consists of two magnetic sextets 

characterized by four well resolved lines, as the two intermediate lines are very low, in 

agreement with a weakly canted ferrimagnetic structure. The fitting model requires at least 2 

sub-components to adequately describe each sextet: the values of isomer shift allow to assign 

clearly the two components to Fe3+ species located in tetrahedral and octahedral sites, as 

confirmed by the two values of hyperfine field while the relative proportions are estimated at 

35.6 and 64.4 %, respectively. In addition, one can discuss the canting of these two types of Fe 

magnetic moments.  

As the size of these particles is very small, one can assume that this canting results from a 

pure surface effect resulting in a symmetry breaking. The description can be thus done with a 

perfect ferrimagnetic core surrounded by a canted spin surface layer. The thickness can be 

estimated by using the relation e = r/2 sin2θ, where r corresponds to the mean radius of the 

nanoparticles. 

The in-field Mössbauer spectra of Zn0.2Fe2.6O4 and FM samples are compared to that of 

SP(F)M nanoparticles in Figure I-94. The hyperfine structures consist also of two well resolved 

sextets composed of 4 lines but significantly different in the range -5 - -6 mm/s and around +7 

mm/s with the presence of a “shoulder”. Contrary to the first spectrum, the fitting model 

requires at least three sub-components to well describe the experimental spectra. Since the first 

two components give rise to similar values of hyperfine parameters, the third one has to be 

assigned to the presence of Fe2+ component: this tendency is fairly consistent with that observed 

in  zero-field spectra. The refined values of the different parameters are listed in Figure I-93. 

The isomer shift values are unambiguously attributed to Fe3+ species which are located in 

tetrahedral and octahedral sites, as expected and to Fe2+ in the blocked electronic state for the 

larger nanoparticles. It confirms the oxidation of the smallest nanoparticles into only pure Fe3+ 

states, in agreement with previous studies giving rise to a ferric shell with a thickness estimated 

at about 3 nm [10]. Surprisingly, no significant canting is observed in the smallest nanoparticles 

contrarily to the largest ones. It could be ascribed to the atypical morphology of FM particles 

which are of “raspberry” type with many tiny particles binding together. Perhaps these kind of 

structures enhances the surface spin-canting. 

Another point is the absence of canting for the tetrahedral Fe moments: as the surface is 

magnetically canted, this suggests that it results probably in a large majority of Fe3+ at 

octahedral positions, as concluded in the case of hollow nanoparticles [188]. 

 

Additionally, the proportions of Fe3+ at tetrahedral and octahedral locations allow to 

compute the inversion degree of Zn0.2Fe2.6O4 and FM particles from formula I-28 (section I.2.1), 
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which are respectively of 0 and 0.1. The values are close to the ones determined through the 

Rietveld analysis (section III.2.6.B.a). 

 

Sample Fe site   2 Beff θ Bhf 
Absorption 

area 
e 

  
mm/s 
± 0.05 

mm/s 
± 0.05 

T 

± 0.5 

° 

± 5 

T 

± 0.5 

 
± 1.0 

nm 
± 0.2 

SP(F)M 
Fe3+A 
Fe3+B 

0.37 
0.53 

0.00 
0.00 

60.3 
45.5 

2 
15 

52.3 
53.3 

35.6 
64.4 

0 
0.10 

Zn0.2Fe2.6O4 
Fe3+A 
Fe3+B 
Fe2+ 

0.38 
0.56 
1.15 

-0.03 
0.00 
-0.71 

60.1 
45.2 
39.5 

0 
15 
27 

52.1 
53.0 
32.6 

32.5 
49.1 
18.4 

0 
0.38 

- 

FM 
Fe3+A 
Fe3+B 
Fe2+ 

0.38 
0.54 
1.15 

0.00 
0.00 
-0.15 

59.8 
44.8 
37.9 

0 
19 
6 

51.7 
52.4 
30.0 

29.4 
59.7 
10.9 

0 
0.60 

- 
Figure I-93. Refined values of the hyperfine parameters estimated from the in-field Mössbauer spectra 

(see Figure I-94) obtained on SP(F)M, Zn0.2Fe2.6O4 and FM particles. 

 

 
Figure I-94. Mössbauer spectra of SP(F)M (top), Zn0.2Fe2.6O4 (middle )and FM (bottom) particles at 14K 

under an external magnetic field of 8T applied parallel to the -beam. 

 

III.2.7. Chemical characterizations 

 

The chemical homogenization of the sample is investigated at global and local scales. The 

interest is to verify that the local composition is in agreement with the global one and to avoid 

chemical heterogeneities. 

 

III.2.7.A. At the global scale 

On the one hand, the chemical composition of a nanoparticle batch of powder of SP(F)M 

and FM references is evaluated by inductively coupled plasma atomic emission spectrometry 
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(ICP-AES) (Figure I-95). This characterization technique is used to analyze the chemical 

elements of a sample. A good agreement between theory and experiment is noticed at the global 

scale on the SP(F)M and FM particles (Figure I-95). 

 

 
Figure I-95. Comparison between theoretical chemical composition and the one determined by ICP-AES 

at the global scale. 

 

However, a chemical composition close to the theoretical one at the global scale does not 

mean that all of the nanoparticles are homogeneous in composition. The chemical composition 

has to be controlled more locally. 

 

III.2.7.B. At the local scale 

 

On the other hand, another technique is employed to define specific chemical compositions 

at different areas of a sample: chemical mappings realized through EDX coupled with SEM. 

These analyzes have been conducted with a SEM-FEG. This device allows getting a higher 

resolution compared to a tungsten filament SEM. The nanoparticle images obtained through 

this technique enable to observe the “raspberry” structure more precisely (Figure I-96.B-D), the 

SP(F)M particles being still too small regarding the device resolution (Figure I-96.A). Indeed, 

this method provides morphology information in 3D while TEM gives 2D nanoparticle images. 

Hence it confirms the idea of a “raspberry” type shape with the presence of bunches of grapes 

which were suspected on the TEM pictures. 

 

 
Figure I-96. SEM-FEG of SP(F)M (A) and FM particles (B-D) pressed in pellets. 

 

Chemical mappings of the SP(F)M reference have been achieved through SEM-EDX 

(Figure I-97). In the top left corner, the area of the nanoparticles pellet selected for the analysis 

is showed. Then, Fe, O and Zn elements have been analyzed in this area. The quantitative results 

Ratio Zn/Fe 6.2 ± 1 nm 22.4 ± 11 nm

Theoretical 0.15

ICP-AES 0.15 0.12

200 nm
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concerning these atomic elements are exposed in Figure I-98. The resulting Zn/Fe ratio is of 

0.14 (Figure I-101) which is in agreement with the chemical composition at the global scale 

and also with the theoretical one. 

 

 
Figure I-97. Chemical mapping of SP(F)M particles. 

 

 
Figure I-98. Chemical composition details of SP(F)M particles at the local scale (Figure I-97). 

 

Regarding the FM nanoparticles, an example of chemical mapping is exhibited in Figure 

I-99. Fe, Zn and O atomic elements look well spread in the area of interest. Two chemical 

compositions are detailed in Figure I-100, corresponding to two different areas of the pellet. 

The Zn/Fe ratios are equal to 0.13 (Figure I-101) for the two situations which is also in line 

with the theory and with the global composition. 
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Figure I-99. Chemical mapping of FM particles. 

 

 
Figure I-100. Chemical composition details of FM particles at the local scale in two different areas. 

 

The chart in Figure I-101 is a summary of the Zn/Fe ratios for the SP(F)M and FM 

nanoparticles references. The agreement between theoretical, global and local composition is 

demonstrated. The nanoparticles display a good homogeneity in terms of chemical composition 

which is sufficient for the intended application. 

 

 
Figure I-101. Summary table of the global and local chemical composition for SP(F)M and FM particles. 

 

In this chapter, iron and zinc quantities are only considered. At this stage, the concern is to 

make sure of the particle composition. This does not mean the particles are free of organics. A 

significant amount of carbon is otherwise detected by SEM-EDX (Figure I-98 and Figure 

I-100). The presence of other elements will be discussed elsewhere in chapter II. 
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III.3. Conclusion and prospects 

 

The thermal decomposition synthesis of Zn0.4Fe2.6O4 nanoparticles through two different 

heating processes was studied: the classical and microwave routes. In both cases, the 

synthesis was executed with organic solvents. On the one hand, the conventional way in a 

heating mantle results in the following conclusions: 

 

• Some parameters influence the particle size and shape, as well as their uniformity: 

the protocol parameters such as the heating rate and the duration time, and also the 

ratios between solvent, precursors and surfactant. 

• The increase of oleic acid content, employed as a surfactant, induces the particle 

growth. This surfactant also governs the particle shape. Various morphologies are 

achievable: cubes, octahedra… 

• The synthesized nanoparticles exhibit a huge polydispersity in size and shape. 

• This route is difficult to manage due to the set-up which does not allow to monitor 

precisely the temperature rate. The experiments are thus not reproducible. 

• Discrepancies between theoretical and experimental chemical composition are 

noticed and it is difficult to predict a relationship between those values due to the non-

reproducible behavior of the method.  

To improve the temperature control of the set-up and to avoid temperature gradients in 

the reactor, the microwave way was explored: 

 

• A fast and more uniform heating is completed, leading to nanoparticles with 

homogeneous size and shape, and also reproducible. 

• The experimental chemical compositions coincide with the theoretical ones and are 

also reproducible. All of the precursors react in the solution in an homogeneous 

manner. 

• The major drawback is that this method is selective in terms of solvent. It requires a 

solvent with a high dielectric constant and loss tangent. However, some studies show 

successful synthesis using solvent with a low dielectric constant. 

• One of the goal exposed in part I.4 is carried out. The synthesis of nanoparticles with 

the two specified ranges of size is realized: superparamagnetic particles (SP(F)M 

reference) and ferrimagnetic ones (FM reference). 

• SP(F)M particles are spherical in shape with a mean diameter of 6.2 ± 1 nm. The 

narrow size distributions confirm the uniformity of the particle sizes and also the good 

reproducibility of the experiments. The size computed from XRD patterns is of 4.5 

nm. 

• FM particles are compared to “raspberry” frameworks, constituted of a binding 

between crystallites with continuity between the crystal planes. The mean size of such 

a structure is of 22.4 ± 11 nm with a corresponding diameter of 19.1 nm from XRD 

analysis. Large distributions of particle size are noticed due to the atypical 

morphology. The experiments are quite reproducible. 
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All these advantages and results convince to select the microwave route for the synthesis 

of uniform spherical nanoparticles with a reproducible chemical composition. A deeper study 

of the method is performed through a parametric study which underlines the influence of the 

mixture of solvents used in the synthesis, composed of oleylamine (OAm), oleic acid (OA), 

octadecene (ODE) and ethylene glycol (EG):    

 

• OAm and OA are used as surfactants, and ODE as a solvent. EG is introduced to 

increase the particle diameter, allowing to generate FM particles.  

• The choice of zinc precursor is justified. Zn(acac)2 is chosen due to its best reactivity 

with Fe(acac)3, compared to ZnCl2. 

• The addition of EG in the reaction mixture induces the decrease of the particle size 

above a critical volume. Beyond a certain quantity of EG, the presence of impurities 

is detected in the chemical composition of the particle. The maximum diameter 

attainable is the one of the FM reference (27.4 ± 4.0 nm). 

• The use of solvents with a higher molecular weight (TREG, PEG 6000) in 

replacement of EG does not increase the nanoparticle sizes. The “raspberry” shape 

of nanoparticles disappears by using other solvents, meaning the EG is the only one 

to create these structures. 

• OAm and OA are complementary surfactants and act differently on the particle 

morphology. OA favors the particle growth along a preferential axis and OAm 

inhibits its growth. In equal quantities, they produce spherical and reproducible 

nanoparticles. The nanoparticle morphology is well-controlled by tuning the 

surfactants ratio. The ODE homogenizes the precursors with the surfactants. 

• The temperature protocol is well understood. At 200 °C, oxolation reactions seem to 

occur while the crystallization step requires to increase the temperature to 270 °C. 

 

The microstructure and chemical composition of SP(F)M and FM particles have been 

analyzed: 

 

• A Fourier Transform Infrared Spectroscopy (FTIR) analysis evidences a potential 

core/shell structure for SP(F)M particles due to oxidation of the particle surface, 

exhibiting Zn2+ substituted maghemite at the core.  

• A partial inversion of the spinel structure for FM particles is demonstrated through 

three means of characterization: X-ray diffraction with a Rietveld analysis, HAADF-

STEM coupled to EELS, and Mössbauer spectroscopy. 

• Mössbauer spectroscopy evidences the presence of volume oxidation of SP(F)M and 

FM particles near the surface. SP(F)M particles appear completely oxidized. 

• A layer of surface spin-canted for SP(F)M and FM particles is estimated by 

Mössbauer spectroscopy, with a higher thickness for larger particles. 

• The chemical composition is homogeneous at global (ICP-AES) and local scales 

(SEM-EDX) and are in agreement with the theoretical one. 

 

For these ranges of size, the particles are very sensitive to oxidation once synthesized. The 

samples being not handled in a glovebox, it is necessary to pay attention to the fact the particle 

oxidation certainly evolves over time. 
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The microwave route is suitable in this study for the synthesis of uniform Zn0.4Fe2.6O4 

nanoparticles with the two desired ranges of size. In this work, the chemical composition has 

been restricted to doped zinc iron oxide spinel particles and avoid dealing with precursors 

with different decomposition temperatures. Nevertheless, the microwave route could be 

adapted for the synthesis of other interesting composition, like (ZnMn)Fe2O4 or 

(NiZn)Fe2O4, with the addition of another acetylacetonates for example. A procedure of 

synthesis of Ni0.5Zn0.5Fe2O4 ferrite nanoparticles through microwave assisted thermal 

combustion of oxides precursors has been described by Peng et al. [185]. Hence, the idea of 

a microwave assisted thermal decomposition by adding another metallic precursor may be 

considered thereafter. Indeed, the addition of ions in the structure of the ferrite might 

potentially be attractive to tune the electrical and magnetic properties of the material due to 

cation distribution. The material behavior will differ with responses on different frequency 

ranges, leading to different types of applications [142] [190] [191] [192] [193] [194] [195] 

[196]. 

 

The inversion degree of the spinel can be tuned by post processing rapid thermal 

annealing (RTA) as demonstrated by R. Sai et al. [197], which opens the opportunities of 

optimizing magnetic properties through Zn position in the spinel [198]. 

 

There are obviously limits to the microwave route. The use of a suitable solvent with a 

high dielectric constant and loss tangent to cause heating under the microwave field restricts 

the possibilities. In the same way, the obtained yields are low compared to the volume of 

solvents introduced in the reactor. If some improvements could be done like working with the 

multiple vessel configuration or the possible transfer at large scale, the method remains 

solvent-wasting and time-consuming, which is not part of an ecological approach. 
 

This chapter recalls the magnetism basis, the choice of the material with some 

applications, as well as the selected synthesis method. Uniform Zn0.4Fe2.6O4 nanoparticles 

with the two desired ranges are synthesized (6.2 ± 1 and 22.4 ± 11 nm). The microstructure 

and chemical composition are confirmed. 

The next chapter (Chapter II) will focus on the dispersion of Zn0.4Fe2.6O4 nanoparticles 

and on the elaboration of coatings through a first investigated process. 
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Chapter II.  Development of magnetic 

coatings by airbrushing 

I. Introduction 

Once the material is synthesized, the development of dense layers could be studied. A quick 

way to elaborate these coatings from the nanoparticles is the airbrushing process. It deals with 

the atomization of a stable dispersion of nanoparticles in a liquid media on a desired substrate 

(Figure II-1). In this way, the particles follow cleaning and dispersion steps after synthesis. 

After coating, annealing steps are required in order to remove the organic residues contained in 

the layer and also to ensure a sufficient mechanical resistance of the coating. The thermal 

treatment is split in two stages: a debinding step to decompose the organic residues, and a 

sintering one to densify the layer after the organics removal. A good adherence of the film on 

the substrate is needed to pattern it by laser etching. Hence, two options will be studied: the 

laser etching directly after the debinding and just after sintering. 

 

 
Figure II-1. Elaboration of coatings through airbrushing and thermal treatments. 

 

Through these different steps, the goal is to increase the density of coatings. A first target is 

to attain 70% of the bulk density after the sintering step. A decrease of the intra-layer porosity 

will enhance the magnetic properties of coatings, and conversely, too much porosity between 

grains will considerably reduce the magnetization of coatings. Thus, the thermal treatment has 

to be adjusted to increase the coating density with the aim of enhancing particle couplings, as 

well as the magnetic properties of coatings. The magnetic behavior of the coatings will be 

characterized in Chapter IV. 

 

This chapter focuses on the cleaning of particles previously synthesized (Chapter I), the 

formulation of a stable dispersion, the development of continuous and patterned coatings by 
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airbrushing, and finally the optimization of the thermal treatment. In this chapter, the coatings 

are elaborated with SP(F)M and FM particles. 

 

II. Formulation of a dispersion 

From the nanoparticles previously synthesized to thick coatings, there is just one step: the 

formulation of a stable dispersion. The purpose is to sustain the nanoparticles in suspension in 

a suitable liquid by avoiding aggregation and sedimentation. Indeed, some particle-particle 

interactions exist and favor the nanoparticles agglomeration. An important part of the project is 

to work on different methods to counter these interactions and thus elaborate a proper stable 

dispersion of nanoparticles. Four major particle interactions are encountered: electrostatic, Van 

der Waals, steric and magnetic interactions. 

 

II.1. Particle interactions 

 

When experiencing the dispersion of nanoparticles, different types of particle interactions 

have to be taken into account since they could cause particle attraction and induce aggregation 

and/or sedimentation of the particles. They are schematized in Figure II-2 and include attractive 

forces and especially Van der Waals forces, repulsive forces namely the electrostatic forces, 

and also magnetic attraction dedicated to the specific case of particles displaying a 

magnetization M. 

 

 
Figure II-2. Sketches of particle attraction interactions: Van der Waals forces (A), electrostatic forces (B) 

and magnetic forces (C) [1]. 

 

The listed interactions are depicted in the following parts. 

 

II.1.1. Van der Waals interactions 

 

The Van der Waals interactions result in attractive forces between two particles which 

behave like electrostatic dipoles positively and negatively charged. These interactions derive 

from variations of dipolar interactions at the molecular scale with a potential energy of 

interaction which decreases according to a law r-6 with r the distance between two dipoles. 

These interactions are significant in front of kT (in order to hundred times) [2]. The Van der 

Waals interaction is one of the main causes of particle aggregation and sedimentation in a 

solution. It can be tuned by adding specific ligands at the particle surroundings creating 

electrostatic or steric stabilization, as appropriate (part II.1.5). 

 

dipole

A

magnetic dipole

C

surface charge

B
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II.1.2. Electrostatic interactions 

Electrostatic interactions are of repulsive nature between two particles with the same sign 

of potential. These interactions could naturally counter particle aggregation, it is hence a useful 

tool to stabilize the particles in solution by means of counterions located at the particle surface 

(concentration, ion size) or even just within the solvent (dielectric constant) [2]. Moreover, the 

particle functionalization with ionic species (addition of an acid or a base) could be a solution 

in the case of particles not naturally charged to counter the Van der Waals interactions and 

prevent aggregation [3].  

 

The particles could be modeled as in Figure II-3. The particles are surrounded by different 

layers of charges, forming a charges cloud around the particle and protecting them from 

aggregation. The electrical double-layer model defined by Stern (Figure II-3) describes the way 

the particles repel each other. The charges cloud is divided into three zones: the Stern layer 

which corresponds to the layer of adsorbed counterions on the particle surface, the diffuse layer 

constituted of free ions not directly bound on the surface, and the shear or slipping plane which 

is the boundary between the Stern and diffuse layer. The hydrodynamic size of particles is 

measured at the slipping plane and its surface potential corresponds to the zeta potential. 

 

Indeed, the surface charges at the particle surface are considered as a capacitor. The 

electrostatic potential finally decreases as a function of the distance from the surface. The 

decrease is linear in the Stern layer and exponential in the diffuse zone.  

 

 
Figure II-3. Scheme of the electrical double layer (particles with positive charge surfaces) and relation 

between electrostatic potential and distance from the surface proposed by Stern [4]. 

 

The depth of the electrostatic interactions is given by the thickness of the diffuse layer κ-1 

(the Debye length) neglecting the thickness of the Stern layer δ (δ << κ-1) (Equation II-1). 
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𝜅−1 = √
𝜀0𝜀𝑟𝑘𝐵𝑇

2𝑁𝐴𝐶0𝑒2𝑧2
 II-1 

 

with ε0 the vacuum permittivity (F/m), εr the dielectric constant of the solvent, kB the Boltzmann 

constant (J/K), T the temperature (K), NA the Avogadro’s number, C0 the electrolyte 

concentration (mol/m3), e the elementary charge (C), and z the valency of the electrolyte. 

 

Thus, the quality of the dispersion can be controlled by the choice of the electrolyte species, 

the dielectric constant of the solvent and the ionic strength. 

 

II.1.2.A. Zeta potential measurement 

The charge surface of a particle assembly in a solution can be estimated through its zeta 

potential measurement which is an indicator of the stability of the dispersion. It allows to 

quantify the electrostatic interactions between particles and thus to determine if the repulsion 

forces are strong enough to maintain the particles away from each other. The electrophoretic 

mobility μ of particles, which is in fact the velocity of particles normalized by the applied 

electric field, can be correlated to the zeta potential through the Henry equation (Equation II-2) 

[5]. The zeta potential is obtained by light scattering measurement from the values of 

electrophoretic mobility μ. 

 

𝜇 =  
𝜁𝜀0𝜀𝑟
𝜂

𝑓(𝜅−1𝑎) II-2 

 

where 𝜁 is the zeta potential (mV), η the solvent viscosity (Pa.s), and f(𝜅−1 𝑎) a function of the 

Debye length 𝜅−1 (nm) and of the particle radius 𝑎 (nm). 

 

When the particle size is small compared to the thickness of the double layer (a << κ-1), the 

Hückel approach is applied to determine the value of f(𝜅−1 𝑎) and conversely the 

Smoluchowski approach becomes effective in the case of larger particles (a >> κ-1) [5] (Figure 

II-4). 

 

 f(κa) μ 

Hückel (a << κ-1) 2/3 
𝜁𝜀0𝜀𝑟
1.5 𝜂

 

Smoluchowski (a >> κ-1) 1 
𝜁𝜀0𝜀𝑟
𝜂

 

Figure II-4. Influence of Hückel and Smoluchowski approach in the electrophoretic mobility μ of 

particles.  

 

For similar values of zeta potential, the particles behave differently according to the 

dielectric constant and viscosity of the solvent. A solvent with a low dielectric constant and/or 

a moderate viscosity favors a slowdown of the particles displacements inside the solution, such 

as ethanol and toluene. In contrast, rapid mobility of particles is encouraged by solvents with 

higher dielectric constant and/or lower viscosities like water [5]. 



CHAPTER II                                                                            DEVELOPMENT OF MAGNETIC COATINGS BY AIRBRUSHING                                                        

129/334 
 

A dispersion is considered stable for absolute values of zeta potential |𝜁| above 30 mV and 

the highest values give the best dispersions (Figure II-5). This basic principle has been verified 

in a lot of studies: the dispersion of carbon black in aqueous and organic media [6], the 

dispersion of different oxides (ZrO2, TiO2…) in water with the elaboration of oxides-based 

slurries [7], SiO2 nanospheres in water [8], carbon nanotubes in water [9], silica in water [10] 

and even with magnetite [11] [12] [13]... 

 

 
Figure II-5. Indication of the dispersion stability as a function of the zeta potential. From Vallar et al. [7]. 

 

Furthermore, the zeta potential strictly depends on the pH of the solution (Figure II-6). An 

important value has to be taken into account when studying dispersion: the Isoelectric Point 

(IEP). The IEP is the pH near which the zeta potential is equal to 0 meaning the complete 

flocculation of particles. It should not be confused with the Point of Zero Charge (PZC) which 

corresponds to a zero surface charge of particles and slightly differs from the IEP due to the 

fact that the zeta potential is measured at the shear plane between the Stern layer and the diffuse 

one. In this manuscript, IEP will only be considered. 

 

 
Figure II-6. Zeta potential behavior as a function of pH. 
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According to Figure II-6, a good dispersion is obtained for pH far from the range of IEP 

values. The dispersion remains unstable for absolute zeta potential values around 10 mV. A 

preliminary test to ensure a stable colloidal solution is to proceed to a shift of the pH value to 2 

or 3 points from the IEP. Moreover, the IEP gives the information on the acidic or basic 

character of the particle surface: acid for IEP below 7 and basic above 7. It helps for the 

selection of adapted ionic species and solvents, suitable for a stable dispersion. The IEP of 

magnetite is comprised between 6 and 6.8 [14] [15] [16], and between 6 and 8 for ZnFe2O4 [17] 

[18] [19]. Hence, both acidic and basic media could be tested with Zn0.4Fe2.6O4 nanoparticles. 

 

II.1.2.B. DLVO theory 

 The Derjaguin Landau Verwey Overbeek (DLVO) theory is used to describe the stability 

of charged particles in a polar solvent. It deals with two additional forces which intervene 

between particles in solution: the attractive Van der Waals and repulsive electrostatic 

interactions.  

 

The total potential energy (VT) is the sum of the contributions of the attractive (VA) and 

repulsive energies (VR). Figure II-7 shows the total potential energy of interaction as a function 

of the distance d between two particles. 

 

 
Figure II-7. Total potential energy as a function of the distance following the DLVO theory. From 

Dickerson et al. [5]. 

 

Three different areas are distinguished: 

 

• A primary minimum with particles in the agglomerated state. At this stage, the attractive 

forces prevail. 

• An energy barrier to overcome particle aggregation (Vmax). The dispersion is stable. 

• In the case of highly charged surfaces with an important concentration of electrolyte, a 

secondary minimum is present. The flocculation is avoided due to the formation of a gel 

between particles [5] [20]. In this situation, the aggregates could easily be redispersed 

by stirring. 

 

Vmax
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When the energy barrier decreases (Vmax), the aggregation is promoted and the system 

becomes unstable. In some cases due to the energy barrier drop, stationary states are created 

due to an energy balance between aggregation and dispersion. Aggregates are formed and 

stabilized in a state which never completely flocculates. It is called a kinetically limited 

aggregation [20]. 

 

The formulation of a stable dispersion lies in the compensation, and not suppression, of 

charges at the particle surface by addition of a suitable electrolyte localized at the particle 

surrounding. As a consequence, the particles keep their spheres of solvation and are maintained 

separate at least by the thickness of their Stern layers. The direct contact has to be avoided to 

prevent the Van der Waals interactions and the possible reactions of condensation between 

oxygens groups at the particle surface [20]. 

The size of the electrolyte introduced in the dispersion strictly influences the particle surface 

charge and thus the stabilization of the dispersion. The smaller the molecule, the better it affects 

the particle charge surface and acts as a charged screen surrounding the particle [21]. 

 

II.1.3. Magnetic interactions 

 

Magnetic interactions occur between magnetic particles. This attraction is made possible 

due to the orientation of their magnetic dipoles following the magnetic dipole-dipole 

interaction. In the presence of an external magnetic field, the dipoles turn in the direction of the 

field generating a short and long-range order [3]. Indeed, Figure II-8 exhibits Co nanoparticles 

dispersed in toluene which arrange in rings without application of a magnetic field (short-range 

order Figure II-8-A) and in strings under an external field (long-range order Figure II-8-B). 

 

 

Figure II-8. Short and long range arrangements of Co nanoparticles without (A) and with (B) external 

field. From Tripp et al. [22]. 

 

In the case of iron oxide particles stabilized with oleic acid in hexane, the magnetic forces 

dominate over the Van der Waals ones and the phenomenon is amplified with the particle 

diameter [23]. These interactions will have a major impact on the stabilization of the dispersion. 

The formulation of dispersion will differ depending on the range of sizes of particles, namely 

SP(F)M with a 6.2 ± 1 nm diameter and FM (22.4 ± 11 nm). As the direction of magnetization 

in the SP(F)M particles fluctuates over time, no strong magnetic interactions are expected to 

take place. 

A B
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II.1.4. Steric interactions 

Another category of interactions, not listed above, could also occur. Steric interactions or 

repulsion by steric hindrance depict the specific interactions between particles embedded or 

surrounded by uncharged molecules anchored at their surface. A corona of molecules is formed 

at the particle surface and creates a protective shell which prevents particles from aggregating. 

Only the shells touch each other and intertwine which stabilizes the system (Figure II-9). Thus, 

the effects of Van der Waals or electrostatic interactions are completely cancelled. The suitable 

molecules used are polymers and surfactants with specific heads and tails which respectively 

exhibit a good affinity with the particle surface and solvent to ensure an ideal grafting. 

 

 
Figure II-9. Steric hindrance principle. 

 

The depth of the steric interactions is intimately linked to the thickness of the shell and can 

be measured through the radius of gyration of the polymer Rg (m) with the following formula: 

 

𝑅𝑔 = 𝑙 √
𝑁

6
 II-3 

 

where l is the length of a monomer (m) and N the number of monomers. The previous equation 

(Equation II-3) is relevant assuming the polymer chains spread in the form of a coil with Rg as 

the radius of gyration. 

 

The dispersion of particles is strongly affected by their interactions: Van der Waals, 

electrostatic, steric and magnetic ones. A sol could be stabilized in different manners depending 

on these interactions. The different methods to counter the nanoparticle aggregation are 

described in the next section (part II.1.5). 

 

II.1.5. Mechanisms of stabilization 

II.1.5.A. General concepts 

Two major approaches are employed for nanoparticle dispersion: non-ionic and ionic 

stabilizations. Each method induces special interactions between particles, previously 

molecule head

molecule tail
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mentioned, or counters the existing forces between particles. Indeed, the non-ionic stabilization 

allows a good dispersion through the steric effect (II.1.4) or depletion, whereas the ionic one 

introduces electrostatic (II.1.2) or electrosteric interactions between particles (Figure II-10). 

 

Non-ionic stabilization Ionic stabilization 

Steric hindrance 

Depletion 

Electrostatic effect 

Electrosteric effect 
Figure II-10. Summary of the effect engendered by the stabilization methods. 

 

The steric hindrance results from the grafting of polymers at the nanoparticle surface, which 

maintain the particles spaced apart. In the case of a stable dispersion, the polymer acts as a 

surfactant composed of a tail compatible with the dispersion media and a head, adsorbed on the 

particle surface. This effect is achievable in aqueous and organic media. 

The depletion looks like the steric hindrance, the only difference being that the polymer is 

not adsorbed on the particle surface. The polymer chains are unattached and completely free in 

the solution [5]. A stable dispersion is allowed thanks to the hindrance of the chains which are 

located around the particles and prevent contacts between them. 

 

The electrostatic effect is most of the time performed in aqueous media. The charge at the 

particle surface is modified by the introduction of ionic species which inserts electrostatic 

repulsive forces between the particles. The creation of an electrical double-layer (section II.1.2) 

around particles enables the elaboration of a stable dispersion. 

The use of charged polymers like polyelectrolytes combines both electrostatic and steric 

effects. Indeed, polyelectrolytes are polymers with ionized species. The charged polymer 

releases counterions in solution. This association gives what we call the electrosteric effect. 

Examples of polyelectrolytes are polyacrylic acid (PAA) and polystyrene sulfonate [24]. 

 

Figure II-11 summarizes the advantages and issues of the commonly encountered effects: 

electrostatic and steric stabilizations.  

 

Electrostatic stabilization Steric stabilization 

Aqueous medium Aqueous and non-aqueous media 

Irreversible flocculation Reversible flocculation 

Destabilization by pH change Stabilization not subjected to pH change 

DLVO theory No theory 

Figure II-11. Advantages and drawbacks of electrostatic and steric stabilization. From Hunter et al. [25]. 

 

The chemical compounds used to obtain stable dispersions are commonly called surfactants, 

causing steric or electrosteric effect depending on the nature of the molecule. A surfactant is a 

specific amphiphilic molecule constituted of a polar head with a hydrophilic behavior and a 

hydrophobic tail (Figure II-12). The tail is often an alkyl chain with 8 to 18 C atoms.  

 

 
Figure II-12. Scheme of a surfactant molecule.  

Polar head Hydrophobic tail
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There are four groups of surfactants according to the nature of the hydrophilic head [26]: 

 

• Anionic surfactants with a polar head negatively charged 

• Cationic surfactants with a polar head positively charged 

• Amphoteric surfactants with at least one positive and negative charge on the polar 

head 

• Non-ionic surfactants with no charge 

 

A surfactant possesses multiple properties and can be used as a detergent, as well as a 

wetting, dispersing, and solubilizing agent. It confers a change of the surface tension between 

two interfaces and it is also used to stabilize a system with two immiscible phases, creating an 

emulsion. 

 

In water, when introduced in small concentration, the surfactant molecules are adsorbed at 

the air/liquid interface to avoid contact between their hydrophobic tails with water and keep 

their hydrophilic heads in water, resulting in a decrease of the surface tension at the liquid 

surface (Figure II-13. area 1 to 2). This decrease allows the dispersion of a phase in another 

one. This phenomenon favors the production of foam at the interface. 

  

Above a certain concentration of surfactant called the Critical Micellar Concentration 

(CMC), the surfactant arranges in micelles with a polar shell constituted of the hydrophilic 

heads directly in contact with water and the tails grouped at the core of the framework (Figure 

II-13. area 3). Above the CMC, the surface tension is constant, meaning the surfactant does not 

influence the surface tension anymore. This is the ideal concentration required to meet a 

complete efficiency of the surfactant, enough to form micelles in solution and not too much to 

avoid a saturation of the solution. 
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Figure II-13. Surface tension as a function of the surfactant concentration in logarithmic scale. 

 

In oily media, the process is similar excepted that the micelles are inversed due to the fact 

that the hydrophobic tails are compatible with oils while the polar heads are not. In the case of 

a biphasic solution with both oil and water, heads and tails are oriented in their preferential 

media. The formation of an oil-in-water (O/W) emulsion requires a surfactant with a 

hydrophilic nature and, conversely, a more hydrophobic one for water-in-oil (W/O) emulsions 

[27]. The Hydrophilic Lipophilic Balance (HLB) value classifies the surfactants from less 

hydrophilic to more. Some formulae calculate the HLB through the chemical composition of 

surfactants and a scale of values between 0 and 20 quantifies their hydrophilic behavior [28] 

[29]. Thus, a surfactant with a high HLB value (near 20) will favor an O/W emulsion. 

As a conclusion, non-ionic and ionic strategies could be used to disperse nanoparticles. The 

next part focuses on the dispersion of ferrite particles with different solvents and surfactants 

that can be applied to the nanoparticles previously synthesized (Chapter I). 

 

II.1.5.B. State of the art on dispersion of ferrite nanoparticles 

 

Figure II-14 reviews some examples of dispersion of ferrite particles. The particles have 

been synthesized by thermal decomposition with similar precursors and solvents used in the 

previous synthesis (Chapter I): namely acetylacetonates for iron and zinc precursors, 

oleylamine and oleic acid as synthesis surfactants. The interest is to learn from other 

experiences having the same starting material, with particle sizes below 50 nm. 
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Material 
Size 

(nm) 
Synthesis Dispersion media Surfactant Stabilization References 

NiZn 

ferrite 
50 commercial 

organic 

N,N 

dimethylformamide 

+ alpha-terpineol 

commercial 

dispersing 

agent 

BYK111 

Steric [30] 

MFe2O4 

(M = Fe, 

Mn, Co) 

7 - 20 

Thermal 

decomposition: 

oleates, oleic 

acid, octadecene 

hexane oleic acid Steric 

[31] 

Fe3O4 4 - 14 

Thermal 

decomposition: 

Fe(acac)3, oleic 

acid, oleylamine, 

organic solvents 

[32] 

Fe3O4 4 - 14 

Thermal 

decomposition: 

Fe(acac)3, oleic  

acid, oleylamine, 

organic solvents 

aqueous water 

DMSA Electrostatic 

[32] 

MFe2O4 

(M = Fe, 

Mn, Co) 

7 - 20 

Thermal 

decomposition: 

oleates, oleic 

acid, octadecene 

[31] 

NiFe2O4 9 - 11.7 

Solvothermal 

route: Fe(acac)3, 

Ni(acac)2, 

oleylamine 

[33] 

Fe3O4 7 - 12 

Thermal 

decomposition: 

Fe(acac)3, oleic 

acid, oleylamine, 

1,2-

dodecanediol, 

octadecene 

[34] 

NiFe2O4 9 - 11.7 

Solvothermal 

route: Fe(acac)3, 

Ni(acac)2, 

oleylamine 

CTAB Electrostatic [33] 

Fe3O4 4 - 15 

Thermal 

decomposition: 

FeOOH, oleic 

acid, octadecene 

sodium oleate Steric [35] 

Figure II-14. Dispersion of ferrite particles synthesized by thermal decomposition in organic solvents. 

 

The table is divided in two parts: the organic (in orange) and aqueous (in blue) dispersions 

(Figure II-14). The nanoparticles being synthesized in organic media, their surface nature is 

hydrophobic. Thus, an organic dispersion in adapted solvents like hexane, toluene or 

chloroform could be obtained directly after synthesis. The aqueous dispersions are obtained 

only after transferring the previous organic dispersion through transferring agents in water. 

 

On the one hand, two steric stabilizations in organic media are described. A commercial 

dispersant known as DISPERBYK 111 allows the dispersion of 50 nm commercial particles in 

a mixture of N,N dimethylformamide and alpha-terpineol. The molecule is a copolymer with 

acidic groups composed of a phosphoric acid polyester. The second one is a dispersion in 

hexane through oleic acid groups. Oleic acid is a fatty acid of 18 carbon chain with a C=C bond. 
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Its carboxylic group (-COOH) is chemically absorbed on the particle surface and its nonpolar 

hydrocarbon tail lies in the organic solvent, resulting in a good hindrance around particles. 

 

On the second hand, three different surfactants seem suitable for an aqueous dispersion. 

Dimercaptosuccinic acid (DMSA) and cetyltrimethylammonium bromide (CTAB) enable the 

dispersion of ferrite particles with a range of sizes between 4 and 20 nm and through the 

electrostatic interactions. DMSA introduces repulsive charges between particles due to the 

deprotonation of one of its carboxylic groups at pH = 10 into a carboxylate bond (COO-). CTAB 

is a cationic surfactant and induces the adsorption of its cationic headgroup CTA+ on the 

negative particle surface. Repulsive forces are then created between particles due to the 

presence of counter ions Br- at the end of the CTAB tail. In both cases, the particle surfaces are 

hydrophilic and allow dispersion in water. 

The third case is a steric stabilization with sodium oleate as a dispersant. Sodium oleate is 

constituted of a hydrocarbon tail (hydrophobic) and a carboxylate head (hydrophilic). The 

hydrophobic tail is grafted on the particle surface due to its affinity with the hydrocarbon tail 

of oleic acid coming from the synthesis. The dispersion in water is made possible through the 

presence of the carboxylate groups, yielding an hydrophilic behavior of the particle. 

 

All of these successful tests of dispersion in the literature give an anchor point for the 

nanoparticles previously synthesized (Chapter I). A dispersed medium is a system in which two 

originally incompatible or immiscible phases are finally made stable through the dispersion of 

a phase in another one, achieved through the addition of one or many ingredients (especially 

surfactant). In the following sections, the dispersed phase will be constituted of the zinc ferrite 

oxide nanoparticles previously synthesized (Chapter I) and the continuous phase will be an 

adapted solvent, inspired from the literature (Figure II-14). Different methods and formulations 

will be described in the part II.3.  

However, before being dispersed, the nanoparticles have to be cleaned (Figure II-1) to 

remove most of the organic species coming from the synthesis. Indeed, a too large amount of 

organics at the nanoparticle surrounding will considerably reduce the magnetic properties after 

the elaboration of coatings. With these considerations in mind, different ways of cleaning are 

studied in the following part. 
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II.2. Study of the nanoparticle cleaning steps 

 

Here, several methods are investigated to clean the particles with the following assessment 

grid:  

 

• the decrease of the organic/inorganic ratio, 

• the efficiency through time and numbers of steps in the cleaning process. 

 

II.2.1. Centrifugation sequences 

 

After synthesis, the nanoparticles are recovered and washed. Different cleaning methods are 

studied.  

At first, the nanoparticles are washed by centrifugation processes with addition of a mixture 

of ethanol and ethyl acetate. The supernatant is discarded between each centrifugation. The goal 

is to remove the remaining organics coming from the synthesis and the surfactants still present 

at the particle surroundings and surface. Oleylamine (C18H37N) and oleic acid (C18H34O2) create 

organic bonds at the particle surface. These bonds are detected by Fourier Transform Infrared 

Spectroscopy (FTIR) (Chapter I).  

The interesting bands in the infrared spectrum are represented in Figure II-15: the Fe-O 

(400-850 cm-1), C=O (1200-1800 cm-1), and CH2 and CH3 (2800-3000 cm-1) bonds. The C=O 

and CH2 and CH3 in red and violet allow quantifying qualitatively the presence of oleylamine 

and oleic acid at the particle surrounding. The contribution of each surfactant is not dissociated.  

In this section, the cleanings are only described in the case of FM particles. Similar results 

and trends are observed for SP(F)M particles (Chapter III). FM particles are washed 4 times by 

centrifugation. The cleaning solvents are eliminated between each washing operation. Figure 

II-15 shows the infrared curves obtained after a first centrifugation operation in ethanol to 

recover the particles after synthesis, and also after each cleaning centrifugation in the mixture 

of ethanol and ethyl acetate. This technique gives a qualitative idea of the amount of organics 

if compared with the Fe-O bond, characteristic of the material. The intensity of the bands 

depends on the number of cleanings. The cleaning method efficiency is estimated through the 

ratio between the Area Under Curve (AUC) of C=O and CH2 and CH3 bands with the material 

one. The smaller the ratios are, the more efficient the cleanings are, see Figure II-16. 
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Figure II-15. Infrared spectrum of the evolution of nanoparticle cleanings by centrifugation. 

 

 
Figure II-16. Area Under Curve (AUC) of the characteristic bands observed by FTIR (Figure II-15) 

during cleanings by centrifugation. AUC are calculated with Origin. 

 

The cleaning operations are effective from the first one with a sharp decrease of the ratios 

of AUC for the two bands characteristic of organics normalized in relation to the material band 

(Figure II-17). After the first cleaning, a slightly lower decrease is observed until the third 

washing cycle. The fourth washing is clearly not useful. 
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Figure II-17. Ratios of the AUC of the bands characteristic of the organics to the one of the material as a 

function of the number of cleanings. 

 

Knowing the AUC method is unprecise and gives just a qualitative trend of the efficiency 

of cleanings, a chemical characterization of a sample washed 2 and 6 times has been performed 

through ICP-AES. The results are compared in Figure II-18. 

 

 Concentration (wt%) 

 2 cleanings 6 cleanings 

Fe 57±3 59.3±0.9 

Zn 7.4±0.4 7.5±0.2 

Zn/Fe 0.13 0.13 

C 3.9±0.4 4.1±0.4 

N 0.201±0.007 0.195±0.04 
Figure II-18. Concentrations (wt%) in Fe, Zn, C and N in FM particles, washed 2 and 6 times. 

 

On the one hand, the zinc to iron ratios are close to the theoretical one: 0.13 versus 0.15 for 

the theory. Thus, the stoichiometry is respected. C and N elements quantify the amount of 

oleylamine (C18H37N) and oleic acid (C18H34O2) in the samples. The concentrations of C and N 

are not impacted by the number of cleanings above 2 cycles. This observation complements the 

trend observed in Figure II-17. FTIR being inaccurate, ICP-AES allows to determine that above 

2 cycles, the cleanings look inefficient. This assumption will be further investigated in part 

II.3.2.B. 

 

In order to further reduce the organic amounts at the particle surface as well as optimize the 

washing yields, other cleaning routes are examined. 
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II.2.2. Alternatives 

II.2.2.A. Simple cleaning process by reflux method 

An alternative to the centrifugation operations is the reflux method. The nanoparticles are 

recovered from synthesis by one centrifugation in ethanol and are then introduced in a heating 

mantle under reflux with ethanol. The mixture is mechanically stirred and subjected to a low 

heating at 80 °C to initiate the disbonding of the organic species from the particles (Figure 

II-19).  

 

 
Figure II-19. Set-up for cleaning in a heating mantle.  

 

The procedure for the qualitative assessment of the organic amount exemplified in the case 

of the cleanings by centrifugation (II.2.1) is reproduced for each alternative method. 

 

A sample of the supernatant is analyzed by FTIR at different times of the cleaning procedure 

(Figure II-20). The AUC are summarized in Figure II-21 and the ratios of the AUC of the 

interesting bands (CH2-CH3 and C=O) to the AUC of the material (Fe-O) are represented in 

Figure II-22 as a function of the reflux time. 

 

 
Figure II-20. Infrared spectrum of the evolution of nanoparticle cleaning by reflux. 
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The infrared spectrum at t6 corresponds to dried power obtained at the end of the reflux after 

centrifugation of all of the solution in the heating mantle, which explains the difference of 

intensities between the vibrational bands in comparison with the other spectra. 

 

 
Figure II-21. Area Under Curve (AUC) of the characteristic bands observed by FTIR (Figure II-20) 

during cleaning by reflux. AUC are calculated with Origin. 

 

 
Figure II-22. Ratios of the AUC of the bands characteristic of the organics to the one of the material as a 

function of the reflux duration. 

 

The ratios of AUC for the two bands characteristic of organics versus the material band 

stagnate and the points in Figure II-22 does not display a net decrease. The reflux method is not 

efficient even after 6 hours of reflux. This option is thus discarded. 

 

II.2.2.B. Esterification 

The esterification reaction is also studied as another alternative method to cleanings by 

centrifugation. The principle of the method is based on the condensation of a carboxylic acid 

with an alcohol which generates an ester and water (Equation II-4). The esterification could be 

Time (h) AUC - AUC AUC 
AUC ratio

/
AUC ratio 

/

t0 0 549.0 403.2 275.6 2.00 1.46

t1 0.7 115.8 90.5 77.0 1.50 1.18

t2 2.5 139.7 96.5 87.5 1.60 1.10

t3 3.5 118.9 72.9 90.7 1.31 0.80

t4 4.5 181.7 119.9 167.1 1.09 0.72

t5 5.5 176.4 96.3 116.1 1.52 0.83

t6 end 833.1 2835.1 2845.7 0.29 1.00

AUC: Area Under Curve
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applied to the nanoparticles previously synthesized in Chapter I due to the presence of 

carboxylic groups (-COOH) at the particle surface coming from oleic acid during synthesis. 

 

 

II-4 

 

The esterification reaction of oleic acid is written in Equation II-5 with the carboxyl groups 

in red and the ester function in blue. At the same time as the esterification reaction of the oleic 

acid groups which takes place in the alcoholic medium, the extraction of the ester occurs by the 

better chemical affinity of the ester with the toluene. This is expected to overcome the balance 

of the reaction which is given by the ratio of the products to the reactant and to achieve a better 

yield. The reaction has to be catalyzed by an acid. 

  

 

II-5 

 

For this purpose, an emulsion constituted of two phases is prepared: a phase with toluene 

(1/3) and another with particles in a mix of ethanol (2/3) and sulfuric acid (1 vol. %). The 

mixture is heated at 80 °C under mechanical stirring during 30 minutes. The ester extraction is 

expected due to the special affinity of the oleate ester with toluene. The emulsion would favor 

the transfer of oleate ester in the toluene phase. The process is completed with the SPM particles 

for a preliminary study before application to the FM ones. 

 

At the beginning of the reaction, a rust-colored homogeneous mix is observed (Figure 

II-23). The color of the solution reminds the one of the precursors when introduced in the 

microwave reactor before synthesis. 

 

 
Figure II-23. Mixture of particles with toluene and ethanol. 

 

As the mixture is normally black after synthesis, the hypothesis of the dissolution of the 

particles in the medium is investigated by Dynamic Light Scattering (DLS). Particles with a 

mean diameter of 5 nm are retrieved (Figure II-24), which is in agreement with the diameter of 
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the SPM particles (6.2 ± 1 nm). The result contradicts the previous hypothesis. The particles 

are thus not dissolved in the mixture. 

 

 
Figure II-24. Size distribution in number by DLS. 

 

Figure II-25 displays the infrared signatures of: pure toluene, the homogeneous mixture at 

the beginning of the reaction at t0, and the surface (written 𝜙1) and the bottom (𝜙2) of the 

mixture after 30 minutes. The same infrared spectra are identified at the surface and bottom of 

the flask after 30 minutes (red and green curves), showing the uniformity of the mixture. The 

phase separation is not observed by decanting. 

When the signatures at the beginning and end of the reaction are compared (blue and red 

curves), several observations can be done. The presence of additional peaks at t1 is noticed and 

is attributed to pure toluene, meaning that the mixture was more heterogeneous at the beginning 

of the reaction contrary to the end of the reaction. Hence, at the beginning, the solution was 

split in two phases which tend to homogenize under vigorous stirring and heating. 

Above all, the intensities of the bands corresponding to CH2-CH3 and C=O bonds are not 

attenuated compared to the inorganic one. The carboxylic groups are still at the particle surface 

and no IR signature of the ester has been evidenced. Thus, the esterification reaction has not 

occurred and the particles have not been cleaned. This second alternative method is abandoned 

too since it may need an extensive study to achieve it. 
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Figure II-25. Infrared spectrum of the evolution of nanoparticle cleaning by esterification. 

 

II.2.2.C. Soxhlet method 

Another idea to enhance the nanoparticle cleaning is through the Soxhlet method. The set-

up described in Figure II-26 is constituted of a heating mantle filled with ethanol to which a 

Soxhlet column following by a condenser is fixed. The particles are recovered after synthesis 

through one step of centrifugation. They are then introduced inside a filter maintained in the 

Soxhlet extractor.  The Soxhlet column is maintained under reflux at the boiling temperature of 

ethanol. Once the temperature reached the boiling point of ethanol, the ethanol vapors 

condensate inside the condenser and liquefy directly in the Soxhlet extractor. The process 

repeats itself until the Soxhlet container is completely full. As a consequence, the siphon is 

triggered and the Soxhlet column empties through the distillation return line directly in the 

heating mantle. The nanoparticles cleaning proceeds by cycles of filling/draining solvent inside 

the filter indefinitely. The advantage of the method is the continuous renewal of solvent in the 

filter while recycling the same volume of ethanol without adding more solvent. This technique 

is hence less solvent consuming than the centrifugations. 
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Figure II-26. Soxhlet extraction set-up. 

 

One cycle is defined by one filling of the extractor following by its complete draining. Six 

cleaning sequences are operated in two hours. The process is longer than the centrifugation one 

which requires only 10 minutes by cycle. Otherwise, another asset is that the washings run 

automatically once settled. It is not the case with the centrifugations. 

  

After six cycles, the characteristic bands of organics (CH2-CH3 and C=O) are considerably 

reduced compared to the material band (Fe-O) (Figure II-27 and Figure II-28). The Soxhlet 

method is a efficient cleaning method. Considering the AUC calculated with the FTIR data 

(Figure II-28), it seems however qualitatively less productive in comparison with 

centrifugations. Moreover, in addition to the longer time of achievement, the particles are 

difficult to extract from the filter, the losses are indeed significant. These reasons explain why 

the centrifugation method is finally selected for the nanoparticles cleaning. 

 

 
Figure II-27. Comparison between the centrifugations and the Soxhlet method by FTIR. 
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Figure II-28. Area Under Curve (AUC) of the characteristic bands observed by FTIR (Figure II-27) with 

the Soxhlet method. AUC are calculated with Origin. 

 

II.2.3. Conclusion 

 

In this part, several cleaning methods have been investigated and are summarized in 

Figure II-29: 

 

Method 
AUC ratio 

𝛎𝑪=𝑶/𝛎𝑭𝒆−𝑶 

Time 

(min) 

Efficiency 

(AUC < 1) 
Comments 

Centrifugations 
2 cycles 0.47 20 

from 2 cycles 
fast and efficient 

low particle losses 4 cycles 0.25 40 

Reflux method 1.00 360 inefficient not working 

Esterification - 30 - 
failure 

need further study 

Soxhlet 0.54 120 moderate high particle losses 

Figure II-29. Overview of the different cleanings methods tested with the corresponding organic/inorganic 

ratios and the cleaning efficiency. 

 

The centrifugation with 4 cycles is the more efficient method and becomes the reference 

technique of cleaning for the study. Furthermore, the centrifugation method has been 

employed by M. Pauly in his thesis with the requirement of three cycles of 10 minutes for the 

washing of iron oxide particles surrounded by a layer of oleic acid as a surfactant [36]. 

 

II.3. Dispersion strategies 

 

II.3.1. Dispersion in polar media 

II.3.1.A. Disperbyk 180 

Once cleaned through a centrifugation procedure (part II.2.1), a suitable solvent and 

surfactant have to be found to stabilize the nanoparticles in solution. A first approach is to study 

the dispersion of nanoparticles in polar solvents. As seen in part II.1.5.B, electrostatic 

dispersions in aqueous media is achievable. 

 

A commercial surfactant, Disperbyk 180, suitable for aqueous media is tested for the 

dispersion of commercial NiZnFeO particles with a size below 100 nm (supplier information). 

Disperbyk 180 is an alkylolammonium salt of a copolymer with acidic group. Preliminary tests 

are done with commercial powders to determine the Critical Micellar Concentration (CMC) of 



CHAPTER II                                                                            DEVELOPMENT OF MAGNETIC COATINGS BY AIRBRUSHING                                                        

148/334 
 

the surfactant without wasting too much synthesized particles due to the low yields in 

microwave oven. 

Figure II-30 exhibits the evolution of the surface tension by increasing the amount of 

Disperbyk 180 in water. The surface tension smoothly decreases until a concentration of 3.2 

g/L of surfactant. From this value, the surface tension remains constant with addition of 

Disperbyk 180. The CMC is determined at the slope break of the curve. The point at 3.2 g/L is 

hence called the CMC and it corresponds to the ideal concentration at which the surfactant 

forms micelles. This is supposed to be a suitable concentration for particle dispersion. 

 

 
Figure II-30. Surface tension versus the concentration of Disperbyk 180 in logarithmic scale. 

 

From the previous curve (Figure II-30), 10 mg of a NiZnFeO commercial powder are 

introduced in eight aqueous solutions of Disperbyk 180 with different concentrations (Figure 

II-31-A). After a few minutes, partial sedimentation is observed for concentrations of Disperbyk 

180 between 0.02 to 0.05 g/L, as well as a complete sedimentation between 0.05 to 0.2 g/L 

(Figure II-31.B). From 3.2 g/L, a slight sedimentation is noticed but the particles look well 

stabilized in water. However, once applied to higher amounts of powder, the sedimentation 

becomes unavoidable even at 3.2 g/L. As a consequence, another surfactant is studied in order 

to obtain a better stabilization of the particles in water: tetramethylammonium hydroxide 

(TMAOH).  
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Figure II-31. Dispersion tests with a NiZnFeO commercial powder, (A) after ultrasonication (B) after 

being left for a few minutes. 

 

II.3.1.B. TMAOH 

 

TMAOH is a good candidate for the dispersion of Zn0.4Fe2.6O4 nanoparticles [37]. Indeed, 

as the particles display a negative surface charge at pH above the IEP (between 6 and 8 for 

ZnFe2O4 [17] [18] [19]), [N(CH3)4]
+ cations in the TMAOH molecule adsorb on the negative 

surface charge of particles. Repulsive electrostatic forces are thus induced between particles 

(Figure II-32). 

 

An aqueous dispersion of the SP(F)M particles with TMAOH is studied following the same 

procedure as Andrade et al. [21] for the alkalinization of magnetite with TMAOH. An aqueous 

solution of TMAOH (25 wt%) is gradually added until attaining a pH of 10 in an aqueous 

solution with the SP(F)M particles. The pH is fixed at 10 as a preliminary test to be placed at 2 

to 3 points from the IEP and thus increasing the particle stability in the medium. Only 3 wt% 

of particles is introduced at a first time. The obtained dispersion is shown in Figure II-32. No 

sedimentation is observed. 

 

 
Figure II-32. Aqueous dispersion of SP(F)M particles (3 wt%) with TMAOH. 

 

The particles are characterized before and after dispersion in order to determine if the 

TMAOH molecule is well grafted on the particle surface. Figure II-33 compares the 

morphology and sizes of particles before and after dispersion by TEM observations of dried 

powder. The particles are still uniform with spherical shapes and a mean size around 6 nm. 
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Figure II-33. SP(F)M particles before (A) and after (B) aqueous dispersion with TMAOH. 

 

FTIR spectroscopy of the SP(F)M particles before and after dispersion is presented in Figure 

II-34. Two new bands have appeared on the infrared spectrum of the dispersion. These bands 

are specific to TMAOH. The first band located at 950 cm-1 corresponds to the asymmetric 

elongation mode of C-N bond (νasym(C-N)) and the second one at 1490 cm-1 is attributed to the 

asymmetric CH3 deformation mode (δasym(CH3)) [21]. It reflects the grafting of the TMAOH 

molecule at the particle surface after dispersion. 

 

 
Figure II-34. FTIR sprectra of the SP(F)M particles before and after dispersion with TMAOH. 

 

The dispersion being successful, its thermal behavior is analyzed in order to determine at 

which temperature the surfactant is removed from the particles. This characterization gives an 

idea of the temperature required to anneal the coatings once elaborated. Figure II-35 displays 

the DTA-TGA analysis of the dispersion between room temperature and 450 °C. Two weight 

losses are revealed: a first one around 100 °C corresponding to the departure of water (87.3 

wt%) and a second one around 171 °C (9.3 wt%) attributed to the TMAOH removal. The 

residual percentage is in agreement with the concentration of particles in the dispersion given 

at the beginning (around 3 wt%). The coatings could then be annealed at 200 °C to make sure 

of the complete removal of surfactant inside the layers, which has benefits in staying in mild 

conditions for the thermal treatment of coatings. 
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Figure II-35. DTA-TGA of an aqueous dispersion of SP(F)M particles (3 wt%) with TMAOH. 

 

However, the X-ray diffraction pattern of the particles after dispersion and annealing at 200 

°C exhibits larger peaks combined with a decrease in intensity. The pattern is also very noisy 

(Figure II-36). Indeed, the thermal treatment at 200 °C under air clearly affects the crystallinity 

of the particles after dispersion. The nanoparticles are poorly crystalline and they display 

reduced sizes compared with the SP(F)M particles before dispersion. A poor crystallinity will 

considerably impact the magnetic properties of the particle and especially reduce the 

magnetization of the particles. Hence, the TMAOH dispersion route is set aside, the goal being 

to stabilize the particles with a surfactant which will not alter the crystallinity of particles after 

thermal treatment. The link between TMAOH, reduction of particle crystallinity and size 

through thermal treatment has not been deeply investigated. Other dispersion routes have been 

studied to avoid this problem. 

 

 
Figure II-36. X-ray diffraction pattern of SP(F)M particles before dispersion and annealed at 200 °C after 

dispersion.  
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II.3.1.C. An overview 

Figure II-37 summarizes the dispersion tests of commercial and synthesized nanoparticles 

in polar solvents and especially in water, ethanol, ethylene glycol, and glycerol. 

 

Particle type Particle size Environment 

Commercial 

Fe
3
O

4
 50 - 100 nm basic medium 

water 

TMAOH 

Commercial 

NiZnFeO 

< 100 nm 

(supplier 

information) 

- 
water 

Disperbyk 180 

Zn
0.4

Fe
2.6

O
4
 

6.2 ± 1 nm 

(SP(F)M) 

acid medium 

water 

PAA 

EtOH 

HCl 

EtOH 

acetic acid 

EG 

HCl 

basic medium 

water 

TMAOH 

water 

soda 

- 
EtOH 

EtOH/EG 

22.4 ± 11 nm 

(FM) 

acid medium 

water/citric 

acid [34] 

water 

PAA 

basic medium 
water 

TMAOH 

- glycerol 
Figure II-37. Summary of the dispersion tests in polar media. 

 

The stabilization of large particles being more difficult due to their strong magnetic 

interactions, most of the tests were performed on the SP(F)M particles. To conclude, all of the 

tests result in sedimentation, excepted the one in TMAOH (part II.3.1.B). Figure II-38 is an 

example of the sedimentation observed in the case of a test with SP(F)M particles in ethanol 

with hydrochloric acid (HCl). The sedimentation is even noticed in solvents with higher 

viscosities like ethylene glycol (EG, η = 19.8 mPa.s at 20 °C [38]) or glycerol (η = 1.49 Pa.s at 

20 °C [39]). 
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Figure II-38. Test of peptization of SP(F)M particles in ethanol with HCl. 

 

The mechanism of dispersion by electrostatic stabilization in polar solvents is complicated, 

and even more with FM particles. Two of them are otherwise detailed in the previous sections 

(parts II.3.1.A and II.3.1.B). As a consequence, the direct dispersion of particles in polar 

solvents after synthesis is not adapted. Due to the organic nature of the particle synthesis, the 

idea is to disperse the particles directly in an organic solvent after synthesis. An aqueous 

dispersion could be performed by transferring the organic dispersion in water through the 

addition of a transferring agent. The new strategies are summarized in Figure II-39 and will be 

the subject of parts II.3.2 and II.3.3. 

 

transfer media surfactant dispersion  

organic → organic hexane oleic acid steric [32] [36] 

organic → aqueous water sodium oleate electrosteric [35] 

Figure II-39. New strategies of dispersion. 

 

II.3.2. Dispersion in organic solvents 

II.3.2.A. Method of dispersion 

The particles are synthesized with two surfactants: oleylamine (OAm) and oleic acid (OA). 

The carboxylic group (-COOH) of oleic acid is chemically absorbed on the particle surface, 

which means the dispersion of these nanoparticles requires the use of an organic solvent 

compatible with the nonpolar hydrocarbon tail of oleic acid to stabilize the particle by steric 

hindrance. Thus, after the synthesis and the cleaning operations, the nanoparticles could be 

dispersed in an organic solvent like toluene, hexane [32] or chloroform. 

 

Figure II-40 illustrates a dispersion of SP(F)M particles in hexane through the oleic acid 

groups. The overall procedure of dispersion is described in the scheme in Figure II-41. 

 

 
Figure II-40. Dispersion of SP(F)M particles in hexane. 

 

At first, the particles are recovered from the synthesis medium by a cycle of centrifugation 

in ethanol. They are then cleaned through a number of centrifugations in a mixture of ethyl 

acetate and ethanol. Finally, after removal of the last supernatant of centrifugation, the particles 

are directly suspended in hexane and ultrasonicated during one hour. The obtained dispersion 
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of SP(F)M particles do not sedimentate and are stable for hours. A zeta potential measurement 

performed on a Zetasizer (DLS device) gives a value of -66.7 mV (averaged over three points), 

which indicates the dispersion has a good stability (Figure II-5). Nethertheless, the dispersion 

is always maintained under agitation on mechanical rolls. In the case of FM particles, the 

dispersion is fairly stable, a slight sedimentation is noticed. 

   

 
Figure II-41. Process of dispersion in hexane starting from the synthesis. 

 

The particle concentration is estimated by dry extract 𝐷𝐸𝑤𝑡 which is the percentage of dry 

mass in relation to the total mass. The particle concentration is settled at 8 wt%. 

Furthermore, the size distributions of SP(F)M and FM particles are characterized by DLS 

from their dispersions in hexane (Figure II-42). In order to test the reliability of the 

measurement, three curves are compared in both cases: one executed at CEA with a Device 1, 

the same analysis two months later at CEA, and at Paris-Diderot University with a Device 2. 

Device 1 and 2 are a similar Zetasizer Nano ZS (Malvern Instruments). 

 

In the case of SP(F)M particles, the two measurements carried out with the device 1 within 

two months of each other are reproducible and indicate a mean size of around 7 nm (Figure 

II-42.A-C), which is consistent with the particle diameter (6.2 ± 1 nm). The data obtained by 

DLS is normally an overestimation of the diameter because the DLS measures the 

hydrodynamic size. The measurement done with the device 2 is different from the reproducible 

ones obtained with the Device 1. A less intense peak is observed around 8 nm and a large 

distribution is detected at large diameters between 100 and 350 nm. The assumption is that the 

dispersion has been destabilized, inducing the formation of large aggregates with sizes between 

100 and 350 nm. As the distribution is in number, the presence of large aggregates considerably 

reduces the intensity of the peak at 8 nm which corresponds to the unit particles non-aggregated. 

 

Regarding FM particles, the three measurements are located around the same range of sizes 

with mean diameters between 18 and 30 nm. It is thus in agreement with the particle diameter 

of 22.4 ± 11 nm. A weak ageing of the dispersion with time is noticed for the measurement with 

the device 2 due to the distribution broadening and decrease in intensity (Figure II-42.B-C). 

 

SYNTHESIS RECOVERY CLEANINGS DISPERSION

Microwave 1st centrifugation N centrifugations ultrasound

Duration 50’ 10’ N x 10’ 60’

Media OAm, OA, ODE, EG EtOH
ethyl acetate (2/3)

EtOH (1/3)
hexane
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Figure II-42. Size distributions in number by DLS for SP(F)M (A) and FM (B) particles. Table related to 

the mean size calculated from DLS measurements (C). 

 

DLS is a trustworthy method to examine particle distributions from stable dispersions. 

However, it is important to correlate the results with another technique like TEM. The difficulty 

of the method is to properly manage dilutions which have to be reproducible between two 

measurements and also suitable for the dynamic light scattering (for which a minimum of light 

transmission is needed) without destabilizing the dispersion. Moreover, the diameters are often 

overestimated, the measurement taking into account the overall solvation sphere. 

 

Stable dispersions of hydrophobic particles in hexane are successful. The influence of the 

number of cleanings N (Figure II-41) is also studied. As seen in a previous part (section II.2.1), 

the number of washing affects the quantity of organic species at the particle surface. These 

molecules are required to obtain stable dispersions, and at the same time they are avoided 

because a too large amount of organics inhibits the magnetic properties of particles and prevents 

them from coupling. The goal is to determine the ideal balance between these two criteria, and 

thus to define a suitable number of cleanings N to obtain the best configuration, namely a stable 

dispersion with as little organics as possible in order to induce good interactions between 

particles and thus a high magnetization of coatings. Even if it has been concluded in part II.2.1 

that above 2 cycles the cleanings are inefficient, the influence of the number of cleanings has 

to be verified at the coating scale. 

 

II.3.2.B. Influence of the number of cleanings 

Three dispersions with different N cycles of centrifugation are studied. SP(F)M particles are 

cleaned once, six and twelve times before dispersing in hexane. 
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The remaining organics are estimated in the final three dispersions through ATR-FTIR 

spectra (Figure II-43). The intensity of the characteristic bands of organics (CH2-CH3 and C=O) 

decreases with the number of cleanings N when compared to the material band (Fe-O) (Figure 

II-43). Considering the AUC calculated with the FTIR data (Figure II-44 and Figure II-45), the 

downward trend is confirmed for the CH2-CH3 bond with a sharp drop of the AUC ratio. In the 

case of C=O bond, the decrease is smooth and occurs from twelve cleanings. Thus, the higher 

the number of cleanings N is, the more it reduces the organic shell around particles. The 

washings are more effective with twelve cleanings. 

 

 
Figure II-43. Influence of the number of cleaning N on the presence of organics around particles by FTIR. 

 

 
Figure II-44. Area Under Curve (AUC) of the characteristic bands observed by FTIR (Figure II-43). AUC 

are calculated with Origin. 
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Figure II-45. Ratios of the AUC of the bands characteristic of the organics to the one of the material as a 

function of the number of cleanings N. 

 

The dispersion obtained with the nanoparticles washed twelve times is the one with the 

presence of less organics. However, the behavior of each dispersion is also examined once dried 

on a substrate. Figure II-46 presents three pictures with each dispersion dried on a glass 

substrate after annealing at 300 °C during 30 minutes under argon atmosphere. The coating 

process will be described in part III.1. The interest is to observe the influence of the number of 

cleanings N on the behavior of coatings after drying. A better washing of particles will allow 

reducing the organic amount which has to be removed by thermal treatment, inducing less stress 

inside the coating layer and thus a better mechanical strength of coatings. 

 

 
Figure II-46. Visual appearance of coatings after annealing at 300 °C during 30 minutes under argon 

atmosphere as a function of the number of cleanings N. 

 

After one cleaning, the coating has an oily appearance with cracking and debonding of some 

pieces of material from the substrate. It is probably due to the presence of too much organics 

which break the layer after decomposing during thermal treatment. The surface of coating looks 

less oily after six cleanings and a good adherence of the film on the glass substrate is noticed. 

However, after twelve cleanings, the layer is very powdery and the particles adhere less to the 

substrate than after six cleanings. Hence, a quantity of organics is required to maintain the 

adherence between the film and the substrate. The best configuration is the one with 6 cleanings. 

It is a good bargain allowing to considerably reduce the amount of organics at the particle 

surface by keeping a good adhesion of the particle layer on a substrate after thermal treatment. 

Thus, even if above 2 cleanings the washings look not efficient anymore in ICP-AES, the 

number of cleanings is fixed at 6 in the further project to ensure a good adhesion of the film on 
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the substrate. As ICP-AES is a measure of the weight fraction of the organic amount, it may be 

not relevant to deal with surface related mechanisms like adherence and evaporation of the 

solvent which are more sensitive to area than to volume.   

  

The magnetic properties of these coatings will be analyzed in Chapter IV to discern in which 

case the magnetic properties are enhanced. 

 

II.3.3. Transfer in aqueous media 

The stabilization of particles in water from the organic dispersion in hexane is schematized 

in Figure II-47. The protocol is inspired from Mei et al. [35]. 

 

At first, the SP(F)M particles from the previous dispersion in hexane are precipitated by 

centrifugating a mixture of the dispersion with half of the volume of ethanol (Step 1). The 

supernatant is discarded. The particles are recovered and then washed by three centrifugations 

with addition of ethanol and hexane (Step 2). After cleanings, the obtained powder is dispersed 

in 15 mL of chloroform (Step 3). A dark brown emulsion is elaborated from the previous 

dispersion in chloroform with the addition of 8 mL of an aqueous solution of sodium oleate 

NaOL (0.05 mol/L) (Step 4). The chloroform is at that time evaporated using a rotary evaporator 

at 35 °C during 15 minutes (Step 5). Finally, after a complete removal of the chloroform, the 

particles are dispersed in 15 mL of water using ultrasonication (Step 6). The obtained dispersion 

is stable for hours. A zeta potential measurement performed on a DLS device gives a value of 

-64.6 mV (averaged over three points), which indicates the good stability of the dispersion 

(Figure II-5). The dispersion is also kept under agitation on mechanical rolls. The step 5 requires 

the use of a solvent with a boiling point below the one of water. For example, the replacement 

of chloroform by tetrachloroethylene with boiling points of 61.2 °C and 121.2 °C respectively 

leads to the water evaporation before tetrachloroethylene. 

 

 
Figure II-47. Transfer of the organic dispersion to an aqueous medium. 

 

The SP(F)M particles are sterically stabilized through the hydrophilic head of sodium 

oleate. The hydrophobic tail of sodium oleate is grafted on the particle surface due to its affinity 

with the hydrocarbon tail of oleic acid coming from the synthesis. In this way, sodium oleate 

acts as a transferring agent between organic and aqueous media through the formation of a 

liposomal bilayer.  
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The size distribution of the SP(F)M particles dispersed in water is characterized by DLS 

(Figure II-48). The same devices as in Figure II-42.A-B are adopted. The three measurements 

match with a slight ageing of the solution shown with the Device 2. The mean diameter 

fluctuates between 114 and 259 nm (Figure II-49). The huge difference with the particle 

diameter (6.2 ± 1 nm) could be explained by the fact the DLS measures the hydrodynamic 

radius of particle, hence including the liposomal bilayer at the particle surrounding. This 

explanation does not explain the gap between TEM and DLS, the size is indeed multiplied by 

at least 20. The assumption is that the solution should probably contain massive aggregates of 

particles stabilized in the medium through the hydrophilic parts of sodium oleate. 

 

 
Figure II-48. Size distributions in number by DLS for SP(F)M particles dispersed in water. 

 

 
Figure II-49. Table related to the mean size calculated from DLS measurements (Figure II-48). 

 

Figure II-50 exemplifies a dispersion of SP(F)M particles in water. A large amount of foam 

is noticed and is induced by the presence of sodium oleate. For this reason, the suspension of 

particles in water has not been used for the elaboration of coatings, as it can disturb the coating 

process during spraying or even printing. To manage this issue, less concentrated solutions of 

sodium oleate could be prepared in order to determine the CMC and stabilize the particles 

without too much surfactant. 

  

 
Figure II-50. Dispersion of SP(F)M particles in water. 
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In the case of FM particles, a slight sedimentation was already observed when dispersed in 

hexane. The organic dispersion is thus hardly transferrable in water. The diameter of FM 

particles is at least three times the one of SP(F)M particles. The magnetic interactions are also 

stronger between the particles, making them harder to stabilize without a significant amount of 

surfactant. Another strategy should be investigated for the dispersion of FM particles in water 

with for example polymers with a higher molecular weight like PVA, PMMA, or a polymeric 

resin. The same compromises and adjustments should be taken into account between dispersion, 

annealing and magnetic properties. 
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II.4. Conclusion 

 

The first half of this chapter focuses on the cleaning and dispersion steps of the operating 

protocol (Figure II-1) in order to elaborate dense coatings.  

 

First of all, the interactions between particles were reminded and described, namely the 

Van der Waals, electrostatic, magnetic, and steric interactions. 

 

 These interactions should be kept in mind when studying the cleanings and of course the 

dispersion. The particle dispersion depends on these interactions. Two methods were 

described for the stabilization of particles: non-ionic through steric effects, and ionic ones 

inducing electrostatic or electrosteric effects. 

 

On the one hand, different cleaning methods have been studied: 

 

• Cycles of centrifugation which are efficient. Beyond two cycles, the cleanings appear 

not to have significant effects. 

• The reflux and esterification methods which were discarded due to their complete 

inefficiency. 

• The Soxhlet set-up. The method competes with the centrifugations in terms of 

efficiency. However, it engenders massive losses of particles. 

Finally, the centrifugation method was selected for the nanoparticles cleaning. 

 

On the other hand, once the cleaning method is selected, different solvents and 

surfactants were tested to stabilize the particles in a suitable medium. Polar solvents with 

surfactants like Disperbyk 180 or TMAOH are not successful even though the case of 

TMAOH is particular. TMAOH provides a stable dispersion of SP(F)M particles. 

Nevertheless, this route was abandoned due to the TMAOH effect on the particle crystallinity 

after thermal treatment. Its repercussion on the particle crystallinity and size through 

thermal treatment might be the subject of another study. 

 

The organic dispersion is the only successful route to stabilize the particles without 

aggregation and sedimentation directly after synthesis. This is due to the organic nature of 

the particles after synthesis. The nonpolar hydrocarbon tails of oleic acid, adsorbed on the 

particle surface through its carboxylic head, assure a direct dispersion in organic solvent by 

steric hindrance. SP(F)M and FM particles were successfully dispersed in hexane, even if a 

slight sedimentation was noticed in the case of FM particles.  

 

The influence of the number of cleanings on the organic dispersion was also studied. The 

goal is to elaborate a stable dispersion with as little organics as possible to allow good 

magnetic properties of coatings. Indeed, a lot of organics adsorbed at the particle surface will 

prevent them from interacting, inducing a low magnetization of coatings. The concept will 

be detailed in Chapter IV. 

Moreover, even if only two cleanings looked enough to wash the particles properly from 

the point of view of a weight amount of organics, a too small number of washings does not 

allow a good adhesion of the particles on the substrate. Hence, six cleanings seem to be a 

good comprise to considerably reduce the amount of organics by keeping a good attachment 

of the particle layer on the substrate after thermal treatment. 
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Lastly, an aqueous dispersion of SP(F)M particles has been formulated by transferring 

the organic dispersion in water through the addition of a transferring agent: sodium oleate. 

However, this agent produces a lot of foam which will disturb the selected coating process, 

either per spraying or printing. For this reason, this route is not suitable and has not been 

pursued. A solution could be to diminish the concentration of surfactant until finding a good 

balance between particle dispersion and production of foam, or the addition of an antifoam 

agent compatible with the ferrite particles. 

Due to their larger size and stronger magnetic interactions, the stabilization of FM 

particles in water requires the use of polymers with higher molecular weights (PVA, PMMA) 

or even polymeric resins. The problem is that these strategies do not match with the goal of 

the project as this kind of molecules possess high decomposition points and are thus 

complicated to remove from the coatings. It will damage the magnetic properties of coatings. 

 

Thus, after cleaning with six cycles of centrifugation and dispersing directly in hexane, 

coatings could be elaborated from this previous dispersion with SP(F)M and FM particles. 
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III. Elaboration of coatings by airbrushing 

III.1. The airbrushing process 

 

The airbrush is a pneumatic controlled device, similar to the spray technique. It is commonly 

used as spray gun in the arts field. 

The principle is the nebulization of a solution on a substrate under the action of compressed 

air in a Venturi tube. The liquid is drawn in by the creation of a depression in the narrow part 

of the tube, induced by the flow of compressed air in the tube. The speed of the air flow allows 

nebulizing the solution in fine spray particles. The operating pressure is between 20 and 30 PSI. 

The coatings are vertically elaborated by maintaining the gun horizontally. The device is 

schemed in Figure II-51. 

 

 
Figure II-51. Experimental set-up. 

 

The liquid vaporization is controlled by the action of a lever (Figure II-51-C). Some 

parameters influence the coating quality: the nozzle aperture (fixed at 0.55 mm), the pressure 

at the tube exit, and the working distance between the nozzle and the substrate (between 10 and 

15 cm). These parameters have been settled for the overall study. Other criteria are studied to 

vary the coating thickness or increase its density like the spraying speed and the number of 

applications. An application is defined as one trip of the airbrush on the substrate from the left 

to the right, or from the right to the left. The application direction changes every second time. 

The spraying always begins from the left to the right of the substrate. As an example, a coating 

elaborated with 2 applications means that the sample has seen one go and return trip of the 

airbrush with a return at the starting point (at the left of the sample). Some examples of 

continuous films obtained with airbrushing are displayed with SP(F)M particles on glass slides 

(Figure II-52) and FM particles on alumina and silicon wafers (Figure II-53). 
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Figure II-52. Coatings obtained with a dispersion of SP(F)M particles in hexane (3 wt%). 

 

 
Figure II-53. Coatings with a dispersion of FM particles in hexane (8 wt%) on alumine (A) and silicon 

wafers (B). 

 

The reproducibility, thickness control of the process could be improved using an automated 

setup instead of a hand-guided one. 

 

III.2. Thermal treatment of coatings 

 

After elaboration, the coatings need to be thermally treated first to remove all of the residual 

organics coming from synthesis and/or dispersion steps which reduce the magnetization of the 

material and prevent the particles from magnetic interactions, and second to allow a good 

adhesion of the layer to the substrate with a satisfying density.  

 

III.2.1.  State of the art: thermal treatment of iron oxide spinel coatings 

 

When studying the thermal treatment of a material, it is necessary to make sure of the 

stability of the phase under temperature and to have knowledges of the possible phases formed 

under constraints or atmospheric conditions. In this manner, Figure II-54 presents the iron-

oxygen phase diagram. Magnetite (Fe3O4) is stable until high temperature (~ 1600 °C). In the 

case of Zn2+ substituted magnetite, the fusion temperature depends weakly on the Zn/(Zn+Fe) 

ratio (Figure II-55). The removal of the organics should proceed without phase change as far as 

the boiling points of the used organic species are less than 400 °C (350 °C for OAm and 200 

°C for OA). 

 

A B

A B
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Figure II-54. Fe-O phase diagram with FeO for wüstite and α-Fe2O3 for hematite. From A. Ranzani da 

Costa [40] [41] [42]. 

 

 
Figure II-55. Zn-Fe-O phase diagram in air. From A. Sergei et al. [43]. 

 

Once the organics are removed, a lot of porosity is induced in the coatings. Some previous 

works depict the interest of a sintering step in the thermal treatment protocol of ferrite films in 
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order to enhance its density, keeping in mind the emergence of a magnetic multi-band behavior 

requires a good density of coatings. 

M. Bissannagari et al. have developed inkjet printed NiZn ferrite films with an ink 

constituted of 30 wt% of particles with a 50 nm diameter [30]. The particle diameter being of 

the same order of magnitude, their study looks like the present one. After processing, a sintering 

at temperatures between 600 to 950 °C during 3 hours under air was examined. The relative 

density (ratio of the measured density to the bulk one) of their films evolves from 61.6 to 95.6 

% after sintering at 950 °C (Figure II-56-A). They have demonstrated the interest of the 

sintering step in the case of Wireless Power Transfer (WPT) applications due to the absence of 

magnetic losses at the interest frequencies (6.78 and 13.56 MHz) (Figure II-56-B). Moreover, 

the grains attain a size of 300 nm after sintering at 950 °C. The grain size remains hence less 

than 3 µm, remembering it corresponds to the critical diameter not to exceed to avoid the 

formation of domain walls in the permeability spectra (Chapter I). A sintering step is thus 

perfectly adapted because the particle size will not exceed the critical size imposed by the 

application. 

 

 
Figure II-56. Effect of a sintering at 950 °C on NiZn ferrite films (A) and its corresponding permeability 

spectra. From M. Bissannagari et al. [30]. 

 

In the same way, Zn doped Fe3O4 were sintered under argon at 1100 °C during 3 hours [44], 

and La-doped strontium ferrite films elaborated by a dip-coating and sol-gel method went 

through a thermal treatment of three steps, namely a drying at 40-50 °C during 2 hours, a pre-

sintering at 400 °C during 30 minutes and finally a sintering at 900 °C during 2 hours [45]. 

 

The sintering is then required to improve the coating density. According to the literature, 

the sintering temperature should not exceed 1100 °C which will not induce problems of phase 

stability at this temperature (Figure II-54). The sintering temperature will be determined with a 

dilatometry measurement (III.2.5.A). 

 

The thermal treatment procedure will be split in two steps: a debinding to remove all of the 

organic residues, and a sintering to enhance the coating density and reduce the porosity 

generated by the first annealing step. 

  

A B
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III.2.2.  Choice of the annealing atmosphere 

First of all, the annealing atmosphere has an effect on the oxidation of particles, that is why 

it has to be carefully chosen. The first tests of thermal treatment have been performed under air, 

and a color change from black to rust has been noticed each time. This color change is not 

observed under an argon atmosphere (Figure II-57) and could be attributed to the oxidation of 

the surface of the layer. 

 

 
Figure II-57. Observation of a color change between a SP(F)M coating annealed under air and argon 

atmosphere during 24h at ~100 °C. 

 

The previous assumption is verified by X-ray diffraction analysis on SP(F)M and FM 

powders after debinding at 450 °C under air and argon atmospheres (Figure II-58). The 

transition between magnetite and maghemite is difficult to detect from XRD diffractometers. 

Nevertheless, the presence of a secondary phase which coincides with a Fe2O3 phase (PDF sheet 

00-033-0664) is discovered in addition of the pure Zn0.35Fe2.65O4 phase (PDF sheet 04-021-

5090) for SP(F)M particles (Figure II-58.A). This supplementary phase is not revealed under 

argon and is also not observed at all in the case of FM particles (Figure II-58.B). 

 

air argon
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Figure II-58. Effect of the annealing atmosphere on the debinding of SP(F)M (A) and FM (B) powders at 

450 °C. The table summarizes the crystallite sizes before and after debinding from Scherrer equation. 

 

The color change and the apparition of a Fe2O3 phase for SP(F)M particles raise the issue 

of the particle oxidation under air. Indeed, Fe2+ ions are sensitive to oxidation, which is 

consistent with the work of S. Ayyappan et al. [46] where they have evidenced the formation 

of maghemite in the case of thermal treatment of magnetite particles under air between 250 and 

350 °C, and even the presence of hematite from 600 °C. As a consequence, all of the annealing 

cycle is performed under argon. Regarding the particle size (Figure II-58-C), it appears that an 

annealing under argon at 450 °C does not necessarily make the particle grow, especially for FM 

powders. 

 

III.2.3. Study of the thermal decomposition of surfactants and nanoparticles 

 

The thermal degradations of surfactants and nanoparticles were previously studied in order 

to determine the lower temperature at which all of the organics are removed from the sample 

(debinding temperature) and to better understand the surfactant removal from coatings at this 

stage. 

 

III.2.3.A. Decomposition of OAm and OA 

 

On the one hand, the thermal decomposition of OAm and OA is analyzed by a 

Thermogravimetric/Differential Thermal Analyzer (TG-DTA) analysis coupled to mass 

spectroscopy under an inert atmosphere of helium (Figure II-59).  
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Figure II-59. TG-DTA and mass spectroscopy curves of OAm and OA under helium. 

 

The thermal degradation of OAm is fast and takes place in two phases: a slight dehydration 

of the molecule at 150 °C with a weight loss of 1% and a massive weight loss of 99% 

corresponding to an exothermic peak at 285 °C with a departure of CO2. 

 

OA is decomposed in three steps. A dehydration step occurs at 170 °C with a weight loss of 

1%. The two other weight losses (the first between 170 and 320 °C, the second between 320 

and 600 °C) could be attributed to two different kinds of bonds in the molecule which 

decompose at different temperatures. This assumption is deeply investigated in the next section 

(III.2.3.B). An exothermic peak at 320 °C with a weight loss of 96% indicates that most of the 

molecule is decomposed at this temperature. 

 

As a conclusion, the thermal degradation of OAm is faster than OA. OAm groups might be 

eliminated before OA groups in the study of the particle decomposition. All of the organics are 

removed at 600 °C. The thermal degradation of SP(F)M and FM are thus examined from room 

temperature to 600 °C in the following section. 

 

III.2.3.B. Decomposition of SP(F)M and FM 

 

On the other hand, Figure II-60 displays the thermal decomposition of SP(F)M and FM 

particles by TG-DTA analysis under helium until 600 °C. 
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Figure II-60. TG-DTA and mass spectroscopy curves of SP(F)M and FM particles under helium until 600 

°C. 

 

The same trend is observed for SP(F)M and FM particles. The thermal decomposition 

occurs in three steps: 

 

• A first loss between 100 and 190 °C attributed to residual water or solvents: weight 

losses of 3% and 1% for SP(F)M and FM, respectively. 

 

and then the degradation of the organic shell which takes place with a second weight loss 

between 190 and 450 °C corresponding to 21% and 5% for SP(F)M and FM, respectively. This 

second weight loss is ascribed to two different contributions: 

 

• A first departure is attributed to the OAm groups due to the lower temperature 

decomposition of OAm in comparison with OA around 285 °C (Figure II-59). This 

observation is in agreement with a previous study of a thermo-gravimetric analysis of 

Mn-Zn nanoparticles coated with OAm with the illustration of the physical absorption 

of OAm between 280 and 340 °C [47]. The decomposition of OA is divided in two 

steps with a first one at the same temperature as OAm groups. Indeed, the hydrocarbon 

chains of OA firstly decomposes because these groups are the weakly physically bound 

functional groups of the overall molecule [46] [48]. 

• Hence, the last removal corresponds to the decomposition of the chemically absorbed 

OA groups above 300 °C. 

 

As an explanation, OA molecules end with a carboxylate group (COO-) which interferes 

and grafts onto the particle surface through the metallic ions, namely iron in this case (Figure 

II-61). As previously mentioned, two kinds of bonds are present: the hydrocarbon chain (C-C 

and C=C) which decomposes at first and the bond between the headgroup of the molecule and 

the particle surface which is stronger and requires higher temperatures to degrade. OA behaves 

as a bilayer structure which explains its two-step thermal decomposition [49]. 
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Figure II-61. Scheme of the interaction between carboxylate group and particle surface. From Zhang et al. 

[49]. 

 

This behavior is most discernable in Figure II-62 which shows the derivative of the weight 

loss under helium for SP(F)M and FM particles. Three weight losses are distinguished: one 

around 190°C for the dehydration of the surfactants, and two other around 280 and 350 °C 

attributed to the two-step decomposition of the oleic acid and also to the contribution of OAm 

groups at 280 °C. The same behavior is proposed by L. Zhang et al. [49] with oleic acid coated 

magnetite particles. 

 

 
Figure II-62. Derivative of the weight loss for SP(F)M and FM particles under helium. 

 

III.2.3.C. Composition of the organic shell around particles 

 

The thermal degradation of particles does not allow to determine the residual respective 

amounts of a surfactant from another. The decomposition temperatures of OAm and OA 

correlated to the ones of the particles enable to clearly identify the two-step decompositions of 

OA. However, as OAm decomposes at the same temperature as the first OA binding groups, it 

is hard to determine if OAm groups are bound on the particle surface. This question is justified 

as some previous researches have demonstrated that OAm groups do not bind with iron during 

particle synthesis when coupled with oleic acid. A. Sahraneshin et al. have not indicated the 

presence of amine groups onto the particle surface of yttrium aluminum garnet (YAG) particles 

synthesized in a media with OAm and OA, whereas carboxyl groups from OA are chemically 

adsorbed on the particle surface. They have also mentioned that OAm could serve as a Lewis 

base when interacting with OA in the reaction media [242]. Additionally, they have confirmed 

OAm acts as a growth inhibitor of the particle in some crystallographic directions (Chapter I). 

J. Luo et al. have also exposed the adsorption of OA groups on V and Fe atoms in the 

elaboration of PtVFe particles while OAm groups only graft with Pt atoms [51]. 

 

The action of OAm as a Lewis base is the subject of a recent qualitative model established 

by  R. A. Harris et al. in their study of OAm/OA coated particles [52]. The grafting of OA 
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molecules on an iron oxide spinel particle leads to the deprotonation of its carboxyl groups in 

COO-, involving the release of a H+ in the system. 

OA and OAm are considered as two different types of molecules because of the way they 

could bind to a particle surface. In the case of OA, there are three possibilities for interactions 

between the head of a carboxylate group and iron atoms: monodentate, bidentate (bridging or 

chelating) (Figure II-63). 

 

 
Figure II-63. Interaction of oleic acid (COOH) with particles through monodentate (A), bridged (B) and 

chelating (C) configurations. 

 

The monodentate configuration implies only one oxygen atom bonded to a metallic one. In 

the case of the involvement of two oxygen atoms (bidentate), the configuration is called 

“bridged” or “chelating” when the binding is made with two (bridged) or one (chelating) metal 

atom(s) [53] (Figure II-63).  

 

Following the work of L. Zhang et al. [49], the interaction between a carboxylate group and 

iron atoms should correspond to the chelating bidentate type with the creation of a covalent 

bond. 

 

However, carboxyl groups have a stronger affinity with iron than amines. Indeed, in the 

case of OAm with an amine headgroup (RNH2), supposing the molecule binds on the particle 

surface, there is only one possibility of coordination to the particle surface: a monodentate one 

with a single bond (N-Fe) to the surface [53] [54]. Furthermore, the probability of bonding is 

better for a carboxyl group to bind with Fe2+ and Fe3+ atoms at the particle surface than for an 

amine one due to the higher number of interaction possibilities in the case of OA groups with 

iron atoms. The mechanism of binding between OAm and the particle surface remains unclear 

and only one carboxylate bond could be formed by OA with the particle surface at a time, 

meaning it cannot couple with OAm at the same time [52]. 
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Through dynamic simulations of molecular mechanics, R. A. Harris et al. [52] explain that 

OAm (CNH2) and OA (COOH) groups form an acid-base complex in the medium during 

synthesis. The acid-base formation comes from the generation of free protons during the 

deprotonation of carboxyl groups of OA in COO- when adsorbing onto the particle surface. 

These free protons are readily absorbed at the same time by OAm groups to form RCNH3
+, 

whence the importance of the pH of the medium (Equation II-6). 

 

𝑅𝐶𝑂𝑂𝐻 + 𝑅𝐶𝑁𝐻2 ↔ 𝑅𝐶𝑂𝑂− + 𝑅𝐶𝑁𝐻3
+ 

II-6 
 

𝑅𝐶𝑂𝑂𝐻 ↔ 𝑅𝐶𝑂𝑂− + 𝐻+ 

 

𝑅𝐶𝑁𝐻2 + 𝐻
+ ↔ 𝑅𝐶𝑁𝐻3

+ 

 

An excess of free protons in the media will provoke some desorption of carboxyl groups 

from particle surfaces, as expected in the cleaning attempt by esterification. Thus, the presence 

of OAm stabilizes the system by acting as a proton acceptor. A balance has to be found 

regarding OAm/OA quantity in order to favor carboxyl adsorption and the acid-base formation 

[52] [55]. Moreover, it appears that the OAm/OA coupling enhances the thermal stability of the 

particle phase [56] as OAm boosts the grafting of carboxylates groups on the particle surface.  

 

A useful method to verify the assumptions of R. A. Harris et al. [50] is to study the FTIR 

spectra of SP(F)M and FM particles in the 1300-1700 cm-1 area (Figure II-64).  

 

 
Figure II-64. Focus on the 1300-1700 cm-1 area of FTIR spectra for SP(F)M and FM particles directly 

after synthesis. 

 

The peaks characteristic of the OA grafting on the particle surface are displayed at 1466 cm
−1 for the C–H bending (νa(CH3), ν(CH2)), and at 1552 and 1644 cm−1 attributed to symmetric 

and asymmetric COO− stretching bands, meaning that the carboxylate binds to the particle 
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surface through Fe3+ atoms [57]. The nature of the coordination mode of carboxylate groups 

can be determined through the spacing between asymmetric and symmetric bands. The value 

being of 92 cm-1, the interaction between a carboxylate group and iron atoms corresponds to 

the chelating bidentate mode [49]. Indeed, if this value is between 200 and 320 cm-1, the 

coordination type of the carboxylate group is monodentate, between 140 and 190 cm-1, bridging 

bidentate and below 110 cm-1, chelating bidentate [49]. A OAm grafting through NH2 groups 

to Fe3+ atoms should appear at 1393 cm-1 according to J. Vidal-Vidal et al. [57]. As a 

consequence, bands between 1390 and 1410 cm−1 are observed and could be attributed to OAm 

grafting through NH2 groups to Fe3+ [57]. In such a way, the possibility of an OAm grafting 

cannot be completely ruled out even though the band amplitudes are low. Nevertheless, the 

mechanism of an acid-base formation seems to prevail. 

 

As a conclusion, the assumption of an organic shell only constituted of OA thanks to their 

carboxylate head around particles is made. 

 

III.2.3.D. Estimation of the thickness of the organic shell around particles 

 

Figure II-65 correlates the weight losses as a function of the temperature until 600 °C of 

OAm, OA, SP(F)M and FM particles. As previously mentioned, all of the organic species are 

removed at 600 °C and the weight losses are of 24 and 6% for SP(F)M and FM particles, 

respectively. 

 

 
Figure II-65. Comparison of TG curves of OAm, OA, SP(F)M and FM particles under helium. 

 

Considering the particles are only covered of carboxylates and are perfect spheres, some 

calculations can be performed in order to estimate the thickness of the organic shell at the 

particle surroundings. According to Zhang et al. [49], the carboxylate head has a surface area 

of 24 Å2 and the length of the whole OA molecule (oleate) is 2 nm, which gives a 480 Å3 

volume for this molecule approximated as a cylinder. 
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Figure II-66 summarizes the calculations to evaluate the number of carboxylate layers 

around particles. The particle surfaces and volumes (SP, VP) are calculated from their radius 

(RP). The computation of the mass of a single particle (mP) is obtained by using the density of 

the Zn0.35Fe2.6O4 composition (5.236 g/cm3) in the PDF sheet 04-021-5090. From mP, the 

number of particles per sample (NP) is expressed by removing the organic percentage. Then, 

the number of OA molecules (oleates) required to form an organic layer covering the overall 

particle surface (NOA molecules/layer) derives from SP and the surface of a carboxylate head (24 Å2). 

Finally, the masses of an OA layer (mOA layer) resulted from NOA molecules/layer and OA density 

(0.898 g/cm3), and the quantity of OA per particle (mOA/P) obtained from the weight losses 

measured by TG-DTA analysis and NP, allow to estimate the number of OA (oleate) layers 

around particles. 

 

 RP SP VP mP NP 

NOA 

molecules/ 

layer 

Weight 

loss 
mOA/P mOA layer 

NOA 

layer 

 Å Å2 Å3 mg - - % mg mg - 

SP(F)M 31 12076 124788 6.5 × 10−16 1.1 × 1016 503 24 2.1 × 10−16 2.2 × 10−16 0.95 

FM 112 157633 5884949 3.1 × 10−14 2.8 × 1014 6568 6 2.0 × 10−15 2.8 × 10−15 0.70 

Figure II-66. Calculation of the number of OA layer (NOA layer) around particles. 

 

Thus, SP(F)M and FM are surrounded with approximatively one layer of oleates. The 

number of organic layers decreases with the increase of the particle diameter. If SP(F)M 

particles are almost entirely covered with carboxylates (~ 1 layer), FM particles possess bare 

zones (0.70 layer) indicating these particles are less well functionalized. 

 

This trend is consistent with Zhang et al. [49] and S. Ayyappan et al. [58] who explain that 

the packing density of organics around particle decreases with increasing particle size. This 

phenomenon is explained in the literature by the fact that more surfactant is adsorbed on smaller 

particles to compensate the higher Van Der Waals interactions. It also justifies why the larger 

particles are more difficult to disperse, besides the existence of magnetic interactions between 

FM particles and not SP(F)M particles (Chapter I). 

 

In the case of FM particles, the number of oleate layers is quite approximate since they 

present a “raspberry” morphology of particles instead of perfect spheres assumed in the 

computation. The estimation of the organic weights through TG curves will enable to correct 

the error induced on the magnetic measurements due to the unknown proportion of organics 

around particles (Chapter IV). 

 

III.2.4.  Optimization of the debinding 

 

As previously mentioned, the thermal treatment of coatings is composed of two steps: a 

debinding and a sintering. The debinding stage is explored in the first instance. Coatings 

elaborated with SP(F)M particles will be written SP(F)M coatings in the remainder of the study, 

and similarly with FM particles. 
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III.2.4.A. Experimental protocol 

The overall annealing requires a tube oven perfectly closed to isolate and confine the 

samples in a pure argon atmosphere (Figure II-67). 

 

 
Figure II-67. Experimental scheme of the set-up of the tube oven under an argon flow of 2.5 L/min. 

 

The following temperature profile is optimized after multiple tests (Figure II-68). The 

debinding lasts approximatively 2 days. 

 

 
Figure II-68. Temperature profile of the debinding step. 

 

The requirement is to remove the remaining organics from coatings after particle cleanings 

and dispersion, and to provide at the same time the adherence of the coating on the substrate by 

avoiding any cracking, bubbling or matter debonding. The bubbling is generated by the removal 

of organic residues from the coating layers. It can evolve to cracking (Figure II-69). 
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Figure II-69. Examples of cracks (A, B) and bubbling (C, D) at the surface of SP(F)M coatings (SEM-

FEG). 

 

Typically, fast temperature ramps induce too harsh conditions of heating, creating material 

losses with partial debonding of the puzzled film (Figure II-70). 

 

 
Figure II-70. Incidence of a fast temperature ramp (300 °C/h) on coatings. 

 

A slow temperature ramp is needed to keep the integrity of the film, justifying the smooth 

temperature conditions in Figure II-68. 

 

III.2.4.B. Influence of the debinding on the surface condition and chemical 

composition of coatings 

 

The surface of coatings is observed just after processing and before thermal treatment to 

detect the surface state. The coatings are wet with several pierced blisters on the surface due to 

the fast hexane evaporation during and after airbrushing (Figure II-71).  
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Figure II-71. Optical microscopy of FM coatings before annealing (4 applications by airbrushing). 

 

The influence of the debinding at 450 °C with the protocol previously detailed (Figure II-68) 

on the coating surface is inspected in Figure II-72 by optical microscopy. The coating behavior 

depends on the particle size used in the dispersion for the airbrushing process. SP(F)M particles 

induce deep cracks in coatings (Figure II-72.A-B) with matter debonding from the substrate 

whereas FM particles do not crack coatings (Figure II-72.C-D) during organic removal. The 

films obtained with FM particles look dense in appearance after debinding. 

 

 
Figure II-72. Optical microscopy of SP(F)M (A, B) and FM (C, D) coatings after debinding under argon. 

 

In addition, chemical mappings of a piece of a SP(F)M coating after debinding is exhibited 

in Figure II-73 to observe the chemical homogeneity of coatings. 
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Figure II-73. Chemical mappings of a SP(F)M coating on a glass substrate after debinding. 

 

Iron and zinc are well distributed on the surface. Coatings seem to be homogeneous in terms 

of chemical composition. The Zn/Fe ratio estimated by STEM-EDX is equal to 0.13 which is 

close to the theoretical one (0.15). 

 

III.2.5.  Study of sintering 

 

Once the organics are removed, the coatings need to be sintered to increase their density.  

 

III.2.5.A. Temperature of sintering 

 

The sintering is a consolidation process of a powdered material under temperature without 

melting. During the procedure, the microstructure rearranges by matter displacement between 

grains, engendering grain bonding and a reduction of the porosity inside the material. A 

shrinkage of the material is characteristic of the sintering. Four processes occur during sintering 

and not necessarily separated: a consolidation with the formation of bridges between particles, 

a densification with the porosity reduction and shrinkage of the material, the granular growth 

and physico-chemical reactions within the material. 

 

The temperature of sintering has to be determined precisely to apply a suitable sintering 

procedure to the material. A dilatometry measurement of a pellet constituted of FM particles 

depicts the dimensional variation of the pellet as a function of the temperature (Figure II-74). 

Three dimensional changes are noticed: the first two assigned to organic departures (50-330 °C 

and 330-460 °C), and the last one between 460 and 800 °C attributed to the sintering process 

with grain bonding, porosity reduction. A positive dimensional variation is encountered above 

800 °C. This phenomenon might be due to different reasons like a phase change, oxidation or 

crystallization above 800 °C. As a consequence, the sintering temperature is chosen just below 

800 °C, namely at 770 °C. The final phase stays stable during cooling. 
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Figure II-74. Dilatometry curve of a pellet of FM particles heated from room temperature to 1000 °C 

under argon. 

 

Figure II-75 exemplifies the sintering principle of a pellet constituted of FM particles 

through the presence of grain boundaries after mechanism of grain bonding, particle growth 

and reduction of porosity after sintering at 1000 °C. 

 

 
Figure II-75. SEM images of a pellet of FM particles annealed at 1000 °C. 

 

In the same manner as for the debinding protocol, the sintering step is added with a slow 

temperature rate of 60 °C/h (Figure II-76). The overall process lasts two and a half days 

including the cooling. The important factors at this stage are the grain size which does not 

exceed 3 µm (Chapter I) and the porosity which must be reduced as much as possible. 
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Figure II-76. Temperature profile of thermal treatments including a debinding and a sintering step. 

 

III.2.5.B. Influence of the sintering on the surface condition and density of 

coatings 

 

The sintering at 770 °C is compared for SP(F)M and FM coatings (Figure II-77) elaborated 

with 10 applications of airbrush, equivalent to 5 go and return trips of the nozzle onto the 

substrate. Regarding SP(F)M coatings, the films are still cracked (Figure II-77.A-B) with the 

birth of craters (Figure II-77.C-D) on the surface and in the thickness of the pieces. Cracking is 

firstly induced by the debinding step and remains at the sintering step. The pieces of the film 

are too far from each other to induce any consolidation process. SP(F)M particles are not 

adapted for the elaboration of dense coatings. 

 

Concerning FM coatings, the surface looks not cracked at long range (Figure II-77.E). 

However, cracks are undoubtedly distinguished with higher magnifications (Figure II-77.F-G). 

The coating surface looks similar to a patterned layer with a network of particle clusters 

separated with cracks with a width of approximately 2 µm. The particles in H-inset look not as 

sintered as in the case of the pellet at 1000 °C, leading to a large amount of porosity in the films. 
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Figure II-77. SEM-FEG at various magnifications of SP(F)M (A-D) and FM (E-H) coatings after sintering 

under argon. 

 

This porosity is also observable in the cross-section view of the FM coating embedded in 

an epoxy resin (Figure II-78). Some loss of material comes from the sample preparation during 

the polishing cycles of the resin. However, the major proportion of the porosity was present 

before polishing and is hence attributed to the sintering. The thickness of the film seems to be 

4 µm. 
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Figure II-78. Cross-section view of an epoxy-coated FM film (SEM-FEG). 

 

An estimation of the porosity of coatings through the weight loss of samples before and 

after thermal treatment indicates a porosity of approximatively 50%. The significant porosity 

will not lead to the desired multiband behavior of coatings (Chapter I). 

 

To conclude, Figure II-79 confronts FM coatings before and after sintering under argon. 

The sintering step is responsible for the birth of a crack network in the coatings. The cracks 

could be due to constraints generated by the shrinkage in the film, amplified by the relatively 

large thickness of 4 µm. Moreover, a color change proceeds between debinding and sintering. 

Indeed, the coating turns brown to black which means a successful sintering [59]. 

 

 
Figure II-79.  Comparison of FM coatings on silicon wafers after debinding (A, B) and sintering (C, D) 

under argon (optical microscopy). 

 

The goal of the study being to obtain the magnetic multiband behavior of coatings through 

the permeability spectra (Chapter I), different strategies are tested in order to increase the 

density of FM coatings. 
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III.2.5.C. Alternatives to enhance the coating density 

Some solutions are experimented to enhance the coating density: the change of substrate, 

the addition of layers to fill in the holes, the reduction of the coating thickness, the increase of 

the particle concentration, the decrease of the temperature ramp, and finally the use of two 

ranges of particle size. In each case, the density is controlled by optical microscopy through a 

rough visual evaluation of the porosity amount. 

 

III.2.5.C.a. Nature of the substrate 

 

In the first instance, two different substrates are adopted: silicon wafer and alumina. FM 

particles are sprayed onto these substrates and are then subjected to debinding and sintering 

steps. The coating surfaces are observed and compared in Figure II-80. The surfaces are exactly 

in the same state with cracks of 2 µm thick. The nature of the substrate does not change the 

thermal behavior of coatings after sintering. 

 

 
Figure II-80. Comparison between FM particles sprayed on a silicon wafer (A, B) and on alumina (C, D) 

after sintering under argon (optical microscopy). 

 

III.2.5.C.b. Additional layers 

 

The FM coating seen in Figure II-79 is taken as a reference. From this sample, the aim is to 

fill the cracks with FM particles in order to create bridges between the previous layer with the 

particles freshly sprayed inside the cracks. The hope is to completely fill in the holes and at the 

same time to form a continuous film with grain bonding at the crack interface. The goal is to 

fabricate a compact framework with as few holes as possible. The reference film has been 

elaborated with 10 applications of airbrush (namely 5 go and return trips) onto the substrate. 
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The strategy is to spray some FM particle layer onto the actual sintered film in the 

expectation of plugging the cracks. At first, 4 applications (2 go and return trips) are added to 

the reference film and then thermal treated. This protocol is repeated twice (Figure II-81). The 

tests make things worse with the presence of wider cracks with widths of about 10 µm after 14 

applications in total. After 18 applications, the cracks are less wide but still present. 
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Figure II-81. Pictures of the coating surface after annealing of additional layers in comparison with the 

coating reference (red box). N is the number of applications. 

 

It seems difficult to obtain a continuous layer without cracks from a cracked surface in the 

beginning. 
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III.2.5.C.c. Coating thickness 

As a new start, the effect of the coating thickness through the number of applications of the 

airbrush nozzle onto the substrate is examined and compared to the reference coating (Figure 

II-82). The reference coating is inside the red box in the Figure II-82. 
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Figure II-82. Effect of the number of layers on coating surface in comparison with the coating reference 

(red box). N is the number of applications. 

 

In this way, only 4 applications are deposited and annealed (Figure II-82.A). The number is 

thus reduced from more than twice in comparison with the reference sample. The state of the 

coating surface after sintering is cracked in exactly the same way as the coating reference 
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nonetheless. The situation is not better after applying 4 more applications above it (Figure 

II-82.A). 

Moreover, increasing the coating thickness with 20 applications promotes and exacerbates 

cracking (Figure II-82.B). The cracks are widened to approximatively 20 µm. 

 

Additional layers are definitely not a good option to improve the coating density. The 

porosity of coating is not reduced and is even increased if the coating thickness is too high. 

 

III.2.5.C.d. Particle concentration 

 

Another alternative is to increase the particle concentration from 8 wt% to 15 wt% in the 

dispersion media before airbrushing. The number of applications is reduced to 2 and the 

obtained layer is cracked after sintering (Figure II-83). The increase of the particle 

concentration before processing worsens the surface cracking of coatings with large cracks of 

more than 20 µm thick. The assumption is that an increase of the particle concentration in the 

dispersion will tend to increase the layer thickness, which increases stresses inside coatings 

when shrinkage occurs during sintering, leading to a worse quality of the film. 
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Figure II-83. Effect of the particle concentration on coating surface in comparison with the coating 

reference (red box). N is the number of applications. 

 

III.2.5.C.e. Temperature ramp 

 

After modifying parameters relative to the airbrushing conditions without any sign of 

reduction of porosity, the thermal procedure is reviewed and especially the temperature ramps. 
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As previously reported (III.2.4.A), fast temperature ramps easily induce cracking and matter 

debonding from coatings. As a consequence, the temperature ramp is further slowed from 60 

°C/h for the coating reference to 20 °C/h (Figure II-84). The two films in Figure II-84 are 

elaborated in the same conditions with 10 applications, the only difference lying in the 

slowdown of the temperature ramp. The coating surface being in the same state, namely with 2 

µm width cracks, the decrease of the temperature ramp below 60 °C/h does not seem to impact 

the coating in any way. 
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Figure II-84. Effect of a slower temperature ramp on coating surface in comparison with the coating 

reference (red box). N is the number of applications. 

 

III.2.5.C.f. Use of two ranges of particle size 

A last alternative is tested with the use of two ranges of size in the particle dispersion 

required for spraying. The principle of the method is to mix FM with SP(F)M particles in the 

airbrushing media in the suitable proportions to increase the packing density up to 80%. 

According to H. Y. Sohn et al. [60], a mixture of 60 wt% of FM particles with 40 wt% of 

SP(F)M particles, of diameters of 22.4 ± 11 and 6.2 ± 1 nm respectively, is formulated and 

sprayed on a silicon wafer (Figure II-85). 

 

After the same airbrushing (10 applications) and thermal treatment protocol as for the 

coating reference, the film displays a lot of cracking at its surface too (Figure II-85). The film 

looks also a bit more porous than the reference one. This strategy is not working either. 
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Particle N Pictures of optical microscopy 
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Figure II-85. Effect of the use of two ranges of particle size on coating surface in comparison with the 

coating reference (red box). N is the number of applications. 

 

III.2.5.C.g. Conclusion and prospects 

 

All of these approaches including the change of substrate, the addition of layers, the 

reduction of the coating thickness, the increase of the particle concentration, the decrease of the 

temperature ramp, and also the use of two ranges of particle size have been unsuccessful. The 

coating density has not been improved and the best case remains the coating reference with 

approximatively 50% of porosity (Figure II-79). 

 

At the sintering step, it seems that the decrease of volume (of 3dL/L0 from the dilatometric 

characterization (Figure II-74) meaning 60 % of volume variation) does not take place only 

through the thickness of the coating, but by the sides of it. As the adherence of the film is good, 

the shrinkage creates stresses in the film which result in cracking. This has been shown for 

silica sol gel coating sintering for which a critical thickness of the film of about 1 µm has been 

computed [61]. M. Bissannagari et al. succeeded to obtain a not cracked sintered NiZn thin film 

because the thin film has lost the adhesion to the substrate, then allowing to release the stresses 

[30]. 

 

However, in this study, a 50% of density is too low to expect the magnetic multiband 

behavior of coatings through the permeability spectra (Chapter I). Indeed, this multiband 

behavior is expected for perfectly controlled network of patterns with magnetic particles and 

through the control of the magnetic losses by the pattern geometry. Before patterning, some 

requirements need to be fulfilled with continuous coatings in order to generate this patterned 

50 µm 20 µm

10 passes
Thermal
treatment

50 µm 20 µm
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framework and hence provide a magnetic multiband behavior. As mentioned in the Chapter I, 

the particle size does not exceed a critical limit of 3 µm. Additionally, the material needs to be 

dense to enable magnetic interactions as strong as possible between particles. Otherwise, a too 

high percentage of porosity inside the layers will not favor magnetic couplings between 

particles and affect the dynamic properties of coatings, making them not suitable to evidence 

the multiband behavior. 

 

The present strategy was based on a two steps process with at first a preliminary step of 

particle synthesis, and secondly the elaboration of films constituted of these previous 

synthesized nanoparticles. The idea was to control the particle size before elaborating the film 

not to exceed the critical limit imposed by the application. However, this technique appears to 

be not well adapted to the application due to the poor density of coatings even after sintering. 

In this respect, thanks to these first coatings, some technological barriers were better identified 

and lead to the following perspectives intervening at different steps of the procedure (Figure 

II-1). 

 

On the one hand, another thermal densification technique of films could be studied and 

replace the conventional sintering in a furnace: the laser sintering. This sintering method is of 

special interest. Indeed, it induces local heating through laser irradiation on the coating surface, 

and hence causes less cracking since stress relief can occur in the non-sintered part of the film. 

Moreover, the piloting of the cracks to generate a kind of patterned network is also feasible. As 

an example, NiZn ferrite films elaborated by aerojet-printing with an ink containing 50 nm 

diameter particles have been densified by laser sintering (Figure II-86.A) to increase the 

packing density of 48.6 % before sintering [59]. The formation of a network of cracks as a 

function of the laser fluence is shown in Figure II-86.B. The cracks are generated by a local 

heating/cooling of the areas touched by the laser spot during sintering. The best sintering 

conditions are filled with a laser fluence of 64 J/cm2 in terms of magnetic properties of the film 

[59]. 

 

 
Figure II-86. Crossectional view of a NiZn ferrite film aerojet-printed (A) and influence of the laser 

fluence on the surface conditions of coatings after laser sintering (B). From K. Rajaram [59]. 

 

A second example with laser-sintered silica films is displayed in Figure II-87 and compared 

to a classical heating in a furnace. A CO2 laser beam draws tracks on the films during sintering. 

The cracks are generated along the edge of the tracks whereas the conventional sintering at 

1100 °C provokes a disordered organization of cracks at the surface (Figure II-87). The porosity 

A B
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can be managed through the laser power. The technique has demonstrated a good 

reproducibility, allows to obtain smooth and crack free surfaces. In the same manner, designed 

patterns can be drafted by laser sintering with a laser galvanometer scanner [61]. It could be 

valuable to study the laser sintering with the FM coatings to fix the issue of porosity. 

 

 
Figure II-87. Optical images of surfaces of sintered silica films after laser sintering and furnace heating. 

From J. Lei et al. [61]. 

 

On the other hand, the overall process could be reviewed by replacing the two steps in a 

single one with the direct elaboration of coatings at low temperature through solution of 

precursors without synthesizing the material independently of the film. For instance, ferrite 

films have been developed by a spray technique at 90 °C of an aqueous solution of iron chloride 

onto a heating spinner [62] [63]. The obtained films (Figure II-88.A) are suitable for noise 

suppressors application in the gigahertz range. 

 

Furthermore, a mixture of nickel, zinc and iron acetylacetonate in ethanol and 1-decanol is 

used in a microwave oven at a temperature between 120 and 137 °C for the direct growth of a 

ferrite film onto the substrate inside the reactor [64]. The technique is called low temperature 

microwave-assisted solvothermal (MAS) method. The films possess crystallites with diameters 

between 4 and 6 nm and are convenient for soft magnetic or high-frequency applications (Figure 

II-88.B). 

 

The coatings could be subjected to drying at temperatures below 100 °C but no further 

postannealing treatment is required to densify the films. In addition, no surfactant is employed 

which is a considerable advantage meaning the particles are not surrounded by an organic layer 

and their magnetic properties or interactions are thus not inhibited. 
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Figure II-88. (A) Cross-sectional view of a sprayed ferrite film. From J. Miyasaka et al. [62]. And (B) of a 

microwave-deposited NiFe2O4 film. From R.D. Ralandinliu Kahmei et al. [64]. 

 

III.2.5.D. Influence of the annealing on the coating microstructure 

 

The microstructure of powder and coatings must be examined during thermal treatment to 

have a complete view about the annealing effect on the evolution of the phase in the material 

with temperature. Two methods of characterization are correlated: XRD and TG-DTA. 

 

On the one hand, the stability of the phase as a function of the temperature is investigated 

for FM powder (Figure II-89) and coatings (Figure II-91) under argon atmosphere between 30 

and 1000 °C by X-ray diffraction analysis. After heating at 1000 °C, the sample is cooled down 

to 30 °C and subjected to X-ray diffraction again in order to define the reversibility of the phase. 

In both cases, the main peaks corresponding to pure spinel Zn0.35Fe2.6O4 phase (PDF sheet 04-

021-5090) are indexed. A general trend is also observed: higher peak amplitudes with a 

decrease of the Full Width at Half Maxima (FWHM) with temperature. This phenomenon 

means that the crystallite size increases with temperature due to crystal growth and particle 

coalescence during solid-state diffusion with sintering. 

 

In the case of FM powder (Figure II-89), a left shifting of the peaks attributed to 

Zn0.35Fe2.6O4 magnetite with the temperature is noticed from 325 °C, reflecting an increase of 

the lattice parameter of the material (Figure II-90). This shift is accentuated from 625 °C and 

generally at high angles. Moreover, additional peaks are also exhibited from 400 °C 

corresponding to the presence of a secondary phase of Zn2+ substituted wüstite (ZnxFe1-xO 

phase) with a space group Pn3m and a lattice parameter of 12.862 [65]. These peaks expand 

until 1000 °C. A similar phase has been previously studied in the development of 

nanocomposite films of wurtzite (Fe:ZnO) and spinel (Zn:Fe3O4) phases by pulse laser 

deposition at 500 °C [66]. 

The initial phase is retrieved when the powder is cooled down to 30 °C, which implies the 

reversibility of the spinel phase. 

 

A B
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Figure II-89. Effect of the temperature on the X-ray diffraction patterns of FM powder from 30 to 1000 

°C under argon. 

 

 
Figure II-90. Variation of the lattice parameter and of the particle diameter as a function of the 

temperature for the principal phase of zinc iron oxide spinel in the case of powder. Obtained from the 

diffractometers in Figure II-89. The confidence interval (in light red for the lattice parameter and light 

blue for the particle diameter) is equal to three times the standard deviation. The last point at 30 °C is 

measured after decreasing temperature. 

 

Regarding FM coatings (Figure II-91), the shifting of the Zn0.35Fe2.6O4 phase at low angles 

when increasing the temperature is also shown from 325 °C. The lattice parameter increases 

with temperature too. The variation of the lattice parameter and the particle size is not 

represented for coatings because of the difficulty to deconvoluate the peaks from the substrate 
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contribution. Additional peaks corresponding to the same secondary phase of Zn2+ substituted 

wüstite (ZnxFe1-xO phase) [65] appear from 625 °C at higher temperature than for the powder. 

This distinction could be due to a difference of reactivity between powder and coatings. 

Furthermore, this additional phase does not completely disappear when returning back to 30 

°C. 

 

 
Figure II-91. Effect of the temperature on the X-ray diffraction patterns of FM coatings from 30 to 1000 

°C under argon. 

 

On the other hand, the thermal decomposition of SP(F)M and FM particles is completed at 

higher temperatures until 800 °C under helium (Figure II-92). It adds the portion between 600 

and 800 °C to the TG-DTA analysis already mentioned in Figure II-60 in section III.2.3.B, 

examined for the understanding of the organics departure. In this section, the analysis serves to 

verify the stability of the phase between 600 and 800 °C. 

 

 
Figure II-92. TG-DTA and mass spectroscopy curves of SP(F)M and FM particles under helium until 800 

°C. 
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A fourth weight loss occurs between 600 and 800 °C for SP(F)M and FM particles, which 

could not have been seen in section III.2.3.B. This loss takes place during the sintering step and 

is equal to 11 % and 5 % for SP(F)M and FM particles, respectively. As all of the organics are 

removed at 600 °C, this loss could not be attributed to the organic shell around particles. 

However, in accordance with the previous X-ray diffraction results, it could correspond to 

the reduction of the material phase. 

 

According to the literature, the organic shell around particles could induce the reduction of 

the Zn0.4Fe2.6O4 phase of nanoparticles during thermal treatment. Indeed, it is the case of oleic 

acid coated Fe3O4 annealed under vacuum [46] [48] [58]. The cubic spinel structure with the 

Fe3O4 phase is stable between room temperature to 500 °C. Between 500 and 700 °C, the phase 

is decomposed in α-Fe and 𝛾-Fe2O3. Above 700°C,  the system evolves with the presence of 

wüstite FeO and α-Fe. The indicated temperatures depend on the particles size and correspond 

to the ones encountered for particle diameter of approximatively 10 nm. The reduction 

mechanism occurs above 600 °C, as follows [46]: 

 

𝐹𝑒3𝑂4 + 𝐶𝑂 → 3𝐹𝑒𝑂 + 𝐶𝑂2 

II-7 

 

3𝐹𝑒𝑂 ↔ 𝐹𝑒2𝑂3 + α-Fe 
 

𝐶𝑂 +
1

2
𝑂2 ↔ 𝐶𝑂2 

 

The reduction of the particles is caused by the degradation of the carbon residues coming 

from the decomposition of the carboxylate head above 500 °C. The reduction is the 

consequence of a strong chemical adsorption of the surfactant on the particle surface. This 

phenomenon is expressed on the TG-DTA curves (Figure II-92) with the presence of a CO2 

emission between 700 and 750 °C. A significant amount of oxygen is removed from the material 

during reduction of Zn0.4Fe2.6O4 particles in Zn2+ substituted wüstite. The mechanism is faster 

for FM particles due to the thinner organic layer around FM particles (section 0). The presence 

of zinc in the particles allows to make the wüstite stable below 600°C [67], which explains why 

α-Fe and 𝛾-Fe2O3 are not formed before the apparition of wüstite, as in the case of annealing of 

Fe3O4 particles. 

 

As a result, the particles could be described as a core/shell structure with Zn0.4Fe2.6O4 

composition at the core and Zn2+ substituted wüstite at the outer. The cracking observed on the 

surface of FM coatings after sintering could hence be due to the combination of two parameters: 

the shrinkage induced by the particle coalescence and also by the reduction of the phase. 
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III.3. Feasibility of patterned films 

 

Despite the cracked surface of the FM coatings, a feasibility test of laser etching was carried 

out at the Femto-ST Institute in Besançon by laser micromachining. The coating surface is 

directly etched by means of a femtosecond laser with a wavelength of 1050 nm and a pulse 

length of 200 fs. The aim of this feasibility test is to determine at which stage of the process the 

laser etching has to intervene in order to produce a network of patterns firmly attached to the 

substrate. In this context, the laser etching is tested on the films after debinding and sintering 

(Figure II-1). 

 

Figure II-93 exposes two FM coatings after debinding (Figure II-93.A) and after sintering 

(Figure II-93.B), deposited on 9x9 µm2 silicon wafers with a naked area to enable the thickness 

measurement of the film with a profilometer. Regarding the evolution of the thickness with the 

length, the coating surface looks rough because the airbrushing is not automated and due to 

inhomogeneous stack of particles. The thicknesses are of 6 and 4 µm in the case of the debinded 

and sintered samples, respectively (Figure II-93.C). The change of color from brown to black 

previously observed between debinding and sintering is clearly visible (Figure II-93.A-B). 

 

 
Figure II-93. Thickness of the layer versus its length (C), after debinding (A) and sintering (B).  

 

Square patterns with a 48 µm length and spaced of 11 µm were realized onto the debinded 

and sintered films and their surfaces were observed by optical microscopy after etching (Figure 

II-94). After debinding, the patterns poorly adhere onto the silicon wafer. A low accuracy of 

etching and a debonding of patterns is noted (Figure II-94.A-B). 

 

After sintering, a better adherence of patterns appears with a more accurate etching of the 

pattern borders. No matter debonding is observed (Figure II-94.C-D). The crack network 

engendered by the sintering does not weaken the mechanical adherence of the layer on the 
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substrate. Thus, in response to the scheme of the global protocol in Figure II-1, the laser etching 

needs to be done after sintering, at the end of the procedure. 

 

 

 
Figure II-94. Optical microscopy of patterned coatings after debinding (A in bright field, B in dark field) 

and after sintering (C in bright field, D in dark field). 
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III.4. Conclusion 

 

In the context of the optimization of magnetic textures of films, the elaboration of a 

patterned network from continuous coatings of magnetic particles was examined. The aim is 

to control the magnetic losses of coatings by the pattern geometry at desired frequencies, also 

called multiband behavior. 

The development of dense coatings through an airbrushing technique was studied. The 

technique relies on the atomization of a stable dispersion of nanoparticles in a liquid media 

on a desired substrate. The different steps of the process are summarized in the final scheme 

in Figure II-95 from the material synthesis, to the thermal treatment of coatings, ending with 

a laser etching step to create the patterned films. All along the process, a balance has to be 

found concerning the organics as they are both required and prohibited. Indeed, the presence 

of organics is necessary in the particle synthesis for the size and morphology control, as well 

as in dispersion to limit the particle interactions and stabilize them in a suitable liquid media 

for airbrushing, whereas it is a restraining factor for the elaboration of dense coatings with 

strong magnetic interactions between particles. These magnetic interactions are one of the 

required conditions to obtain the desired magnetic multiband behavior of coatings through 

permeability measurements, in addition to the critical particle size of 3 µm not to exceed. In 

this respect, the films must exhibit a high density to enable magnetic interactions as strong 

as possible between particles. A too high percentage of porosity will be unfavorable to the 

multiband behavior. 

 

 
Figure II-95. Development of magnetic coatings by airbrushing. 

 

From the particle synthesis, each step is explored: 

 

• At first, the particle cleaning. After synthesis, the particles need to be washed in order 

to remove the organic residues. The centrifugation method was selected with six 

cycles to obtain a good compromise between a reduction of organics and an easy 

dispersion of particles in the next step. 

• Then, the dispersion. The organic dispersion is the only way to successfully stabilize 

the particles without aggregation and sedimentation directly after synthesis. SP(F)M 

and FM particles are stabilized in hexane through the nonpolar hydrocarbon tails of 

oleic acid, chemically adsorbed at the particle surface through its carboxylic head. 

• The elaboration of coatings by airbrushing which can be improved by automatization. 

After the elaboration of continuous coatings, the films were annealed through two stages 

to allow a good adhesion of the layer to the substrate with a satisfying density: 
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• A debinding step from room temperature to 450 °C to remove the organic residues 

from the films. SP(F)M coatings are completely cracked, while the FM ones remain 

undamaged, which makes SP(F)M particles not suitable for the elaboration of dense 

coatings. At this stage, the degradation of the organic shell around particles occurs 

in two steps: 

 

❖ A first departure below 300 °C attributed to the grafted amine groups of OAm 

and to the hydrocarbon chains of OA which decompose before the rest of the 

OA molecule due to their weak bonding with the particle. 

❖ A second departure above 300 °C which corresponds to the decomposition of 

the headgroups of OA (carboxylates groups COO-), chemically adsorbed onto 

the particle surface through iron atoms. 

 

• A sintering step at 770 °C to densify the layer after the organic departure, and thus 

reduce the porosity. Cracking on FM coatings is induced at this stage with a high 

amount of porosity estimated at approximatively 50%. Different unsuccessful 

solutions have been tried to reduce the coating porosity: 

 

❖ the change of substrate, 

❖ the addition of layers,  

❖ the reduction of the coating thickness, 

❖ the increase of the particle concentration, 

❖ the decrease of the temperature ramp, 

❖ and finally the use of two ranges of particle size. 

 

The thermal treatment is realized under an argon atmosphere to avoid the oxidation of 

particles due to the high sensitivity of Fe2+ ions to oxidation. During sintering, the reduction 

of the particles is caused by the degradation of the carbon residues coming from the strong 

chemical adsorption of the OA carboxylates groups at the particle surface. The particles are 

thus assimilated to core/shell frameworks with Zn0.4Fe2.6O4 composition at the core and Zn2+ 

substituted wüstite at the outer. 

 

• The laser etching is the last step of the protocol. A feasibility test allows combining a 

good adherence of patterns on the substrate with a good accuracy of etching. 

 

The chemical composition of the final coatings is homogeneous. 

 

As a conclusion, the coating density of the films has not been improved. Three alternatives 

in order to enhance the coating density are: 

 

• The replacement of the conventional sintering by laser sintering. Local heating is 

induced, generating less cracking. The possibility to create a patterned network by 

managing the cracks is also feasible. 
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• The elaboration of films through precursor solutions directly on the substrates 

through low temperature processes like a microwave-assisted solvothermal method 

(MAS), or the spraying of a solution on a heating spinner. No further post annealing 

treatment is required to densify the films. 

• A crack patterning method from the aqueous dispersion of particles. The principle is 

to control the solvent evaporation to generate periodic cracks in a film deposited by 

dip-coating [68]. 

 

Moreover, the study of the thermal treatment of particles has highlighted the effect of the 

two surfactants in the dispersion media. OA acts as a surfactant and allows the particle 

dispersion through the grafting of its carboxylates groups COO- on the particle surface and 

by keeping its hydrocarbon tails in hexane for which they have a good affinity. When used 

in a mixture with OA, OAm serves as a Lewis base and absorbs the free protons generated 

by the grafting of OA carboxyl groups at the particle surface. The assumption is that the 

organic shell around particle is only constituted of OA carboxylates groups. After 

calculation, SP(F)M and FM particles are surrounded with approximatively one layer of 

carboxylates (0.95 and 0.7 layer, respectively). FM particles are thus less well functionalized, 

which could explain partially why SP(F)M coatings are already cracked after debinding and 

not FM coatings. 

 

A transfer of the airbrushing towards an innovative and more accurate process, the inkjet 

printing, is investigated in the next Chapter (Chapter III). This process has a major 

advantage: the realization of patterned coatings in a single step without post-processing. 
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Chapter III.  Process transfer for the 

elaboration of films by inkjet 

printing 

I. Introduction 

The development of coatings directly patterned from a colloidal solution without post-

processing for patterns is studied by way of the inkjet printing process. This Chapter deals with 

a process transfer of the airbrushing detailed in Chapter II towards an innovative and more 

accurate process, the inkjet printing. The two routes are sketched in Figure III-1. 

 

 
Figure III-1. Transfer of the airbrushing towards the inkjet printing. 

 

The spinel Zn0.4Fe2.6O4 nanoparticles previously synthesized (Chapter I) are still dispersed 

in hexane with oleic acid acting as a surfactant (Chapter II). For the elaboration of coatings, a 

fundamental difference with airbrushing is that the inkjet printing requires the formulation of 

an ink compatible with the process regarding some physico-chemical characteristics like its 

viscosity or surface tension (Figure III-1). The patterned coatings are elaborated in a single step 

in comparison with the airbrushing route which decomposes in two steps: the development of 
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continuous coatings and then patterning by laser etching. After coating, a thermal treatment 

divided in a debinding and sintering steps is still required in order to remove the organic 

residues, densify the coatings and provide a good adherence of the film. 

The present chapter focuses on the formulation of an ink compatible with the printer, and 

the development of patterns with well-defined shapes. 

 

II. Formulation of an ink 

 

The formulation of inks in different media is explored in order to find a composition 

compatible with the inkjet printer. The first section details the employed equipment and the 

following physico-chemical requirements to be met by inks. 

  

II.1. Compatibility with the inkjet printer 

 

II.1.1. The process of inkjet printing 

 

The inkjet printing is an innovative process allowing the elaboration of coatings by 

successive ejection of droplets through piezoelectric nozzles. Two categories of printers exist: 

the technology of the Continuous Ink Jet (CIJ) and the Drop On Demand (DOD) system. In the 

CIJ technology, the ejection of droplets is continuous. The printing takes place as follows: the 

droplets are charged at the nozzle exit through an electric field and are then deflected under the 

application of an electrostatic field to the desired areas of the substrate. The unwanted droplets 

are sent to the ink tank for being ejected again [1].  

On the contrary, the Drop On Demand method enables the printing of droplets directly in 

the locations of interest of the substrate by moving the printhead over the substrate. In this case, 

the droplets flow is not continuous but perfectly controlled. The droplets are only ejected if 

required. This last technique is more accurate. 

 

The printer used in this work is from Ceradrop and uses the DOD technology (Figure 

III-2.A). The process has been developed by Rémi Noguéra in his thesis at SPCTS in Limoges 

with a patent filing by CNRS [2]. It allows the elaboration of 2D or 3D framework by the 

stacking of droplets ejected through piezoelectric nozzles (Figure III-2.B). This additive and 

flexible strategy displays a high precision and a resolution of 0.5 µm. The device can be 

equipped with three printheads to use three different materials at the same time. In the study, 

only one printhead is employed (reference: Galaxy JA 256/30 AAA) with a plate of 256 nozzles. 

Each nozzle has a diameter of 36 µm and the mean volume per droplet is of 28 pL. The working 

principle is deeply explained in the section III.1. 
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Figure III-2. Picture of the device of inkjet printing developed by Ceradrop (A) and schematic view (B). 

 

II.1.2. Requirements for inks 

 

The dispersion of particles in hexane serves as a base for the formulation of a compatible 

ink. Indeed, dispersion of particles is of crucial importance to avoid agglomeration and 

sedimentation of particles in the printhead which could lead to a clogging of the jetting system.  

 

Usually, the ink is defined as a stable system constituted of several components: the 

“pigment” which gives the ink its functional properties, here the magnetic powder (the material 

in the form of nanoparticles), a unique or a mixture of solvent(s), a dispersing agent, a binder, 

and additional components like additives, surfactants, de-foaming or wetting agents. The 

formulation of an ink is tricky due to the possible destabilization of the particles previously 

stabilized in the dispersion by adding other components in the system. As a consequence, a 

particular attention to the particle stabilization should be paid when adding other constituents 

to the dispersion in order to formulate an ink. 

 

About the printer, some requirements have to be taken into account to formulate an ink 

compatible with the printhead, and thus allowing the ejection of the ink through nozzles. 

In this respect, several approaches have been investigated in the literature to determine the 

jet-ability of an ink by inkjet printing. J.E. Fromm (1984) has described a model predicting the 

compatibility and the jet-ability of an ink from two dimensionless numbers: the Reynolds and 

Weber numbers [3] [4]. The Reynolds (Re) and Weber (We) numbers are the ratios of an inertial 

force to the viscous and the capillary forces, respectively. They are defined as follows: 

 

𝑅𝑒 =
𝜌𝑣𝑟

𝜂
 , 𝑊𝑒 =

𝜌𝑣2𝑟

𝛾
 III-1 

 

with ρ the fluid density (kg.m-3), v the fluid speed (m.s-1), r the nozzle radius (m), η the dynamic 

viscosity of the fluid (Pa.s), and γ the surface tension of the fluid (N/m). 

 

Another parameter is calculated from the Reynolds and Weber number: the ejection ratio Z 

or also the inverse of the Ohnesorge number (Oh): 

 

𝑍 =
𝑅𝑒

√𝑊𝑒
=
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The ejection ratio Z is a dimensionless number which measures the jet-ability of an ink in 

the case of Newtonian fluids. According to B. Derby et al., this parameter Z must be comprised 

between 1 and 10 to obtain individual and separated droplets in the case of DOD systems [5]. 

In the case of an ejection ratio Z below 1, the ink is too viscous to be ejected. On the contrary, 

in the case of an ejection ratio equal to or above 10, the ejection is flowing continuously, leading 

to columns of fluid which split in satellite drops, tough to control. The viscosity is hence too 

low and the jetting is similar as spraying. 

The ejection ratio Z being function of the viscosity and the surface tension of the fluid, these 

parameters have to be controlled in order to formulate a suitable ink. Moreover, the ink must 

meet specific criteria in terms of viscosity, surface tension and pH related to the printhead used 

and recommended by the supplier. These criteria are summarized in Figure III-3 in addition to 

the interval of the ejection ratio Z. The parameter Z is always predominant on the others, 

meaning an ink is considerable as compatible even if its viscosity and surface tension are 

slightly out of range as long as Z is comprised between 1 and 10. The pH of the ink must be 

fixed between 2 and 14 which is a large range, the only restrictive area being the acidic pH to 

avoid the degradation of the electronic circuit and of the ink transit through tubes and in the 

printhead.  

 

 Min value Max value 

Viscosity (mPa.s) 5 20 

Surface tension (mN/m) 30 35 

pH 2 14 

Ejection ratio 1 10 
Figure III-3. Ejection requirements of an ink. 

 

Another important parameter is the size of the particles dispersed in the ink media. An ideal 

ratio of 50 has to be considered between the particle size and the nozzle aperture (36 µm) [4]. 

Thus, the particle size does not exceed 720 nm. As a consequence, the ink is filtered at 1 µm to 

prevent clogging of the printing head in case of the presence of aggregates. 

 

A last prerequisite concerns the use of too volatile solvents which has to be avoided due to 

the fact it generates a fast drying of the ink inside the printhead before or at the beginning of 

the ejection. It can hence cause nozzle clogging. 

 

II.2. Development of hexane-based inks with Zn0.4Fe2.6O4 nanoparticles 

 

Different formulations of ink are explored, either with the addition of polymers (polymer-

based) or solvents (solvent-based) from the previous dispersion of particles in hexane. A 

difficulty is the use of components compatible with hexane, which restricts the possibilities. 

Indeed, many inks have been historically developed from dispersions in aqueous media 

(water or alcohol based) with a large choice of solvents and additives whereas formulation of 

organic based inks is more recent. 
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Due to the problem of nozzle clogging and possible destabilization of the particle dispersion, 

the formulations are only elaborated from the dispersion of SP(F)M particles in hexane as this 

dispersion is more stable than the FM one (Chapter II). The inks are formulated in regard to 

meet the intervals of viscosity, surface tension and ejection ratio imposed by the process of 

inkjet printing (Figure III-3). 

 

II.2.1. Polymers and solvents-based formulations 

 

II.2.1.A. Choice of formulations 

 

Two types of ink are interesting in this study: aqueous and non-aqueous inks. Aqueous inks 

have been the first compositions to be developed for inkjet printing. They exhibit low drying 

on substrate due to the low volatility of solvents, water being commonly mixed with a glycol 

solvent. And they also have the advantage to be nontoxic [6]. A water based ink with silver 

nanoparticles constituted of a mixture of ethylene glycol, water, and ethanol has been 

previously studied and mixtures of ethylene glycol and water have demonstrated a good jet-

ability [7]. 

Despite their more recent advancement, non-aqueous inks (meaning organic ones) are rather 

employed in some cases in comparison with aqueous ones. For example, an ink of gold and 

silver nanoparticles in terpineol has been developed for printed electronics, and other solvents 

like isopropylalcohol, dodecane, toluene, butylbenzene, hexane and cyclohexane have allowed 

the formulation of stable dispersions of metallic particles adapted for inkjet printing [8] [9]. 

 

In the present study, due to the organic nature of the particle dispersion in hexane, organic 

formulations of inks are preferred in order not to destabilize the dispersion. Polymeric 

dispersants are useful to provide a good stabilization of particles in inks [10]. Starting from 

patents reading [11] [12] [13], two polymers compatible with hexane are selected for 

formulating polymer-based formulations: poly(1-decene) and polybutene 2300. 

 

Solvent-based formulations without polymers are also examined because it will provide a 

fast drying of solvents after printing which will ease the post thermal treatment of coatings. 

Octane (C8H18) has met a great interest as a solvent in the formulation of some inks in the 

literature. An hexane in octane mixture with 5 wt% of Ga-doped ZnO particles is handled as an 

ink for spin casting [14]. In another study, an ink with a mix of octane, hexane and isopropyl 

alcohol as solvents, paraffin wax as an organic binder and hydroxystearic acid based polyester 

as a dispersant is elaborated with 14.21 v% of a commercial zirconia powder ZrO2 [15]. 

However, despite its lower boiling point, the low viscosity of octane (Figure III-4) is very 

limiting. Mixtures of octane with hexane might be suitable for spray type jetting with high 

ejection ratio Z, and are not adapted for controlled ejection of droplets. In the same family, 

octanol (C8H18O) is more adapted due to its higher viscosity (Figure III-4) and is selected for a 

solvent-based formulation. Octanol is a good compromise between a moderate boiling point 

and a relative high viscosity in comparison to hexane in order to provide a good jet-ability. 
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Boiling point Viscosity 

°C mPa.s 

Hexane 68 
25 °C 

0.309 

Octane 126 0.515 

Octanol 196 20 °C 9.0 
Figure III-4. Comparison of hexane, octane and octanol in terms of boiling point and dynamic viscosity. 

 

A second solvent is chosen for another solvent-based formulation: terpineol. An ink of gold 

nanoparticles in a mixture of 10% of hexane and 90 % of terpineol has shown a good jet-ability 

with a mass loading of 10% [16], close to the 8% of mass loading used with the airbrushing 

system (Chapter II). 

 

Two solvents are thus chosen to formulate solvent-based formulations: octanol and 

terpineol. 

 

II.2.1.B. Approach for developing a formulation 

 

The formulations are firstly studied without particles. The followed approach to develop a 

formulation is described in details for the poly(1-decene). 

 

In the first instance, the viscosity of different mixtures of poly(1-decene) (C10H20, Mw = 

140.268 mol/g) in hexane is studied with a Couette rotational rheometer [17]. The liquid is 

inserted in the gap between two coaxial cylinders and is sheared uniformly between two planes 

through the rotation of the inner cylinder around itself, the outer one being fixed. This rheometer 

measures the resistance of the liquid through its deformation and flow under the application of 

an external constraint through the cylinder rotation. The deformation and the flow of the liquid 

are expressed by two parameters: the dynamic viscosity and the tangential stress, respectively. 

The analysis is adapted to low viscosities which is specifically useful for the study of ink media 

in hexane (0.309 mPa.s at 25 °C). 

 

Figure III-5 compares the viscosity (Figure III-5.A) and the shear stress (Figure III-5.B) as 

a function of the shear rate of mixtures of poly(1-decene) in hexane with 46, 56, 61, and 77 

wt% of poly(1-decene). 

 



CHAPTER III                                                       PROCESS TRANSFER FOR THE ELABORATION OF FILMS BY INKJET PRINTING 

213/334 
 

 
Figure III-5. Variation of the viscosity (A) and the shear stress (B) as a function of the shear rate for 

different wt% proportion of poly(1-decene) in hexane. The shear rate is in a logarithmic scale in the A 

inset. 

 

In a Newtonian fluid, the viscosity is constant for all values of shear rate, its viscosity only 

depends on the temperature and the pressure. In addition, the shear stress applied to the fluid is 

proportional to the displacement speed of the fluid, with the viscosity as a factor: 

 

𝜎 = 𝜂�̇� III-3 

 

with σ the shear stress, η the dynamic viscosity and �̇� the shear rate. 

 

In the present study, the mixtures of poly(1-decene) with hexane display the same trend 

with different magnitudes as a function of the poly(1-decene) proportion. At first, the viscosity 

decreases for low shear rates between 10 and 70 s-1 and is then constant between 70 and 1000 

s-1 (Figure III-5.A). Secondly, a threshold stress is observed for all the mixtures (Figure III-5.B). 

The evolution of the shear stress versus the shear rate follows a Bingham model: 

 

𝜎 = 𝜎𝑆 + 𝜂𝑝�̇� III-4 

 

with 𝜎𝑆 the threshold stress and 𝜂𝑝 the plastic viscosity. 

 

The Bingham model is typical of a non-Newtonian fluid. Thus, as the viscosity firstly 

decreases when the shear rate increases (between 10 and 70 s-1), the fluid exhibits a shear 

thinning behavior. The fluid flows only when the threshold stress is overpassed. It is the case  

of a gel or toothpaste for example. Below this value, the fluid behaves like a solid. For higher 

shear rates beyond 70 s-1, the fluid is Newtonian. This portion is only considered to calculate 

the plastic viscosity. 

 

Another observation is that the viscosity of the different mixtures increases with the poly(1-

decene) proportion (Figure III-5). 

 

A B. .
10 100 1000

0

2

4

6

8
V

is
c
o

s
it
y
 

 (
m

P
a

.s
)

Log [shear rate  (1/s)]  

 77 wt%

 61 wt%

 56 wt%

 46 wt%

200 400 600 800 1000
0

2

4

6

8

10 20 30 40 50 60 70
0.0

0.2

S
h

e
a

r 
s
tr

e
s
s
 

 (
P

a
)

Shear rate  (1/s)


 (

P
a

)

Shear rate (1/s)



CHAPTER III                                                       PROCESS TRANSFER FOR THE ELABORATION OF FILMS BY INKJET PRINTING 

214/334 
 

Figure III-6 compiles the physico-chemical properties of the different mixtures in terms of 

density, surface tension and dynamic viscosity calculated from the Bingham model (Equation 

III-4). The ejection ratio Z is also computed from these values (Equation III-2). 

 

Poly(1-decene) SP(F)M ρ 
Nozzle 

radius 

Surface 

tension 
Viscosity 

Ejection 

ratio Z 
wt% wt% kg/m3 m mN/m mPa.s - 

46 - 696 

1.8 × 10−5 

21 1.3 12 

56 - 718 21 2.1 8 

61 - 766 22 2.8 6 

77 - 794 25 7.6 3 
Figure III-6. Physico-chemical characteristics of ink media with different wt% proportion of poly(1-

decene) in hexane. 

 

Three media possess values between 1 and 10 and are hence compatible with the inkjet 

printing process following the previous requirements (II.1.2). The surface tension and viscosity 

are out of range for the majority of the mixtures (Figure III-3). The mixture with 61 wt% of 

poly(1-decene) is chosen for printing because it corresponds to a medium value of 6, the two 

others being close to the interval limits (3 for 77 wt% and 8 for 56 wt%). In addition, even if 

the viscosity is better and comprised between 5 and 20 mPa.s in the case of 77 wt% of poly(1-

decene), the interest is to introduce as little additive as possible in the dispersion to have less 

components to remove during thermal treatment of coatings (Figure III-1). 

 

The same approach is then applied to polybutene 2300, octanol and terpineol. 

 

II.2.2. Comparison between polymers and solvents-based formulations 

 

The viscosity of other polymer or solvent mixtures with hexane is investigated and 

compared as a function of the proportion of the additional chemical compound in Figure III-7. 
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Figure III-7. Evolution of the viscosity as a function of weight pourcent of proportion of different 

polymers or solvents in hexane. The blue box indicates the accepted values for compatibility with the 

printing device. 

 

The viscosity increases more or less rapidly in all cases with the weight percent of additional 

component. The more viscous the additional compound is, the faster the global viscosity 

increases. Indeed, the chemical compounds can be classified in the order of most to least 

efficient: polybutene 2300 (450 Pa.s at 25 °C [18]), poly(1-decene) (92 mPa.s), terpineol (64 

mPa.s) and octanol (9 mPa.s). All of the points are fitted with an exponential law corresponding 

to the dotted curves (Figure III-7). 

 

As previously mentioned in section II.1.2, the viscosity must be located between 5 and 20 

mPa.s to make the fluid suitable for inkjet printing. The interval of requested viscosity is 

represented by a blue box in Figure III-7. To attain this range, more than 35 wt% of polybutene 

2300, 70 wt% of poly(1-decene) and terpineol, and 90 wt% of octanol have to be added to 

hexane to formulate a mixture with a good jet-ability. In this way, the required amount of 

additives is significant. A compromise has to be found between a solution with a high amount 

of polymers more difficult to remove by thermal treatment, and an ink constituted of a mixture 

of solvents easier to dry after printing. Figure III-8 is a table of the boiling points of the different 

polymers and solvents employed. Octanol is the best candidate due to its faster drying. 

 

 Octanol Terpineol Polybutene 2300 Poly(1-decene) 

Boiling point (°C) 196 218 293– 341 > 316 
Figure III-8. Boiling points of different polymers or solvents used in the ink formulation. 

 

0 20 40 60 80 100
0

5

10

15

20

25

0 20 40 60 80 100
0

20

40

60

80

100

 polybutene 2300  terpineol  poly(1-decene)  octanol

V
is

c
o
s
it
y
 

 (
m

P
a
.s

)

wt%


 (

m
P

a
.s

)

wt%



CHAPTER III                                                       PROCESS TRANSFER FOR THE ELABORATION OF FILMS BY INKJET PRINTING 

216/334 
 

Figure III-9 compares the physico-chemical properties of polybutene 2300 in hexane and 

octanol in hexane mixtures. The ejection ratio Z is of 1 and 5 for polybutene 2300 and octanol, 

respectively. Therefore, despite its high viscosity comprised between 5 and 20 mPa.s, the 

polybutene 2300 in hexane formulation is defined by a weak ejection ratio Z at the boundary of 

the accepted interval. Its viscosity is too high in comparison with the surface tension and the 

jetting of the ink might necessitated high voltages. 

Moreover, besides its high boiling point, polybutene 2300 is a sticky polymer which induces 

cleaning and handling issues. This is a major problem considering the inkjet printing device in 

terms of cleaning of ink tank and tubes, as well as possible obstruction and irreversible damages 

of nozzles due to the polymer. The mixture of 61 wt% of poly-1-decene with hexane is hence 

chosen as the PF (polymer-based) formulation since the polybutene 2300 has many drawbacks. 

 

Polymer/ 

solvent 
Proportion ρ 

Nozzle 

radius 

Surface 

tension 
Viscosity 

Ejection 

ratio Z 
- wt% kg/m3 m mN/m mPa.s - 

Polybutene 2300 50 758 
1.8 × 10−5 

20 19.6 1 

octanol 80 769 23 3.5 5 
Figure III-9. Physico-chemical characteristics of ink media with 50 wt% of polybutene 2300 and 80 wt% 

of octanol in hexane. 

 

In addition, octanol is chosen for the formulation of a SF (solvent-based) ink due to its low 

boiling point. A balance between the addition of a low amount of octanol in hexane with a 

sufficient viscosity to enable a good jetting is found for a proportion of 80 wt% of octanol 

(Figure III-9), which is, in the following, referred to the SF (solvent-based) formulation. 

 

It will be interesting to confront printings with PF and SF formulations in order to analyze 

the interest of a media from another in terms of printing jet-ability and quality of coatings. 

 

II.2.3. Rheological behavior of PF and SF formulations with nanoparticles 

 

A tiny content of SP(F)M particles is introduced in the PF formulation with 61 wt% of 

poly(1-decene) as a first trial of particle stability in a different medium in comparison with 

hexane alone. The rheological behavior is not so different from the one without particles (Figure 

III-10) with a slope slightly less accentuated for the decrease of the viscosity at shear rates 

below 70 s-1, meaning the addition of particles renders the fluid Newtonian on a larger range of 

shear rate which suits better for an easier study of the ink jetting (II.1.2). The ink is stable for 

days. This low addition of particles does not change the surface tension either and the ejection 

ratios are similar (Figure III-11). 
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Figure III-10. Variation of the viscosity as a function of the shear rate for the PF medium without and 

with addition of SP(F)M particles in a logarithmic scale. 

 

Poly(1-decene) SP(F)M ρ 
Nozzle 

radius 

Surface 

tension 
Viscosity 

Ejection 

ratio 
wt% wt% kg/m3 m mN/m mPa.s - 

61 
- 766 

1.8 × 10−5 
22 2.8 6 

0.2 730 22 2.7 6 
Figure III-11. Physico-chemical characteristics of the PF medium without and with addition of SP(F)M 

particles. 

 

Figure III-12 shows the evolution of the viscosity versus the shear rate for SF formulations 

without and with the addition of 8 wt% of SP(F)M particles. The same rheological behavior as 

for poly(1-decene) in hexane mixtures is observed but with a lower threshold stress at 

approximatively 30 s-1, namely a shear-shinning behavior below 30 s-1 and a Newtonian one 

beyond this value. Contrary to poly(1-decene)-hexane mixtures the global trend of these 

dispersions is close to the one of a Newtonian fluid. 

Additionally, the introduction of particles converts the rheological properties of the SF 

medium into the one of an almost perfect Newtonian fluid. 

 

 
Figure III-12. Variation of the viscosity as a function of the shear rate for the SF medium without and 

with addition of 8 wt% of SP(F)M particles in a logarithmic scale. 
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The ejection ratio Z of SF formulations without and with the addition of 8 wt% of SP(F)M 

particles is of 5 in both cases (Figure III-13), which is excellent for inkjet printing. 

 

Octanol SP(F)M ρ 
Nozzle 

radius 

Surface 

tension 
Viscosity 

Ejection 

ratio 
wt% wt% kg/m3 m mN/m mPa.s - 

80 
- 769 

1.8 × 10−5 
23 3.5 5 

8 795 23 3.8 5 
Figure III-13. Physico-chemical characteristics of the SF medium without and with addition of 8 wt% of 

SP(F)M particles. 
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II.3. Conclusion 

 

The inkjet printing is an innovative and flexible additive technology enabling the 

elaboration of 2D or 3D frameworks by the ejection of droplets through piezoelectric nozzles. 

The device chosen for the inkjet printing is a Drop On Demand system from Ceradrop. 

 

Specifications in terms of physico-chemical properties of the inks have to be respected in 

order to formulate a suitable ink, with a good jet-ability and compatible with the printing 

device. The requirements are the following: 

 

• a viscosity between 5 and 20 mPa.s, 

• a surface tension between 30 and 35 mN/m, 

• a pH between 2 and 14 to advise against too acidic media which can damage the 

printing circuit, 

 

Viscosity, surface tension and pH are imposed by the type of the printhead and are 

indicated by the supplier. 

 

• the ejection ratio Z which is a dimensionless number predicted by the J.E. Fromm’s 

approach (1984) to quantify the jet-ability of an ink. This number is linked to the 

viscosity and surface tension of the fluid and must be comprised between 1 and 10. It 

is a predominant factor over the previous ones. Indeed, the ink can be out of the 

intervals defined for the viscosity and the surface tension if the ejection ratio Z is 

respected. 

• the size of the particles dispersed in the ink media is also important. An ideal ratio of 

50 has to be considered between the particle size and the nozzle aperture. Particle 

aggregation and sedimentation must be avoided by keeping a good stabilization of the 

particles in the ink medium to prevent the nozzle clogging. 

 

Two ink formulations derive from the previous ink prerequisites and are summarized in 

Figure III-14: 

 

• a polymer-based formulation: PF formulation with 60 wt% of poly(1-decene) in 

hexane. 

• a solvent-based formulation: SF formulation with 80 wt% of octanol in hexane. 

 

 Surface tension Viscosity Ejection ratio Z 

 mN/m mPa.s / 

Machine compatibility [30-35] [5-20] [1-10] 

PF formulation 22 2.7 6 

SF formulation 23 3.8 5 
Figure III-14. Physico-chemical characteristics of PF and SF formulations of ink with 0.2 and 8 wt% of 

SP(F)M particles. 

 

The SF formulation allows increasing the ink viscosity. Likewise, the boiling 

temperatures of poly(1-decene) and octanol are respectively of 316 and 196 °C. Thus, the 
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drying of coatings will be probably enhanced with octanol. A less invasive thermal treatment 

could be enough to remove solvent and surfactant from the coating with the use of octanol 

instead of poly(1-decene). The next part focuses on printings and compares the results with 

PF and SF formulations, highlighting the advantages and drawbacks of one formulation 

versus the other. 
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III. Printing 

 

Printings with PF and SF formulations are achieved. The first part details the working 

principle of the inkjet printer with the important parameters to control, and also the different 

steps from the ink ejection to the coating conception. 

 

III.1. The inkjet printer and printing parameters 

 

The aim is to develop a network of perfectly controlled patterns in size and shape with 

defined spacing to create magnetic networks. This kind of structure is exemplified in Figure 

III-15. A controlled network of permalloy disks with a 1 µm diameter has been obtained by an 

electron-beam lithography technique followed by a lift-off processing (Figure III-15.A). 

Similarly, the presence of vortex inside the permalloy disks under a magnetic field is 

demonstrated [19] (Figure III-15.B-C). Thanks to the inkjet printing, this two-step process can 

be converted into a single one to obtain this kind of patterned coatings on magnetic oxides. 

Figure III-15.D illustrates the ability of the inkjet printing to elaborate oxides network: silica 

dots have been printed on a silicon wafer with a Ceradrop printing device [20]. The working 

principle of this last technique is described in the next section (III.1.1). 

 

 
Figure III-15. Permalloy disks with a 500 nm radius on a scanning-electron micrograph (A), and magnetic 

force micrographs under a field of 0 (B) and 70 mT (C). From A. Vogel et al. [19]. SEM image of silica 

microdots on a silicon wafer obtained by inket printing (D). From O. De Los Cobos et al. [20]. 

 

III.1.1. Working principle 

 

The inkjet printing is an innovative process based on the elaboration of coatings by 

successive ejection of droplets through piezoelectric nozzles. 

 

One printhead is used as the films are constituted of a single material. For example, in the 

case of a composite material with several overlapped sheets, multiple printheads are required 

and can be switched easily to rapidly build the material layer after layer. In the study, the 

employed printhead possesses a plate of 256 nozzles with a diameter of 36 µm and a mean 

volume per droplet of 28 pL. The system of the printing device is schematized in Figure III-16. 
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Figure III-16. Principle scheme of working of inkjet printing [1]. 

 

The overall system is automatized: the position of the printhead and of the chuck, the 

printhead with the nozzles, the control of pressure and temperature inside the ink tank and 

through the nozzles which are fixed during the adjustment of the ejection parameters. The inkjet 

head is connected to a computer from which the position of nozzles is controlled and 

synchronized, as well as the droplet ejection. A system of droplet observation through a CCD 

camera combined to an emitting light source through a diode (LED) allows acquiring images 

of droplets delayed in time, and getting to distinguish the general pattern of the ejection of 

droplets. 

 

III.1.2. Operating protocol 

 

The printing occurs in the same manner through an operating protocol divided in three steps: 

 

• The first step is the formulation of a suitable ink from SP(F)M nanoparticles dispersed 

in hexane, compatible with the printing head in terms of viscosity and surface tension 

and displaying a good jet-ability through an ejection ratio comprised between 1 and 10 

as described in details in section II.2. 

 

• The second step consists on the control of the ejection of droplets through the 

piezoelectric nozzles. 

 

Indeed, a piezoelectric membrane is located on one wall of the ink tank (Figure III-17). An 

electrical pulse is applied to this piezoelectric nozzle through an adapted software connected to 

the device by a computer. The application of this pulse will generate a deformation of the 

piezoelectric membrane leading to a reduction of the volume of the tank. It induces the ejection 

of the ink through nozzles. Thereafter, the membrane returns to its original shape which creates 

a depression inside the chamber with a refilling of the tank with ink. The ejection through the 

piezoelectric nozzles is detailed in Figure III-17. 
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Figure III-17. Scheme of droplet ejection through a piezoelectric nozzle. From J-J. Eltgen [21]. 

 

The electrical pulse applied to the piezoelectric nozzles is characterized by a wave shape 

split in three stages with three distinct times (T1, T2 and T3) and a voltage amplitude |𝑈| (Figure 

III-18). The modification and control of these four parameters are essential in order to produce 

ideal and individual droplets stable over time [22]. The pulse is linked to the droplet properties 

and will thus condition its shape, volume, and speed [23]. It is possible to pilot the droplet 

characteristics through the pulse, so as to choose the appropriate conditions of jetting for 

printing. 

 

 
Figure III-18. Electrical pulse applied to piezoelectric nozzles. 

 

In order to determine and adjust the appropriate pulse, the jetting of droplets is observed 

with a strobe connected to a CCD camera (Figure III-16). All of the droplet path can be acquired 

from its expulsion at the nozzle exit to its contact with the substrate. The parameters to adjust 

and control the shape, volume and speed of droplets are the electrical pulse (Figure III-18) and 

the ejection frequency. From these observations, a window of nozzles adapted for printing can 

be selected among the 256 nozzles available on the printhead.  

 

At the nozzle exit, the ink goes through two phases before the droplet formation, shown in 

Figure III-19 with the PF formulation. At first, the ink is ejected in the shape of a liquid column 

at the nozzle exit. This filament elongates and becomes thinner over time (Figure III-19.A). At 

this stage, two configurations are possible: on the one hand, during the thinning, the filament 

does not break and stays continuous. It will then lead to the collapse of the filament in a second 

step to form a unique and ideal droplet (Figure III-19.B). 

 

On the other hand, the ink flow breaks at different locations of the filament, generating 

multiple drops after retraction of the filament. These drops are called satellite drops (Figure 

III-19.C) and are less stable than ideal ones. This kind of ejection induces defects in the printing 

shape due to the printing of lost drops at undesired areas on the substrate. 
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Figure III-19. Observation by a CCD camera of an ink filament in a columnar shape (A), generating 

perfect (B), or satellite (C) droplets (PF formulation). (Exposure time = 200 µs). 

 

Two ejection types will be compared during the printing study: a columnar and continuous 

jetting (Figure III-19.A) without forming separated droplets, and ideal droplets (Figure 

III-19.B).  

 

Two important issues have to be taken into account. The jetting of ink through nozzles is 

subjected to a destabilization phenomenon when printing during hours. The ejection has to be 

frequently controlled to verify its quality. Additionally, the ejection of droplets could generate 

a spreading of the ink on the nozzle plate. In this case, an ink film is formed on the nozzle plate 

and it will disturb the droplet ejection. Adapted electrical pulses, as well as ejection frequencies 

have to be selected to avoid this phenomenon. 

 

Therefore, the printings are performed with a limited range of nozzles namely a maximum 

of about ten nozzles in motion at the same time to keep a good control of the ejection. 

 

• The third step concerns the development of the design of patterns with the Ceraslice 

software: the “slicing” step. 

 

The Ceraslice software allows to draw the design of the printing area and thus to define its 

geometric parameters like the pattern shape, the dimensions and the spacing between patterns. 

Once the object to print is created, a fabrication file divided in rasters and layers is generated. 

It depicts and simulates the way the object will be printed, hence the “slicing” of the elaboration 

of the desired object. The patterns being filled with droplets, the filling method is selected at 

this stage. Different types of mesh exist: square, centered square and hexagonal meshes (Figure 

III-20). 

 

 
Figure III-20. Square (A), centered square (B) and hexagonal (C) mesh types. 

B CA
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The square mesh is chosen for the overall study. The droplets are thus similarly spaced in 

X and Y directions. The purpose is to favor a good overlapping of droplets in order to provide 

a good filling of patterns which improves the resolution and printing quality (Figure III-21). 

 

 
Figure III-21. Filling of a square pattern using a square mesh type with spaced (A), in contact (B) and 

overlapped (C) splats. 

 

The head moves in the X direction and the chuck along Y. For this purpose, an angle 

between the nozzle plate and the printing direction is required (Figure III-22). It is also called 

the “saber angle” [24]. Indeed, if the printing occurs at a 90 ° angle of the printhead with the 

direction of printing, the distance between one nozzle from another one (namely 254 µm) limits 

the spacing between the droplets. The nozzle plate needs to be tilted in order to reduce the 

spacing between droplets and thus enable the partial overlap of droplets. A perfect pattern will 

display no void in its filling. The more tilted the head is, the better the resolution is. 

 

 
Figure III-22. Inclination of the printhead to allow the overlopping of droplets. 

 

Some parameters are introduced in the fabrication file: the range of nozzles used for the 

printing, the diameter of a splat which is the name given to a droplet deposited on the substrate, 

the space between two splats or the overlapping, the layer thickness, and the number of layers. 

The determination of the splat size for the calculation involves a preliminary test of printing of 

single and spaced splats. 
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 Through these data, the software computes the printing parameters for an optimal 

fabrication, depicted in Figure III-23. Indeed, the distance between the centers of two 

consecutive splats along X axis (eFab) is estimated, as well as along Y axis (eShift). The drop 

spacing in X (eFab) is intimately linked to the printhead speed and the droplet ejection 

frequency. The fabrication velocity is deduced from an imposed frequency [22]. Moreover, 

eShift depends on the tilt angle θ of the printhead in order to match the nozzle position with the 

raster to print. A subdivision of eFab is also calculated and corresponds to the minimum 

distance between two consecutives droplets or in other words the printing resolution (eTrig) 

with a minimum value of 5 µm. (Figure III-23). 

 

 
Figure III-23. Top view of the configuration of the printing head during processing with a tilt angle [22]. 

 

After these steps, the fabrication can be launched. 

 

III.1.3.  Printing parameters 

 

The working process from the ejection of droplets to the elaboration of patterns with a high 

quality highlights different printing parameters which directly impact the printing quality: 

 

• the working distance between the printing head and the substrate which is taken between 

0.5 and 1 mm (0.5 mm in the study). 

• the ejection frequency which affects and imposes the displacement speed of the printing 

head. The frequency does not exceed 1kHz and it is preferably fixed at 200 or 500 Hz. 

• the mesh type namely the square one in this study, with the choice of the space between 

splats to optimize the pattern filling. 

• the printing strategy. Two strategies are possible: a free or trapeze mode. The printing 

strategy gives the printing order of the splats in the chosen mesh. 
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In the free mode, the splats are printed in an orderly way during the course of the printing 

head from the left to the right, line by line. During each printhead swath from the right to the 

left, the nozzle ejection is stopped and restarts when the head moves from the left to the right 

(Figure III-24.A). In the trapeze mode, the ejection is also only allowed during the movement 

of the printhead from the left to the right. The splats are printed one time in two and one line of 

every two (Figure III-24.B). In this last configuration, the filling of the entire mesh requires 

more printhead swaths. The interest of this method is to ensure a slower and gradual drying of 

the patterns. It could have an interest to improve the solvent drying and avoid constraint during 

thermal treatment after processing. The two strategies are tested. That ejection of droplets only 

allowed from a left to the right pass of the printhead is set by the user. 

 

 
Figure III-24. Printing strategies with the square mesh: free (A) and trapeze (B) modes.  

 

• the coating thickness through the number of layers. The stacking of layers is an 

alternative to the limitation of the particle concentration in the ink due to clogging issues 

of the printhead. The trapeze configuration will be interesting in this case to eliminate 

an accumulation of solvent between layers. 

 

Printing parameters play on the spacing between droplets and the time allowed for drying 

the droplets. Although coalescence of the droplets seems to be a good thing since it results in a 

continuous coating, it may affect the precision of the pattern (from square shape to round shape 

for example) by minimization of surface energy. That is why the drying time of a single droplet 

is also a critical parameter. 

 

The printings are realized onto glass slides for preliminary trials. Silicon wafers or pure 

alumina substrates as used with airbrushing will have to be adopted to permit the sample 

sintering at 770 °C (Chapter II) after processing (Figure III-1). 

 

III.2. Zn0.4Fe2.6O4 patterned coatings 

 

The elaboration of Zn0.4Fe2.6O4 patterned coatings follows the previous steps, detailed in 

section III.1.2. Only SP(F)M (diameter of 6.2 ±1 nm) particles are printed. The two ink 

formulations are compared through the overall process. In the first place, the jetting of droplets 

is assessed. 
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III.2.1. Effect of the ink formulation on the ejection 

 

The ejection of PF and SF inks through the piezoelectric nozzles is exhibited in Figure 

III-25. A similar voltage of 60 V is applied in both cases to compare the jetting in the same 

conditions. 

The presence of a layer of ink at the bottom of the nozzle plate is shown in the case of the 

PF formulation (Figure III-25.A). It leads to the formation of a meniscus during jetting. This 

massive phenomenon disturbs the jetting, as seen in Figure III-25.A with the formation of 

satellite droplets. Furthermore, it is applied to the full length of the plate and increases during 

printing over time. The change of the electrical pulse can slightly reduce the topping but it 

systematically comes back. 

This phenomenon has been observed by M. Mougenot [4] for the ejection of inks in a 

mixture of ethanol and water displaying a low surface tension of about 23 mN/m. In M. 

Mougenot’s work, the ink possesses a good affinity with the hydrophilic nature of the nozzle 

plate and completely wets its surface. Inks with a low surface tension are difficult to eject if 

they are poorly hydrophobic. That is why a small amount of a hydrophobic organosilane (TFTS: 

tridecafluoro-1,1,2,2-tetrahydrooctyltriethoxysilane) is added to the formulation to allow a 

better ejection and prevent the formation of an ink film at the bottom of the nozzle plate. In the 

present study, the mixture of poly(1-decene) and hexane as a medium for the ink is highly 

hydrophobic and the surface tension is of the same range of values as in M. Mougenot’s work 

(22 mN/m). According to her study, the PF formulation should not exhibit a topping of the 

nozzle as significant as seen in Figure III-25.A. A possible explanation is the low viscosity of 

the PF formulation in comparison with M. Mougenot’s one, which are of 2.7 and about 5 mPa.s 

respectively. 

  

Nevertheless, the topping is definitely diminished and barely noticeable with the SF 

formulation (Figure III-25.B) whereas the mixture of octanol with hexane is also highly 

hydrophobic. Perfect droplets are observed. For both inks (Figure III-14), the surface tensions 

are close (22 and 23 mN/m for PF and SF respectively) and are low which tends to induce a 

good wettability on the nozzle plate. However, the lower viscosity of PF formulation (2.7 versus 

3.8 mPa.s for SF) could favor the formation of an ink meniscus on the bottom of the nozzle 

plate. It is in agreement by comparison with M. Mougenot’s work [4]. The particle 

concentration being similar (around 0.2 wt%) in both cases, it could not be an explanation. 
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Figure III-25. Pictures of the ejection of droplets at 60 V with PF (A) and SF (B) formulations. The red 

line pinpoints the bottom of the nozzle plate. 

 

As a conclusion, the combination of a low surface tension and viscosity promotes the 

topping of the ink on the nozzle plate regardless of the hydrophilic or hydrophobic nature of 

the inks. The SF formulation is hence more adapted. 

 

III.2.2. Effect of the ink formulation on coatings 

 

After studying the effect of the ink on the droplet ejection through the piezoelectric nozzles, 

the effect of each ink on the elaboration of coatings is investigated. 

 

III.2.2.A. PF formulation 

 

Firstly, coatings are printed with the PF formulation. The ejection of droplets is often 

controlled to reduce the topping of the nozzle plate and to allow a correct ejection for printing. 

 

III.2.2.A.a. Splat 

As previously mentioned in the detailed printing protocol (section III.1.2), the size of a splat 

needs to be estimated with a first printing of spaced droplets. Reproducible splats with an 

approximate diameter of 120 µm are obtained with the PF ink (Figure III-26). 

 

 
Figure III-26. Example of printed splats with the PF formulation with 0.2 wt% of SP(F)M particles. 
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III.2.2.A.b. Patterns 

The previous diameter of splats is applied in the fabrication file for the printing of square 

patterns of 500 µm. Three different parameters are analyzed for improvement of the printing 

quality. 

 

At first, the influence of the type of droplet ejection is examined. Figure III-27 compares 

the printing of a square pattern with ideal droplets at 60 V in the A inset and with a columnar 

ejection at 90 V in the B inset. The columnar ejection is the jetting of thin column of fluid which 

starts to decompose into satellite drops under high voltage while the perfect droplets are unique 

and round drops ejected under lower voltage. The result is surprising. The square printed with 

perfect droplets comprises many voids in its structure (Figure III-27.A) whereas no hole is seen 

in the case of columnar droplets (Figure III-27.B). The quality of patterns is enhanced with the 

ejection of columnar droplets because there is no time for the jetting to destabilize under a 

higher voltage. 

 

 
Figure III-27. Square patterns printed with perfect (A) and columnar (B) droplets with the PF 

formulation (0.2 wt% particles). 

 

Indeed, the presence of holes in the pattern printed via an ejection of perfect droplets can be 

due to the destabilization of the jetting under lower voltage because of the topping of the plate. 

The ejection being slower, satellite droplets are generated and are destabilized which is 

detrimental for printing. The jetting is not vertical anymore. Some drops are printed at the 

wrong places and there is a lack of drops at certain positions, hence the voids in the square. 

Moreover, the edges of the pattern are not well drawn and the square length is a bit larger than 

expected (550 µm) due to the spreading of droplets on the substrate. The quality of printing of 

the borders of patterns has to be enhanced. Solutions to overcome these problems are discussed 

in the following paragraphs with two other parameters: the use of a priming zone, and a one in 

four nozzles strategy. 

 

Another phenomenon is identified during the printing. Figure III-28 shows a network of 49 

squares printed seven by seven with perfect droplets. Each raster is printed from the left to the 

right and line by line from bottom to top. The first patterns printed per line are of poor quality, 

the shape is not completely filled with inks for at least the first four squares. The quality of 

patterns is improved throughout the printing when the jetting is not interrupted during a long 

time. Indeed, all of the first patterns are missed because the ejection is stopped at the end of 

each line and also during the pass of the printhead from the right to the left to arrive at the 

beginning of the next line where the jetting will restart. To solve this issue, another factor can 

200 µm 200 µm

A B
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be introduced in the fabrication file: the use of a priming zone. A priming zone is an area on 

the substrate defined as a test area to launch the jetting in advance before the printing in the 

interest area. It allows to reach a permanent regime (independent of time) after a transition 

regime between the no-jetting steps. As a consequence, the quality of the obtained patterns is 

expected to be improved. 

 

 
Figure III-28. Evolution of the design of the squares printed at different locations of the substrate with the 

PF formulation (0.2 wt% of SP(F)M particles): at the beginning of a line (red box) and at the end of a line 

(blue box). 

 

As specified in section III.2.1, the PF formulation induces the topping of the nozzle plate. 

In this way, the ejection of droplets is perturbed. The jetting becomes difficult to pilot by the 

electrical pulse and the creation of many satellite droplets is recorded. The ejection of each 

nozzle is not vertical anymore and intertwines. A way to reduce this topping effect is to use 

only one in four nozzles for printings. It means that the distance between two selected nozzles 

is enlarged. As a consequence, the droplets ejected by one nozzle will have less chance to attain 

and disturb the jetting of another nozzle in the case of a destabilization of the ejection due to 

the topping. 

Figure III-29 illustrates the success of using such a method. The black box represents two 

squares printed at the beginning and at the end of one raster, representatives of the entire sample. 

The red box displays similar locations on the substrate but with the strategy of one in four 

nozzles. The statement is that the quality of patterns is enhanced from the beginning of the 

raster to the end with the one in every four nozzles strategy of printing. 
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Figure III-29. Enhancement of the printing quality by using only one in four nozzles (PF formulation with 

0.4 wt% of SP(F)M particles). 

 

At last, the three enounced parameters are employed at the same time to improve the printing 

of Swiss crosses (Figure III-30). A columnar ejection, the use of a priming zone, as well as the 

one in four nozzles strategy are combined. The pattern quality is enhanced with well-defined 

and regular borders without lost drops. The shapes are also better proportionate with uniform 

arms of the cross in terms of length and width. Nevertheless, a fringing effect is detected on the 

pattern edges due to ink accumulation on the borders. This effect could be diminished with the 

SF formulation. 
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Figure III-30. Enhancement of the printing quality of swiss cross patterns printed with the PF formulation 

(0.4 %wt particles). 

 

III.2.2.B. SF formulation 

 

The octanol-based formulation (SF) seems more adapted for printing because of the topping 

plate reduction (section III.2.1). After the elaboration of coatings with the PF ink, the SF 

formulation is tested in order to determine if this formulation is more suitable than the PF ink 

to improve the printing quality. 

 

III.2.2.B.a. Drying of splats 

In a first step, a network of individual and separated splats is printed (Figure III-31). The 

diameter of a splat is of approximatively 110 µm (Figure III-31.A). The SF formulation being 

constituted of a mixture of solvents with relatively low boiling points, namely octanol (196 °C) 

and hexane (68°C), the drying of droplets is observed with the naked eye after printing. 
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Figure III-31. Observation of the famous “Coffee-ring” effect during the drying of splats with the SF 

formulation with 0.2 wt% of SP(F)M particles. 

 

Several pictures are taken every few minutes highlighting the fast drying of droplets with 

the progressive disappearance of splats over time (Figure III-31.A-D). Figure III-31.E exhibits 

the presence of a ring of black spots on the outer of the splat at the end of the drying. This 

wreath is in fact constituted of nanoparticles which migrate from the inner to the outer of the 

drop during drying. This phenomenon is known as the “Coffee-ring” or halo effect. P. J. Yunker 

et al. describe the drying of droplets of polystyrene in water with the evidence of the “Coffee-

ring” effect for nanoparticles with a spherical shape in the A-inset whereas an homogenous 

drying is exhibited in the case of ellipsoidal particles in the B-inset (Figure III-32). This 

phenomenon is also observed in non-volatile solvents mixed with a volatile one [25]. 
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Figure III-32. « Coffee-ring effect » observed in the case of deposition of spherical particles of polystyrene 

in water (A) and not with ellipsoidal ones (B). From P. J. Yunker et al. [26]. 

 

During its drying, the contact angle of the droplet with the substrate diminishes. Different 

convective fluxes can intervene inside the drop and govern the displacement of matter. In this 

case, the drying of the splat after jetting relies on the capillary flows inside the droplet. Indeed, 

during drying, the evaporation of solvents is not homogeneous between the surface and the 

edges of the drop. It is intensified at the edges in comparison with the center of the drop. As a 

consequence, a drying gradient is created with the rapid removal of solvents on the edges and 

low at the center. To compensate this effect, a flux is initiated from the inner to the outer of the 

drop (Figure III-33.A). This phenomenon is what causes the “Coffee-ring” effect. 

 

 
Figure III-33. Scheme of the effect of capillary flux (A) and Marangoni flux (B) on the drying of a droplet 

on a substrate.  

 

Marangoni fluxes can be generated inside the drop to reduce or prevent the Coffee-ring 

effect (Figure III-33.B) by heating the substrate [25] [27]. A surface tension gradient inside the 

drop will be generated by accelerating the evaporation of the droplet. Indeed, the liquid-air 

interface is cooler than the inside of the droplet due to the evaporation process. The flow will 

hence move from the warmer area to the cooler one due to its higher surface tension, which 

could completely balance the capillary flux and prevent the particles from being expelled to the 

droplet edges. The heating module of the chuck on which the substrate is put can be used for 

this purpose. From a certain temperature, the Marangoni fluxes equalize or overcome the 

capillary one, and the combination of both allows a homogeneous drying [28] [29]. 

 

In this study, the mixture of two miscible solvents with one evaporating faster than the other 

(hexane versus octanol) accentuates the “Coffee-ring” effect due to a gradient of drying inside 

the deposited layer. The binary phase diagram of the hexane/octanol mixture in Figure III-34 

gives a low boiling point for the mixture (80 wt% of octanol with 20 wt% of hexane) at 94 °C, 

which explains the fast drying of droplets. A solution to slow down the drying could be to 

increase the boiling point of the mixture by elaborating a ternary system with the addition of a 

high molecular weight solvent with a higher boiling point [8]. 
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Figure III-34. Binary phase diagram of an hexane in octanol mixture. From [30]. 

 

In addition, the fast drying of solvents happens not only in the case of splats meaning with 

a small amount of solvents but also at the larger scale of patterns (Figure III-35). In this context, 

a particular attention must be paid to the drying of patterns once filled with an ink more 

concentrated in particles, the objective still being to develop dense patterns. 

 

 
Figure III-35. Drying of a square pattern from A to B printed with the SF Formulation 2 without 

particles. 

 

III.2.2.B.b. Patterns 

Square patterns of 500 µm are printed, such as in the study of the PF formulation. First 

printings are tested with an ideal ejection of unique and separated droplet. Three pictures of 

square patterns taken at different locations of a network of 49 patterns are shown in Figure 

III-36. The patterns are collectively all poorly filled. As a result, the significant decrease of the 

topping of the nozzle plate with the SF formulation does not enhance the printing quality with 

the ejection of perfect droplets. Nonetheless, the square dimensions are well respected. A length 

of approximatively 470 µm is illustrated in Figure III-36 against 550 µm for the PF ink. The 

spreading of droplets is attenuated with the SF formulation. 
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Figure III-36. Tests of printing of square patterns with the SF formulation (0.2 wt% of SP(F)M particles). 

 

The parameters responsible of an enhancement of the quality of printings in the case of the 

PF ink are reused with the SF one. Figure III-37.A is the result of the printing with the 

association of a columnar ejection with a priming zone, the one in four nozzles strategy being 

unnecessary due to the stable ejection of the SF ink through the nozzles. The columnar ejection 

is defined as the separation of the fluid columns into two separated, vertical and stable droplets 

which are less likely to be destabilized because of the reduction of the topping of the nozzle 

plate. The obtained patterns are not homogeneous in shape (Figure III-37.A). Indeed, oblongs 

instead of squares are printed, revealing a problem in the balance of the dimensions of the 

expected squares. Moreover, even round shapes are produced because for a same volume and 

at a given thickness the area of a disc is lower than the one of a square, thus minimizing the 

surface energy. 

 

 
Figure III-37. Improvement of the square shape from A to B by changing the mesh filling in Ceraslice (SF 

formulation with 0.2 wt% of SP(F)M particles). 

 

Another printing strategy is applied in order to rebalance the dimensions of the shape to 

obtain squares. Additional drops are manually added in the printing simulator of the software. 

As the difference of proportions is noticed on the length along X axis, two vertical lines of 

splats are added in the mesh of patterns on the right edge to balance the square dimensions 

(Figure III-38). The shape of patterns is considerably improved. They all possess the shape of 

a square. However, the patterns are not perfectly homogeneous and reproducible and the shape 

could still be improved. 
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 Figure III-38. Addition of drops in the mesh filling of patterns in the simulator in Ceraslice. 

 

If a network of perfect and similar squares is difficult to attain, it is easier to print a network 

of uniform circular patterns (Figure III-39). 

 

 
Figure III-39. Network of spherical patterns printed with the SF formulation with 0.2 wt% of SP(F)M 

particles. 

 

III.2.2.C. Conclusion 

 

In conclusion, Figure III-40 compares one square pattern printed with the PF (Figure 

III-40.A) and SF (Figure III-40.B) inks with the best printing parameters, namely a 

columnar ejection, a priming zone and also a one in four nozzles strategy in the case of the 

PF formulation to reduce the topping effect on the nozzle plate. Additional drops are added 

manually in the mesh in the case of coatings printed with the SF ink. In both cases, the 

patterns are completely filled and possess the shape of a square. In terms of printing quality, 

the PF ink displays the best results with the more regular and straighter borders for patterns. 

However, regarding the aspect of drying, SF formulation is more adapted due to the faster 

drying of coatings.  
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Figure III-40. Comparison of square patterns deposited with the PF (A) and SF (B) formulation with less 

than 1 wt% of SP(F)M particles. 

 

As previously investigated in the chapter II, the issues of drying are of paramount 

importance, that is why the SF formulation is retained. Nonetheless, the pattern aspect has 

to be improved to at least achieve the quality of coatings printed with the PF formulation. 

 

III.2.3. Printing with 8 wt% of SP(F)M particles 

 

With a view of comparing the inkjet printing process with airbrushing, a SF formulation of 

ink with 8 wt% of SP(F)M particles is ejected and printed on glass slides (Figure III-41). The 

ejection of perfect droplets enables the elaboration of squares with a surface of 1 cm2. The 

diameter of a splat is of 115 µm in the same range of size as those printed with a solution less 

concentrated (Figure III-31, section III.2.2.B.a).  In these experiments, the trapeze mode 

(section III.1.2) is tried to ease the evaporation of solvents and the drying of patterns. 

Implementing this parameter in the fabrication file is even more needed since the number of 

layers is varied in order to increase the pattern thickness and density. One layer is defined as 

one complete filling of pattern by the printhead. The splat overlapping is fixed between 15 and 

20 µm. 

 

 
Figure III-41. Printing of square patterns (1x1 cm2) with SF formaltion (8 wt% SP(F)M particles) as a 

function of the number of layer et the splat overlapping. 

 

The obtained squares display perfect shapes until 5 layers. The quality of printing is 

improved due to the change of scale. The results are promising. These conditions of elaboration 

provide a basis for the printing of smaller patterns of about 500 µm. Beyond 5 layers, the 

accumulation of ink is such that the ink spreads out of the design. A solution to avoid this 
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phenomenon could be to stop the printing during a certain amount of time between each layer 

in order to enable the drying of the layer, and only print on a dried layer. 

However, the problem of post thermal treatment to remove the organics and densify the 

patterns will be encountered as for the airbrushing process. The same type of problem has been 

encountered in the sintering of inkjet printed yttria stabilized zirconia [31]. A solution could be 

to choose a substrate that will have the same shrinkage than the ink. In a close approach [32], 

an Ag ink is deposited before a ferrite ink and during sintering its shrinkage allows to minimize 

the cracking in the ferrite film since it detaches from the substrate because of its low adherence 

to it. 

  

Another technique of densification should be used to prevent coatings from cracking like 

the laser sintering for example (Chapter II). 
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III.3. Conclusion 

 

The airbrushing process detailed in chapter II has been transferred to the inkjet printing. 

The dispersion of SP(F)M particles in hexane has been adapted to the new process by 

formulating a compatible ink. The overall process is summarized in Figure III-42. The 

printer is a Drop On Demand system from Ceradrop. 

 

 
Figure III-42. Different steps of development of network of patterns through the inkjet printing process. 

 

The protocol is divided in four steps: 

 

• The formulation of a suitable ink from SP(F)M nanoparticles (diameter of 6.2 ±1 nm) 

dispersed in hexane, compatible with the printing head regarding its viscosity and 

surface tension. The jet-ability of the ink is determined through a dimensionless 

ejection ratio comprised between 1 and 10. 
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• The control of the ejection of droplets through the piezoelectric nozzles. The shape, 

volume and speed of droplets are directly linked to the electrical pulse and the ejection 

frequency. Two ejection types are encountered: the ejection of perfect, single and 

stable droplets over time, or the ejection of columns. A columnar ejection induces the 

formation of satellite droplets which can disturb the printing. 

 

• The printing of splats which allows estimating the diameter of a droplet printed on 

the substrate. The size of a splat in required in the next step to manage the filling of 

patterns. 

 

• The creation of the fabrication file for the pattern design with a software dedicated to 

the machine. The printing area is drawn and sliced in rasters and layers. Patterns are 

defined with their geometric parameters, and the method of filling through a meshing. 

The overlapping of droplets is also computed in order to provide a good filling of 

patterns and printing quality. 

 

Zn0.4Fe2.6O4 patterned coatings of approximately 500 µm of length have been elaborated. 

Two ink formulations have been retained and compared through the previous steps. The 

formulations have been poorly concentrated (between 0.2 and 0.4 wt%) in particles at the 

beginning to avoid the printhead clogging and to control the process. Figure III-43 

highlights the advantages and drawbacks of each formulation at each step of the process.  
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Figure III-43. Printing of patterns with PF and SF formulations of ink. 

 

The polymer-based medium (PF formulation) leads to the elaboration of networks of 

square patterns with a good printing quality. A major drawback of this formulation is the 

topping of the nozzle plate which makes the ejection difficult to control. It could be reduced 

by increasing the surface tension and the viscosity of the ink. Furthermore, this formulation 
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is constituted of a large amount of polymer with a high boiling point which requires the 

optimization of a thermal treatment at elevated temperature (Chapter II). 

  

Due to these two main issues, the solvent-based medium (SF formulation) has been 

selected for further study. Even if the quality of printing is lower, this formulation has the 

advantage of a fast drying after printing and a better control of its ejection. In addition, a 

“Coffee-ring” effect of patterns is observed during drying. This phenomenon could be 

avoided or reduced by heating the substrate. 

The pattern quality obtained with the SF ink have been improved with the printing of 

squares of 1 cm2. The particle concentration have been increased to 8 wt% in order to 

compare the patterns with the ones sprayed by airbrushing (Chapter II). Different parameters 

have been employed: the ejection of perfect droplets, and the trapeze mode of printing to ease 

the evaporation of solvent during drying inside and between layers. The obtained squares 

display perfect shapes until 5 layers. These conditions of elaboration provide a basis for the 

printing of patterns of about 500 µm with an enhanced quality. 

 

This study demonstrates the feasibility of the inkjet printing process for the elaboration 

of patterns with controlled dimensions. The quality of printing of tiny squares of 500 µm 

could be improved by further investigation with the SF ink which is a promising candidate 

to ease the coating drying. Airbrushing and inkjet printing are compared in Figure III-44. 

 

AIRBRUSHING INKJET PRINTING 
Advantages Drawbacks Advantages Drawbacks 

• No further liquid 

formulation 

• Easy elaboration 

• Two steps 

(airbrushing 

+ laser etching) 

• Manual 

• A single step  

(coating + patterns) 

• Automatized 

• Module of laser 

sintering 

• Ink formulation 

• Process handling 

• “Coffee-ring” effect 

Figure III-44. Comparison between airbrushing and inkjet printing. 

 

In general, the inkjet printing seems more adapted to the final application due to the 

possibility to realize the patterned coatings in a single step and in an automatized manner. 

However, an important disadvantage of the method is the formulation of an ink compatible 

with the machine. Indeed, it requires the addition of chemical components which have to be 

removed after printing because they reduce the magnetic properties of coatings. Moreover, 

the process is limited by the same problem of post thermal treatment required for the coatings 

elaborated by airbrushing and which cracks the films (Chapter II). A debinding and a 

sintering steps are necessary to remove the organics from coatings and densify the patterns. 

 

Ideas to overcome this issue are: 

 

• a laser sintering of coatings after printing. This solution could be studied with the 

Ceradrop device because there is the possibility to install a module of post-printing 

treatment in the machine like an IR drying module, according to the need. 

• a study of more adapted substrate or of an intermediate layer. 

• the elaboration of a network of patterns from an hydrophobic negative template 

printed by injet printing which will be then introduced in a microwave oven filled with 

a precursor solution. It will cause the formation of an adhesive layer from hydrophilic 



CHAPTER III                                                       PROCESS TRANSFER FOR THE ELABORATION OF FILMS BY INKJET PRINTING 

244/334 
 

precursors only in the holes of the grid due to the different affinity of the precursors. 

The microwave synthesis could be inspired from [33] [34] 

• the transfer of a heating spin coating process starting from a stable solution of 

precursors developed in [33] [34] to the inkjet printing, with a moderate temperature 

of 80°C. 

 

The next chapter (Chapter IV) will deal with the magnetic properties of the material at 

the nanoparticle and coating scales. The films obtained by airbrushing will be only discussed. 
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Chapter IV.  Magnetic 

characterizations at different scales 

I. Introduction 

 

The present chapter focuses on the study of the magnetic properties of the elaborated 

material at the nanoparticle and coating scales (Figure IV-1). 

 

 
Figure IV-1. Scheme of the overall process from the nanoparticle synthesis to the elaboration of coatings 

through airbrushing and inkjet printing. 

 

Static and dynamic magnetic characterizations are performed: the static ones to study the 

magnetic behavior and determine the saturation magnetization MS which depends on 

composition and microstructure, and the dynamic ones which depend on the static one and some 

features of the mesoscopic scale in order to examine the permittivity and permeability of the 

samples as a function of the frequency. The objectives are to compare the magnetic properties 

of SP(F)M and FM nanoparticles and coatings, to establish the link between the microstructure 
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and the magnetic properties at the nanoparticle and coating scales, to determine if the magnetic 

properties of continuous FM coatings elaborated by airbrushing are suitable to evidence a 

magnetic multi-band behavior if patterned, and thus to conclude about the choice of the overall 

processing method summarized in Figure IV-1. 

 

II. Static magnetic characterizations 

II.1. Experimental techniques 

 

The static magnetic properties are analyzed using a vibrating sample magnetometer (VSM) 

(Microsense, model EZ7) at room temperature and also a VSM-SQUID magnetometer 

(Quantum Design, MPMS) for in-temperature measurements and for evidencing the 

superparamagnetic state. 

 

With these kind of measurement techniques, curves representing the evolution of the 

magnetization M of a material as a function of the intensity of an applied field H are obtained. 

Figure IV-2 shows the curve trend in the case of a ferromagnetic material. 

 

 
Figure IV-2. Scheme of a magnetization curve with an hysteresis cycle (dashed line) and curve of first 

magnetization (continuous line). From M. Schott [1]. 

 

As previously mentioned in chapter I, without the application of an external field, the 

material is arranged in domains with magnetic moments oriented in different directions to 

minimize the system energy. The mean magnetization in this system is then equal to zero. The 

material is in the demagnetized state. 

Under the application of a magnetic field H, the magnetic moments of each domain will 

align in the direction of the applied magnetic field H. The magnetization M of the material 

increases as a function of the applied field H, following the continuous line in Figure IV-2 

which corresponds to the curve of first magnetization. Domains with the same magnetization 

direction expand and grow, giving eventually rise to a single domain structure with magnetic 

moments oriented in the direction of the applied field H. This phenomenon leads to the 

displacement of Bloch walls at the macroscopic scale, which reflects in reality the reversal of 
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the magnetic moments at the interfaces between several domains (Chapter I). The single domain 

structure is obtained from a high value of applied field H, from which the magnetization does 

not evolve anymore and saturates. The maximum value of magnetization MS is called the 

saturation magnetization (Figure IV-2). 

 

When the applied field H decreases to zero, the material is progressively split in different 

magnetic domains again. The displacement of domain walls being an irreversible process, the 

magnetization deviates from the curve of first magnetization (Figure IV-2). The magnetization 

M does not come back to zero at zero applied field and the material possesses a remanent 

magnetization MR, which causes a spontaneous magnetization in the material without 

application of an external magnetic field. The corresponding field required to cancel the 

magnetization of a material, previously magnetized, is called the coercive field HC. 

 

The magnetization responses are different for ascending or descending values of applied 

field H depending on the movement of the Bloch walls inside the material, which leads to the 

formation of an hysteresis cycle (Figure IV-2). 

 

The shape of the hysteresis cycle depends on the type of the magnetic material, and the 

sample geometry [2]. Moreover, the area of the hysteresis cycle corresponds to the energy 

expended by the material in order to orient its magnetic moments inside domains with 

displacement of Bloch walls. 

 

As a conclusion, the magnetic response of a material to an external field is defined by a 

couple of characteristic variables: the saturation magnetization MS, the remanent magnetization 

MR, and the coercive field HC. 

 

II.2. Static magnetic properties of nanoparticles 

 

The static magnetic properties of FM and SP(F)M particles are studied through VSM and 

VSM-SQUID measurements. 

 

II.2.1. FM and SP(F)M particles 

 

As detailed in chapter II, the particles are surrounded by a significant amount of organics 

after being synthesized, namely the oleate groups coming from OA. The organics being 

responsible of a reduction of the magnetization levels, the organic proportion has been 

subtracted from the weight of particles used for the magnetization measurement. The organic 

percentage is of 6 wt% for FM particles and 24 wt% for SP(F)M particles. Figure IV-3 provides 

the resulting magnetization curves of FM and SP(F)M nanoparticles. 

 

Firstly, for both ranges of size, the cycles are very narrow due to the weak coercive fields 

HC of the material, which is in agreement with the soft magnetic behavior determined for the 

Zn0.4Fe2.6O4 composition [3] (Chapter I). 
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The shape of the hysteresis cycles is different depending on the particle size. The 

magnetization signal of FM particles saturates at 18 kOe (18×103/(4π) kA/m) with a value of 

80.6 emu/g (A.m2/kg) for the saturation magnetization MS (Figure IV-3). However, this value 

is lower than the one of the Zn0.4Fe2.6O4 thin film which is about 98.8 emu/g (A.m2/kg) [3]. This 

difference can be explained by several reasons. At first, the presence of an amount of Zn2+ 

substituted maghemite at the particle surface due to partial oxidation can reduce the saturation 

magnetization MS (Chapter I) because of the smaller value of MS for the maghemite bulk (74 

emu/g or A.m2/kg [4] [5]). It has been previously observed by S. Begin-Colin’s group [6]. The 

magnetization decrease can also be attributed to an inversion degree in the spinel structure [7]. 

This alternative will be further detailed in section II.2.3. At last, it can be caused by the spin-

canting effect at the nanoparticle surface [8] [9]. Indeed, the surface effects are predominant in 

structures in the nanometric range due to the increase of the surface to volume ratio of the 

particle. The spin-canting effect can be described as a disordered magnetic layer at the particle 

surface, comparable to the behavior of a spin-glass [10]. This disordered surface is due to 

different directions of the surface ions spins in comparison with the volume [11] and can be 

caused by symmetry breakings, cationic vacancy disorders or crystallinity problems [9]. The 

SP(F)M particles should be more affected by spin-canting effect than FM ones due to the 

smaller particle size. 

 

 
Figure IV-3. Measured magnetization curves of FM and SP(F)M particles. Mass magnetization versus the 

applied field. 

 

On the contrary, in the case of SP(F)M particles, the magnetization curve does not saturate 

(Figure IV-3). Indeed, when the particle size is below 20 nm [12] (Chapter I), the magnetization 

curve may exhibit, if anisotropy is low enough, a superparamagnetic behavior at room 

temperature, characterized by a non-saturating signal under high magnetic field. At zero applied 

field, for a set of nanoparticles, the magnetization direction of each nanoparticle fluctuates over 

time and results in a zero global magnetization for a measured time above the reversal time of 

the spins [13]. When a magnetic field H is applied and increases, a simple model based on the 

Langevin function can be used to fit the magnetization curve, as follows: 
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〈𝑀〉 =  𝑀𝑆𝐿 (
µ0𝑀𝑆𝐻𝑉

𝑘𝐵𝑇
) IV-1 

 

where <M> is the average theoretical magnetization, L the Langevin function, MS the saturation 

magnetization, µ0 the permeability of free space, H the applied magnetic field, V the particle 

volume, kB the Boltzmann constant, and T the temperature [14]. 

 

This procedure is well exemplified on SP(F)M particles. Figure IV-4 shows the measured 

and fitted hysteresis loop for the magnetization of particles including the organic shell at the 

particle surface (Figure IV-4.A), which reduces the magnetization, and without organics (Figure 

IV-4.B), at room temperature. Equation IV-1 allows recovering the intrinsic saturation 

magnetizations and apparent diameters of 5.4 and 5 nm for particles with and without organics, 

respectively. 

 

The obtained diameters are consistent with the one estimated through TEM images of 6.2 ± 

1 nm. Furthermore, the diameter of 5 nm for the particle without the organic shell is close to 

the crystallite size of 4.5 nm computed from XRD patterns (Chapter I). Thus, there is a good 

agreement between microstructural and magnetic properties. 

The fit of the magnetization curve of SP(F)M particles surrounded by an organic layer will 

be useful for the dynamic magnetic characterizations (part 0). 

 

 
Figure IV-4. Measured and fitted magnetization curves of SP(F)M particles with (A) and without (B) 

organics. Mass magnetization M versus the applied field H. 

 

The room temperature intrinsic saturation magnetization (85.6 emu/g or A.m2/kg, Figure 

IV-4.B) from the model is in good agreement with the one determined at 2 K with a VSM-

SQUID (85 emu/g or A.m2/kg, Figure IV-5). The Langevin function is not used at 2 K because 

the nanoparticles are not superparamagnetic anymore at this temperature (Figure IV-5).  The 

saturation magnetization MS of SP(F)M particles (85.6 emu/g or A.m2/kg) is close to the one of 

FM particles (80.6 emu/g or A.m2/kg), and even larger. 
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Figure IV-5. Hysteresis loop at 2 K of SP(F)M particles. Mass magnetization M versus the applied field H. 

 

Moreover, the superparamagnetic state for SP(F)M particles is also exhibited by the zero-

field cooling/field cooling (ZFC/FC) curve measured with a VSM-SQUID magnetometer as 

displayed in (Figure IV-6.B). 

 

 
Figure IV-6. ZFC/FC measurements for FM (A) and SP(F)M (B) particles. 

 

The nanoparticles are firstly cooled from room temperature to 2 K at zero field. They are 

then subjected to a moderate applied field of 500 Oe (500×103/(4π) A/m) and the magnetization 

is measured during the increase of temperature up to 300 K (ZFC curve). The same process is 

done by decreasing the temperature to 2K (FC curve) under the same field. It is observed that 

SP(F)M particles change from the blocked state to the superparamagnetic one at 

approximatively 33 K (blocking temperature TB), determined from the maximum of the ZFC 

curve (Figure IV-6.B). Moreover, the FC curve is not constant below TB, which means that 

dipolar interactions can be neglected in this case [15]. An estimate of the effective anisotropy 

constant K of nanoparticles can be determined from the ZFC curve. In an uniaxial 

approximation, the effective anisotropy constant reads [16]: 
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𝐾 = 𝐿𝑛 (
𝜏𝑚
𝜏0
) (
𝑘𝐵𝑇𝐵
𝑉

) IV-2 

 

where τm is the measuring time (τm = 2s in our case) and τ0 ~1×10-9 s (case of MnFe2O4 

nanoparticles) [17]. This leads to K ~ 1.2×105 J/m3 at TB =33 K for nanoparticles with a 5.4 nm 

diameter. 

 

For the same composition but with FM particles, the superparamagnetic state is clearly not 

exhibited at room temperature, as seen on the ZFC/FC curve (Figure IV-6.A). 

 

II.2.2. Comparison with the literature 

 

The saturation magnetizations MS of FM and SP(F)M particles measured at room 

temperature with a VSM are compared to some values found in the literature with nanoparticles 

of close chemical compositions (Figure IV-7). 

 

 
Theoretical 

composition 

Experimental 

composition 
Size MS 

 - - nm emu/g 

[18] - Fe3O4 20 81 

SP(F)M 
Zn0.4Fe2.6O4 

Zn0.38Fe2.62O4 6.2 ± 1 85.6 

FM Zn0.31Fe2.69O4 22.4 ± 11 80.6 

[19] 

- 

Zn0.387Fe2.613O4 

13.4 30 

26.5 56 

102.2 107.2 

[20] Zn0.27Fe2.73O4 10.2 ± 0.7 55 ± 3 

[21] Zn0.4Fe2.6O4 15 161 

[22] Zn0.4Fe2.6O4 19.1 ± 1 125.7 
Figure IV-7. Saturation magnetizations MS of zinc iron oxide nanoparticles with a composition close to the 

one of FM and SP(F)M particles. 

 

On the one hand, the magnetic properties of FM and SP(F)M particles are compared to 

Fe3O4 particles with a diameter of 20 nm synthesized from the same synthesis [18]. The 

saturation magnetization MS of Fe3O4 particles is close to the FM ones with the same particle 

diameters. The influence of zinc in FM particles (22.4 ± 11 nm) is studied through VSM-SQUID 

measurements (Figure IV-8). The saturation magnetization MS increases with increasing Zn 

amount, at least until a Zn molar quantity of 0.4.  The same trend has been observed in the 

literature for nanoparticles until 0.5 [19] and in the case of films [3]. Moreover, the saturation 

magnetization MS of FM particles (Zn0.4Fe2.6O4) is slightly higher than the one reported in 

Figure IV-7 through VSM analysis. The value of saturation magnetization MS measured with 

VSM-SQUID at 70 kOe (70×103/(4π) kA/m) (89.1 emu/g or A.m2/kg) is larger than the one 

deduced from VSM measurements up to 18 kOe (18×103/(4π) kA/m) (80.6 emu/g or A.m2/kg) 

and also from VSM-SQUID at 17.5 kOe (17.5×103/(4π) kA/m) (86.5 emu/g or A.m2/kg) 

because the “saturation magnetization” is not really taken at the saturation. The magnetization 
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still increases with field because of the decrease of the canting angle of the canted spins (in 

volume due to non-magnetic substitution or in surface). 

 
Figure IV-8. Hysteresis loop at 300 K of FM particles with different compositions: Zn0.2Fe2.8O4 and 

Zn0.4Fe2.6O4 measured with a VSM-SQUID magnetometer. Mass magnetization M versus the applied field 

H. 

 

On the other hand, nanoparticles with a composition close to Zn0.4Fe2.6O4 elaborated through 

similar synthesis of thermal decomposition display values of saturation magnetization MS 

between 30 and 161 emu/g (A.m2/kg) [18] [19] [20] [21]. This large gap can be caused by the 

reasons previously exposed, namely problems of phase purity, cationic redistribution in the sub-

lattices of the spinel, and spin-canting effect. Indeed, the differences of magnetization have 

been explained by the increase of the spin disorder as the particle size decreases [19] or even 

by a gradient of doping inside the particle when the size decreases [20]. 

 

Nevertheless, another consideration has to be taken into account: the influence of the 

synthesis route on the microstructure of the particles. Some synthesis parameters have an effect 

on the magnetic properties of particles with the choice of precursors, surfactants, and even the 

nanoparticle cleanings because the magnetization can be reduced by the presence of an organic 

layer at the particle surface. For example, it has been exemplified by F. Perton [20], who has 

demonstrated that a higher magnetization than the one summarized in Figure IV-7 is obtained 

by using a zinc octanoate in squalane instead of a zinc acetate dehydrate in octadecene as a 

precursor (17 ± 2 nm, 85 ± 3 emu/g or A.m2/kg). Indeed, some reactants or mixtures can favor 

the presence of impurities, problem of crystallinity, cationic redistribution in the structure, or 

even the shape of the nano-object, which will cause modifications of the saturation 

magnetization MS. Thus, as the synthesis parameters directly influence the microstructure of 

particles, they have a direct impact on the magnetic properties of the final product. 

 

The next part will focus on the influence of the cationic distribution in the spinel sites on 

the magnetic properties of particles. 
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II.2.3. Effect of the inversion degree in the spinel structure  

 

Spherical ZnFe2O4 particles with diameters between 5 and 7 nm (Figure IV-9) are 

synthesized by microwave assisted thermal decomposition, the same route as for SP(F)M 

particles but with different ratios of precursors and surfactants (Figure IV-10). 

 

 
Figure IV-9. TEM pictures of ZnFe2O4 spherical particles with diameters comprised between 5 and 7 nm. 

 

Molar ratios 
𝒁𝒏

𝑭𝒆
 

𝑶𝑨𝒎
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𝑶𝑨𝒎
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𝑶𝑨

𝑭𝒆
 

SP(F)M 0.15 4 19 24 6 

ZnFe2O4 0.5 2 6 30 13 
Figure IV-10. Chemical proportions between reactants for the synthesis of SP(F)M and ZnFe2O4 particles. 

 

Figure IV-11 represents the corresponding magnetization curve of ZnFe2O4 particles, fitted 

by using the Langevin function (Equation IV-1) due to the superparamagnetic behavior of 

particles. The chemical ratios of reactants being different than for SP(F)M synthesis, the organic 

amount forming a layer at the particle surrounding is unknown and thus not subtracted from the 

experimental data. The magnetization is hence slightly reduced due to the presence of an 

organic layer around particles.  

The bulk ZnFe2O4 composition is antiferromagnetic at the Néel temperature (10 K) with all 

the diamagnetic Zn2+ ions at the tetrahedral sites and Fe3+ ions at the octahedral ones, which 

means the material is paramagnetic at room temperature [23] [24]. However,  ZnFe2O4 

nanoparticles show a superparamagnetic behavior once submitted to a magnetic field (Figure 

IV-11) with an estimated magnetization saturation of 40.1 emu/g (A.m2/kg). This magnetization 

can be attributed to a cationic rearrangement of Zn2+ and Fe3+ between the tetrahedral and 

octahedral sites (Figure IV-12). This phenomenon has been previously encountered [23]. The 

amount of Zn2+ ions at the octahedral site is called the degree of inversion δ. 

 

20 nm
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Figure IV-11. Measured and fitted magnetization curves of ZnFe2O4 particles with diameters comprised 

between 5 and 7 nm. Mass magnetization M versus the applied field H. 

 

 
Figure IV-12. Cation distribution on tetrahedral and octahedral sites for ZnFe2O4 composition at the bulk 

(left) and nanoparticle (right) scale. 

 

As a conclusion, the effect of the inversion degree on the magnetic properties of 

nanoparticles is evidenced. The cationic distribution in ZnxFe3-xO4 spinel structure has been 

discussed in multiple studies [25] and the inversion of the spinel has been demonstrated when 

studying the evolution of the saturation magnetization MS with the increase of the Zn doping 

ion. The usual trend is an increase of MS until a certain amount of zinc (0.2 [26] [27] [28], 0.45 

[29], 0.5 [30] [31]) due to the drop of Fe3+ ions at tetrahedral sites, replaced by Zn2+ [29]. For 

higher Zn content, MS decreases [26] [27] [28] [30]. The Zn2+ ions having a preference for an 

occupancy of the tetrahedral sites [32], this decreases can be attributed to the replacement of 

Fe2+ by Zn2+ ions at the octahedral sites [27] [30] [32] [33]. 

 

II.2.4. Effect of the thermal treatment 

 

The static magnetic properties of annealed FM particles under argon are investigated in 

order to better understand the magnetic behavior of coatings (section II.3). Figure IV-13 

represents the magnetization curves of FM particles after being submitted to thermal treatments 
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of 300, 450, 770, 800 and 1000 °C. The curves are compared with the magnetization of 

untreated FM particles. The hysteresis loop at 300 °C, as well as the FM one have been deprived 

from their corresponding organic amounts (TG-DTA, Chapter II). Hence, the observations will 

be not the consequence of the organic layers departure. 

 

The coercive field HC values are low and increase with the annealing temperature (Figure 

IV-13). These low values of coercivity are due to the low magnetocrystalline anisotropy when 

doping with nonmagnetic Zn2+ [33]. 

 

 
Figure IV-13. Measured magnetization curves of FM particles annealed at different temperatures. Mass 

magnetization M versus the applied field H. 

 

The variation of the saturation magnetization MS of FM particles is plotted in Figure IV-14 

as a function of the annealing temperature, and correlated to the evolution of the particle size 

with temperature. The thermal treatment of the particles induces a sharp decrease of the 

saturation magnetization MS until 770 °C, the sintering temperature. Beyond 770 °C, the 

saturation magnetization MS slightly increases at 800 °C and remains almost constant until 1000 

°C. 

 

The decrease in magnetization is explained by the presence of a secondary phase of Zn2+ 

substituted wüstite (ZnxFe1-xO phase) in the XRD diffractograms of FM particles, emerging at 

400 °C,  because of the paramagnetic behavior of wüstite at room temperature [34] [35]. The 

presence of zinc in the material allows to make the wüstite stable below 600°C [36]. When not 

doped with zinc, wüstite is not stable below 600 °C and is found in the form of a mixture of 

Fe3O4 and α-Fe (Chapter II).  

 

As detailed in chapter II, the particle size of the main spinel phase stays constant around 20 

nm until approximately 600 °C. Beyond 600 °C, the size increases up to 40 nm at the sintering 
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temperature of 770 °C and no further increase is noticed until 1000 °C (Figure IV-14). The 

slight increase of the saturation magnetization MS above 770 °C (Figure IV-14) could be 

attributed to the sintering mechanism when the reduction of the material is over. The hypothesis 

is that between 300 and 770 °C, there is a competition between the material reduction into 

ZnxFe1-xO, which reduces the magnetization, and the long process of sintering, starting after the 

removal of the organics from the particle and inducing the growth/coalescence of particles with 

a reduction of porosity. The phenomenon of reduction seems to be predominant until all of the 

organics are removed around 600 °C and is stopped after 600 °C because all of the organics 

responsible of the reductive atmosphere are consumed. 

 

 
Figure IV-14. Evolution of the saturation magnetization MS and of the particle diameter of FM particles 

as a function of the temperature. 

 

The decrease of the saturation magnetization MS with the temperature can come from other 

effects, which can occur in addition to the emergence of a secondary phase. Indeed, the increase 

of the annealing temperature can generate a Zn2+ redistribution in the spinel sites, inducing a 

decrease of the magnetization. For example, M. A. Cobos et al. [37] have shown a decrease of 

the inversion degree of 0.57 to 0.18 for ZnFe2O4 particles with a 11 nm diameter with an 

increase of the annealing temperature from 300 to 600 °C. They have also demonstrated the 

link between the magnetization and the inversion degree in the spinel and that a decrease of the 

inversion tends to reduce the magnetization. In the same way, R. Sai et al. [31] have investigated 

the possibility of tuning the inversion degree by the control of the annealing. A fast temperature 

ramp slows the decrease of the inversion degree observed with temperature and allows to 

maintain a high value of inversion, and thus suitable magnetic properties. 

Then, the decrease of magnetization with temperature can be assigned to a small 

contribution of spin-canting [33] [26] [38]. The increase of annealing temperature could enlarge 

the thickness of the spin disorder at the particle surface.  Nevertheless, as seen in chapter I, the 

contribution of spin-canting is minor. Another hypothesis could be that the annealing 
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temperature could change the ratio between Zn2+ substituted maghemite and magnetite in 

particles before the apparition of wüstite. It should be verified with Mössbauer spectroscopy. 

 

Different models are studied in the next section in order to retrieve the saturation 

magnetization MS of FM and SP(F)M particles as a function of different contributions: cationic 

ordering with volume spin canting, oxidation from magnetite to maghemite, and surface spin-

canting. 

 

II.2.5. Molecular fields models applied to Zn substituted magnetite 

 

The aim of this part is to link the measured magnetic moments to the composition on 

tetrahedral and octahedral sub-lattices of the synthetized materials. Despite the progress of 

DMFT-DFT techniques, the molecular model remains the only quickly available tool to predict 

the magnetic moment from the composition. As explained in chapter I, the molecular field 

theory is aimed at predicting the magnetic characteristics like the saturation magnetization MS, 

and the Curie temperature of a given magnetic material, starting from its chemical composition 

and semi-empirical parameters. After a review and a comparison of some molecular field 

models, the magnetic moment of ZnFe3-xO4 is predicted and compared to published 

experimental values as well as values obtained by E.W. Gorter [39]. 

 

II.2.5.A. Choice of a molecular field model 

 

II.2.5.A.a. The Néel model 

In the case of a spinel ferrite, the simplest molecular field model is given by Néel and 

expresses the magnetization of a ferrimagnetic spinel as the difference of magnetization 

between two sublattices A and B standing for tetrahedral and octahedral sites (Chapter I): 

 

𝑀 = |𝑀𝑖 −𝑀𝑗| = 𝑛𝑖𝑔𝑖𝑆𝑖µ𝐵 − 𝑛𝑗𝑔𝑗𝑆𝑗µ𝐵 IV-3 

 

with i and j two opposite sublattices, 𝑛𝑖 the number of magnetic ion per formula of spins 𝑆𝑖, g 

the Landé factor and µ𝐵 the Bohr magneton. 

 

It results from an antiferromagnetic exchange interaction  𝐽𝐴𝐵 by neglecting 𝐽𝐴𝐴 and 𝐽𝐵𝐵 

interactions. 

 

The addition of a non-magnetic ion is expressed by the dilution of the magnetic moment of 

the sublattice affected by the non-magnetic substitution. 

 

In the above molecular field theory, the magnetization depends on: 

 

• the number of magnetic ions in the sublattice i or j noted 𝑞𝑖 (or  𝑛𝑖 by the authors), 

• the number of nearest magnetic neighbors of the sublattice j of an ion located in the 

sublattice i: 𝑛𝑖𝑗 (or 𝑧𝑖𝑗), 
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• the magnetic parameters (the spin S, the Landé factor g) of the considered ions, 

• the exchange integrals 𝐽𝐴𝐴, 𝐽𝐴𝐵 and 𝐽𝐵𝐵 for each magnetic species determined 

experimentally from thermomagnetization data, or calculated by molecular orbital 

theory. 

 

II.2.5.A.b. The random localized canting model of Bercoff 

When the composition is substituted with a high proportion (> 0.3) of a non-magnetic cation, 

the Néel model  assumption of two antiferromagnetically coupled sublattices becomes less true 

since 𝐽𝐴𝐵 diminishes and 𝐽𝐵𝐵 cannot be further neglected (𝐽𝐴𝐴 is still considered by many authors 

as negligible following Anderson theory of superexchange [40]). To describe the magnetic 

properties dependence of the composition at high level of non-magnetic substitution, Yafet and 

Kittel have introduced a splitting of the lattice A and B into oppositely and uniformly canted 

sublattices A’, A’’, and B’, B’’ [41]. To compute the canting angle, Yafet and Kittel have 

proposed to determine it from the temperature dependence of magnetization, but it does not 

lead to a quantitative prediction of experimental data [42]. 

 

This idea has been further developed by considering local random canting. C.E. Patton and 

Y-H. Liu [41] have proposed a way to compute by iterations the converged canting angle with 

introducing a probability expressed by a binomial law for the number of canted magnetic 

neighbors in the canted sublattice site opposite to the substituted sublattice. In the case of Li-

Zn ferrite, they have computed (Figure IV-15) the magnetic moment in function of the assumed 

ratio of exchange integral 𝐽𝐴𝐵/𝐽𝐵𝐵. However, the ratio that matches the experimental data differs 

from those experimentally determined. 

 

 
Figure IV-15. Moment NB per formula unit as a function of the molar quantity x in the following formula 

(ZnxFe1-x)[Li0.5-x/2Fe1.5-x/2]O4 and comparison with theoretical predictions. From C. E. Patton and Y-H. Liu 

[41]. 



CHAPTER IV                                                                                  MAGNETIC CHARACTERIZATIONS AT DIFFERENT SCALES 

263/334 
 

 

Moreover, they have evidenced that the molecular field approach is not valid in Li-Zn 

ferrites at high non-magnetic substitution level of x > 0.5, the assumption of a linear dependence 

of the effective 𝐽𝐴𝐵 and 𝐽𝐵𝐵 interactions being no more accurate. 

 

On this basis, P.G. Bercoff and H.R. Bertorello [40] have written a model for NiFe2O4 spinel 

substituted by Zn in the tetrahedral sublattices. The octahedral sublattice is then split into a B 

sublattice (not canted) and a B’ sublattice (canted) (Figure IV-16). 

 

 
Figure IV-16. Scheme of the configurations of spins in Zn substituted ferrites. From P.G. Bercoff and H.R. 

Bertorello [40]. 

 

When Fe3+ and Ni2+ ions are located at the B’ sublattice, the canting angle 𝜃𝐿 of the B’ 

sublattice is determined by minimizing the exchange energy. A simplified (not iterative) way  

as in [41] is used, due to the fact that in the former frame the spin configuration can be seen as 

a probability law at two levels on the B site: canted (B’) or not canted (B): 

 

𝑐𝑜𝑠𝜃𝐿 =
−𝑎

4𝑏
 IV-4 

  

where 𝑎 = −|𝐽𝐴𝐵′|𝑆𝐴𝑆𝐵′(𝑞𝐴𝑛𝐴𝐵′ + 𝑞𝐵′𝑛𝐵′𝐴) + −|𝐽𝐵𝐵′|𝑆𝐵𝑆𝐵′(𝑞𝐵𝑛𝐵𝐵′ + 𝑞𝐵′𝑛𝐵′𝐵) 
IV-5  

and 𝑏 = 2|𝐽𝐵′𝐵′|𝑆𝐵′
2 𝑞𝐵′𝑛𝐵′𝐵′ 

 

with 𝑞𝑖 the number of magnetic ion on a sublattice and 𝑛𝑖𝑗 the number of j magnetic neighbors 

of an i ion. 

 

There is an error in the expression of b published by P.G. Bercoff and H.R. Bertorello [40] 

where a factor 2 is missing in comparison to the correct formula established by C.E. Patton and 

Y-H. Liu [41]. 

 

The magnetization at a given temperature T is: 

 

𝑀𝑇(𝑇) = 𝑀𝐵(𝑇) + 𝑀𝐵′(𝑇)𝑐𝑜𝑠𝜃𝐿 −𝑀𝐴(𝑇) IV-6 

 

and becomes at 0 K: 
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(
𝑞𝐵
2
+
𝑞𝐵′
2
𝑐𝑜𝑠𝜃𝐿) [𝑔

𝐹𝑒 +𝑆𝐹𝑒
 +
(1 + 𝑧) + 𝑔𝑁𝑖

2+
𝑆𝑁𝑖

2+
(1 − 𝑧)] − 𝑞𝐴𝑔

𝐹𝑒 +𝑆𝐹𝑒
 +

 IV-7 

 

In this model, the number of magnetic ions and of the magnetic neighbors is assumed to be 

not linear and allows to fit the experimental magnetic data over a wide composition range as 

seen on Figure IV-17. 

 

 
Figure IV-17. Moment NB per formula unit as a function of the Zn molar quantity x. Comparison between 

model and experiments. From P.G. Bercoff and H.R. Bertorello [40]. 

 

II.2.5.A.c. The generalized Dionne model of superexchange dilution 

In this work  [42], G.F. Dionne has considered the effect of non-magnetic substitution on 

both A and B sites taking into account: 

 

• the direct reduction of the exchange field, which stands for the dilution of the magnetic 

moments, 

• the intersublattice canting, 

• and the intrasublattice canting. 

 

These effects are expressed through the probability of the two spin-canting possibilities by 

binomial laws in a high level of generality: 

 

• the canting probability fraction of B ions is written 𝑐𝐴 for the B sublattice (resulting from 

a kA non-magnetic substitution level on the A sublattice) for the inter sublattice canting 

(Figure IV-18, red arrows), 
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• and 𝑞𝐵𝐴 for the intra sublattice canting describing the canting of A sites caused by the 

canting of their B neighbors following the non-magnetic A substitution. 

 

It has to be noticed that the use of a binominal law for the canting probability for a range of 

0 to 𝑧𝑚𝑎𝑥 neighbors implies that high degree of polynoms (up to 6) may be used to describe the 

effect of canting. 

 

 
Figure IV-18. Scheme of the spin-canting of i sites surrounding a vacancy in a j site. From G.F. Dionne 

[42]. 

 

However, applying this general model is not easy because 𝑐𝑖𝑗 is not explicit even in the 

linearized case for computing the canting probability [42]: 

 

𝑐𝑗 ∝ |
𝑧𝑖𝑗
0 𝐽𝑖𝑗𝑆𝑗(1 − 𝑘𝑗)

𝑧𝑖𝑖
0𝐽𝑖𝑖𝑆𝑖(1 − 𝑧𝑖𝑖

0𝑞𝑖𝑗𝑐𝑗𝑘𝑗) + 𝑧𝑖𝑗
0 𝐽𝑖𝑗𝑆𝑗(1 − 𝑘𝑗)

| IV-8 

 

To model the magnetic moment of garnets, G.F. Dionne has introduced in his approach the 

use of fitted high order polynoms as exemplified by the following equations [42]: 

 

ℳ𝑑(0) = 3𝑔𝑑𝑚𝐵𝑆𝑑𝑁𝐴(1 − 𝑘𝑑)(1 − 0.1𝑘𝑑) 
IV-9  

ℳ𝑎(0) = 2𝑔𝑎𝑚𝐵𝑆𝑎𝑁𝐴(1 − 𝑘𝑎)(1 − 𝑘𝑎
5.4) 

 

  

cj
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II.2.5.A.d. Comparison of these molecular fields models 

The main conclusions of the three described approaches are summed up in Figure IV-19. 
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Approach 
Random localized 

canting 

Random localized 

canting 
Superexchange dilution 

Canting description 

Iteratively solved 

canting angle from the 

inter sublattice and 

intra sublattice 

exchange energy of 

canted moments 

Two (0 or 𝜃) canting 

situations and 

minimization of energy  

from the inter 

sublattice and intra 

sublattice exchange 

energy of canted 

moments 

Intersublattice and 

intrasublattice canting 

probabilities not 

explicitly determined 

High substitution limit 
Limited at substitution 

> 0.5 on Li-Zn ferrites 

3rd order polynomial 

law introduced in 

spinel allowing 

extension of the 

prediction to high 

substitution level 

High order polynomial 

law introduced in 

garnets allowing 

extension of the 

prediction to high 

substitution level 

Exchange integrals Taken from literature 

Given from 

thermomagnetic data 

and molecular orbital 

theory [43] 

 

Calculated from 

thermomagnetic data 

[44] 

Application to Ni-Zn 

ferrites 

Restricted to Li-Zn 

ferrites 

Good agreement 

between predicted 

magnetic moment with 

the data for Ni-Zn 

ferrites [40] 

No comparison of 
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Using the exchange 
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[43] 

 

Figure IV-19. Comparison of the three molecular fields of C.E. Patton and Y-H. Liu,  P.G. Bercoff and 

H.R. Bertorello, and G.F. Dionne. 

 

The chosen approach is the Bercoff one because it gives for Zn-NiFe2O4 spinels a good 

agreement with experimental data. 

 

II.2.5.B. Modeling the magnetic moment of Zn substituted maghemite 

with the help of the Bercoff molecular field data 

 

II.2.5.B.a. Ni(1-z)ZnzFe2O4 ferrites  

To be sure that the implemented model is correct, the first step is to retrieve the results 

produced by P.G. Bercoff and H.R. Bertorello for the well documented Ni(1-z)ZnzFe2O4 ferrites 

and to compare it with experimental data. 

 

Since the publication is not free of errors, here are the corrections that are done to the model: 
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a. The energy b of intra sublattice canted interaction for which a factor 2 is lacking. 

b. A constraint has to be set in computing 𝑐𝑜𝑠(𝜃𝐿) ≤ 1 at low volume fraction. Indeed, at 

high volume fraction, this inter and intrasublattice canting energy ratio is not anymore 

constrained. 

c. The expression of 𝑆𝐵 from an average between the number of Fe3+ moments on site B 

and Ni2+ moments on site B: 

 

1

2
(2.5 × (1 + 𝑧) + (1 − 𝑧)) IV-10 

 

The following modifications are added in Figure IV-20, with 𝑞𝑖 the number of magnetic ion 

on a sublattice and 𝑛𝑖𝑗 the number of j magnetic neighbors of an i ion. 

 

Approach qA qB’ qB nAB’ nBB’ nB’A nB’B’ nB’B 

Bercoff 1-z 2(z-2z2+2.5z3) 2-qB’ 12z 6z 5(1-z) 2(1-z2) 6-nB’B’ 

corrected  2(z-2z2+1.5z3)    6(1-z)   

Figure IV-20. Corrections of the Bercoff model. 

 

The predicted moment from the Bercoff model with the above corrections b and c is 

compared to the experimental data from E.W. Gorter [39], the basic Néel model and the 

corrected model in Figure IV-21. 

 

 
Figure IV-21. Fit of the experimental data for Ni(1-z)ZnzFe2O4 ferrite from E.W. Gorter [39] with the 

uncorrected and corrected Bercoff model and comparison with the Néel model. 

 

In the dilution regime up to approximately 0.3 Zn atomic fraction (Figure IV-21), the Néel 

model predicts accurately the magnetic moment. From 0.3 up to 0.56 Zn content, the corrected 

model with a physical value of 𝑐𝑜𝑠(𝜃𝐿) between 0 and 1 describes the canting zone. For Zn 

atomic fraction larger than 0.56, 𝑐𝑜𝑠(𝜃𝐿) goes below 0 which makes the corrected model not 

physical anymore, and just an adjustment of the experimental data (fitted part in Figure IV-21). 
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II.2.5.B.b.  Application to Zn substituted magnetite 

As a good agreement is obtained for the corrected model, it can be then applied to our 

composition for (𝑍𝑛𝑧
2+𝐹𝑒1−𝑧

3+ )[𝐹𝑒1+𝑧
3+ 𝐹𝑒1−𝑧

2+ ] (round and square brackets for tetrahedral and 

octahedral sites respectively)with Fe2+ characterized by S = 2 and g = 2.1, and with the 

exchanges energies given in Figure IV-22 [43]. 

 

 
Figure IV-22. Values of exchange constants for various interactions of cations. From P.G. Bercoff and 

H.R. Bertorello [43]. 

 

The comparison between the corrected model defined by the calculated parameters in Figure 

IV-23, the Néel model and experimental data for Zn substituted ferrites from E.W. Gorter [39] 

is shown in Figure IV-24. 

 

Parameters Values 

𝑺𝑨 2.5 

𝑺𝑩 
1

2
(2.5 × (1 + 𝑧) + 2 × (1 − 𝑧)) 

𝑺𝑩′ 𝑆𝐵 

𝒒𝑨 (1 − 𝑧) 

𝒒𝑩 2 − 𝑞𝐵′ 

𝒒𝑩′ 2 × (0.5𝑧 − 𝑧2 + 0.3𝑧3) 

𝒏𝑨𝑩′ as in corrected model 

𝒏𝑩𝑩′ as in corrected model 

𝒏𝑩′𝑨 as in corrected model 

𝒏𝑩′𝑩′ as in corrected model 

𝒏𝑩′𝑩 as in corrected model 

𝑱𝑨𝑩′ 
1

2
((1 + 𝑧) × (−12) + (1 − 𝑧) × (−17.4)) 

𝑱𝑩𝑩′ 
1

4
((1 + 𝑧)2 × (−8.8) + 2 × (1 − 𝑧) × (1 + 𝑧) × (−11.4) + (1 − 𝑧)2 × (−15.2)) 

𝑱𝑩′𝑩′ 𝐽𝐵𝐵′ 
Figure IV-23. Parameters used in the corrected fit plotted in Figure IV-24. 
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Figure IV-24. Fit of the experimental data for ZnzFe3-zO4 ferrite from E.W. Gorter [39] with the corrected 

Bercoff model and comparison with the Néel model (all of the zinc is located at the tetrahedral sites). 

 

In this case, the pure dilution regime is not observed as the computed canting angle is 

different from 0 at low volume fractions up to 0.32 atomic fraction of Zn (Figure IV-24). This 

comes from the difference of chemical composition in the B sublattice, since the A sublattice 

composition (Fe3+ and Zn2+) stays the same. As Fe2+ has a stronger magnetic spin (2) than Ni2+ 

(1), the increase of the magnetic moment of the octahedral sublattice comes from the 

substitution of a Fe2+ by a Fe3+ (S = 2.5): this effect is less important than in the case of Ni2+ 

and the dilution regime is rapidly overcome by the canting regime. 

 

Moreover, Figure IV-25 exhibits the values of the exchange constants  

𝐽𝐴𝐵′ and 𝐽𝐵𝐵′ computed for the inter and intrasublattice interactions in the case of the NiZn and 

FeZn compositions. The difference of the exchange energies in the case of the NiZn 

composition (red and black curves) is greater than for the FeZn composition (green and blue 

curves), which explains that the canting regime coming from the competition of these 

interactions takes place at lower volume fraction in the FeZn composition than in the NiZn one. 
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Figure IV-25. Exchange constants 𝑱
𝑨𝑩′

 and 𝑱
𝑩𝑩′

 for the inter and intrasublattice interactions in the case of 

the NiZn and FeZn compositions. 

 

II.2.5.B.c. Extension to Zn fraction in both tetrahedral and octahedral sites 

In the most general case, a canting of magnetic moments of Fe3+ in the tetrahedral sublattice 

should be considered. However, since the overall Zn substitution of our compositions are 0.2 

and 0.4, with a limited volume fraction of Zn in octahedral sites up to 0.14 (Chapter I), the 

dilution model should be sufficient to describe this dilution effect in the B sublattice. In this 

case, the number of canted B’ moments remains dependent of 𝑧𝐴, the level of substitution on A 

sites, whereas the total number of magnetic ions on B site is reduced by the 𝑧𝐵 substitution. 

 

In the model, the parameters are then described by: 

  

0.0 0.2 0.4 0.6 0.8
-25

-20

-15

-10

-5

0

E
x
c
h
a
n
g
e
 c

o
n
s
ta

n
ts

 (
K

)

Zn atomic fraction

 J
BB'

 Fe
3+

Ni
2+

 J
BB'

 Fe
2+

Fe
3+

 J
AB'

 Fe
2+

Fe
3+

 J
AB'

 Fe
3+

Ni
2+



CHAPTER IV                                                                                  MAGNETIC CHARACTERIZATIONS AT DIFFERENT SCALES 

271/334 
 

Parameters Values 

z total Zn fraction on A and B sites: 0.2 or 0.4 (FM particles) 

1-z Fe2+ fraction on B site 

𝒛𝑩 Zn fraction on B site 

𝒛𝑨 Zn fraction on A site = z-𝑧𝐵 

1-𝒛𝑨 Fe3+ fraction on A site 

1+𝒛𝑨 Fe3+ fraction on B site 

𝑺𝑨 2.5 

𝑺𝑩 
1

2
(2.5 × (1 + 𝑧𝐴) + 2 × (1 − 𝑧)) 

𝑺𝑩′ 𝑆𝐵 

𝒒𝑨 (1 − 𝑧𝐴) 

𝒒𝑩 2 − 𝑧𝐵 − 𝑞𝐵′ 

𝒒𝑩′ (2 − 𝑧𝐵) × (0.5𝑧𝐴 − 𝑧𝐴
2 + 0.3𝑧𝐴

3) 

𝒏𝑨𝑩′ 12(1 − 𝑧𝐵)𝑧𝐴 

𝒏𝑩𝑩′ 6(1 − 𝑧𝐵)𝑧𝐴 

𝒏𝑩′𝑨 6(1 − 𝑧𝐵)(1 − 𝑧𝐴) 

𝒏𝑩′𝑩′ (2 − 𝑧𝐵)(1 − 𝑧𝐴
2) 

𝒏𝑩′𝑩 6(1 − 𝑧𝐵) − 𝑛𝐵′𝐵′ 

𝑱𝑨𝑩′ 
1

2
((1 + 𝑧𝐴) × (−12) + (1 − 𝑧) × (−17.4)) 

𝑱𝑩𝑩′ 
1

4
((1 + 𝑧𝐴)

2 × (−8.8) + 2(1 − 𝑧) × (1 + 𝑧𝐴) × (−11.4) + (1 − 𝑧)2 × (−15.2)) 

𝑱𝑩′𝑩′ 𝐽𝐵𝐵′ 
Figure IV-26. Parameters used in the corrected fit plotted in Figure IV-27. 

 

In both cases, the Néel model overestimates slightly the magnetic moment because it 

neglects canting of B sublattice at low fraction of Zn in B sublattice (Figure IV-27). 

 

 
Figure IV-27. Comparison between Néel and Bercoff models as a function of the Zn atomic fraction in 

octahedral sites for a Zn total content of 0.2 (A) and 0.4 (B). 

 

In both cases and with both models, what is predicted is a decrease of the magnetic moment 

with the increase of Zn atomic fraction in octahedral sites. 
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II.2.5.B.d. From magnetite to maghemite magnetic moment 

As the SP(F)M nanoparticles are strongly oxidized following the Mössbauer results 

(Chapter I), the magnetic moment of maghemite and Zn2+ substituted maghemite has to be 

estimated. 

 

Maghemite can be described starting from magnetite and introducing vacancies in the 

octahedral site with the formula (Fe3+)[Fe3+
5/3□1/3]O4

2−. In this case, the magnetic moment is 

predicted to be 3.33 µB [45] whereas at 0 K the measured value is 3.11 µB [42]. Various 

assumptions have been proposed by C.J. Goss to explain this difference, and the more efficient 

is the one of an excess of Fe3+ β in tetrahedral site [46]: 

 

𝐹𝑒1+3𝑧
3+ [𝐹𝑒𝑅(2+𝑧−3𝑧𝛽/8)−1

3+ 𝐹𝑒𝑅(1−𝑧)
2+ □3𝑧𝑅(1+𝛽)/8]

𝑅𝛽/8
𝑂4 IV-11 

 

with R = 8/(8+z), z the ratio of Fe2+ to describe various degrees of oxidization from 0 (magnetite) 

to 1 (maghemite). 

 

To retrieve the experimental value for maghemite, the atomic fraction of Fe in tetrahedral 

site has to be increased from 1 to 1.02. 

 

For substituted maghemite, several authors have pointed out that the Zn substitution takes 

place not necessarily in the octahedral sites as it does for the non-oxidized phase [47]. In order 

to interpret the magnetizations measured for Zn substituted maghemites, Y. Khan and E. 

Kneller [47]  have concluded that a random substitution on both tetrahedral and octahedral sites 

is the best assumption. This effect overcomes the small correction proposed by C.J. Goss [46] 

which is then not taken into account to describe the substitution effect of Zn. 

To preserve the charge balance, for one Zn2+ added, 
2

3
 Fe3+ and 

1

3
 □ are removed. 

 

Three cases are then considered with different magnetization expressions plotted in Figure 

IV-28: 

 

• The classical substitution of tetrahedral site with Fe3+ transferred from the A site to the 

B site expressed as (𝐹𝑒1−𝑧
3+ 𝑍𝑛𝑧

2+)𝐴[𝐹𝑒(5/3)+𝑧−(2/3)𝑧
3+ □(1/3)(1−𝑧)]

𝐵
𝑂4: 

 

𝑀𝑍𝑛[𝑇] = 𝑔𝐹𝑒3+𝑆𝐹𝑒3+ (
5

3
+ 𝑧 −

2

3
𝑧) − 𝑔𝐹𝑒3+𝑆𝐹𝑒3+(1 − 𝑧) IV-12 

 

• The substitution of Zn2+ on both A and B sites in equal proportion with a transfer of 

Fe3+ from A to B site expressed as 

(𝐹𝑒1−(𝑧/2)
3+ 𝑍𝑛(𝑧/2)

2+ )
𝐴
[𝐹𝑒(5/3)+(𝑧/2)−(2/3)𝑧

3+ 𝑍𝑛(𝑧/2)
2+ □(1/3)(1−𝑧)]

𝐵
𝑂4: 

 

𝑀𝑍𝑛[𝑇 𝑎𝑛𝑑 𝑂] = 𝑔𝐹𝑒3+𝑆𝐹𝑒3+ (
5

3
+
𝑧

2
−
2

3
𝑧) − 𝑔𝐹𝑒3+𝑆𝐹𝑒3+ (1 −

𝑧

2
) IV-13 
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• And the random repartition of cations on sites A and B with no transfer of Fe from A to 

B site: 

 

𝑀𝑅 = 𝑔𝐹𝑒3+𝑆𝐹𝑒3+ (
5

3
−
2

3
𝑧) − 𝑔𝐹𝑒3+𝑆𝐹𝑒3+(1) IV-14 

 

 
Figure IV-28. Magnetic moment as a function of zinc atomic fraction with three different configurations 

depending on the location of iron and zinc in maghemite. Comparison with the experimental point at 0 K. 

 

The corresponding cases are shown in Figure IV-29. Following Y. Khan and E. Kneller 

[47], the experimental values depends on the synthesis (curve labeled γ[L])and post processing 

of the crystals  (γ[I]: heating at high temperature and slow cooling, γ[H]: heating at high 

temperature and quenching). The curves are located in the area between the lines delimiting a 

normal maghemite with all zinc at tetrahedral sites and a maghemite with a statistical or random 

distribution of zinc in the structure. 
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Figure IV-29. Magnetic moment and lattice constant of zinc substituted spinel and maghemite as a 

function of the zinc molar fraction. From Y. Khan and E. Kneller [47]. 

 

In this model, non-canting has been introduced since it would require more experimental 

data (at 0 K) to be correctly adjusted. 

 

The results are summed up in the following table (Figure IV-30): 

 

Repartition Predicted moment FM (0.2) Predicted moment FM (0.4) 

Zn[T] 4.66 6 

Zn[T and O] 3.67 4 

random 2.66 2 
Figure IV-30. Predicted magnetic moments for FM particles with different Zn contents (0.2 and 0.4). 

 

II.2.5.B.e. Interpretation of measured magnetic moments of SP(F)M and  

FM nanoparticles 

The measured magnetic moments at 2 K of the magnetic oxides are given in Figure IV-31: 

 

 
Figure IV-31. Measured magnetic moments at 2 K of SP(F)M and FM particles with different Zn contents 

(0.2 and 0.4). 

Particle SP(F)M FM (0.2) FM (0.4) 

Measured magnetic 

moment (µB) 
3.59 2.62 3.94 

 



CHAPTER IV                                                                                  MAGNETIC CHARACTERIZATIONS AT DIFFERENT SCALES 

275/334 
 

First of all, as in the case of Fe3O4 nanoparticles synthetized by thermal decomposition [15], 

the presence of a magnetic dead layer due to surface spin canting has to be taken into account.  

The magnetization of the particles are reduced due to the thickness of surface spin-canting 

determined by Mössbauer spectroscopy in chapter I. The magnetizations of the particle core are 

hence slightly higher and can be retrieved with the following formula: 

 

𝑀 = 𝑀𝑠ℎ𝑒𝑙𝑙 + (𝑀𝑐𝑜𝑟𝑒 −𝑀𝑠ℎ𝑒𝑙𝑙) (1 −
2𝑒

𝐷
) IV-15 

 

with e the thickness of surface spin-canting, D the particle diameter and by taking 𝑀𝑠ℎ𝑒𝑙𝑙 = 0. 

It gives the following saturation magnetizations (Figure IV-32): 

 

Particle 
e shell 

(nm) 

Particle 

diameter (nm) 
Mparticle (µB) Mcore (µB) 

SP(F)M 0.10 6.2 3.59 3.71 

FM (0.2) 0.38 22.4 2.62 2.71 

FM (0.4) 0.60 22.4 3.94 4.16 

Figure IV-32. Magnetization of SP(F)M and FM particles after removal of the contribution of surface 

spin-canting. 

 

This correction has a stronger effect on the larger nanoparticles. 

Then, the magnetization of the core depends on which structural phase it is constituted of: 

magnetite spinel or oxidized spinel (maghemite) with vacancies. Several cases are examined: 

 

• Case 1: ideal case with no oxidation of the spinel and all Zn in tetrahedral sites: 

application of a corrected Bercoff model from Figure IV-24. 

 

• Case 2: no oxidization of the spinel and a fraction of Zn in octahedral sites: 

o  Case 2A: as retrieved from Rietveld analysis of XRD diffractometer (Chapter 

I). 

o Case 2B: as retrieved from Mössbauer spectroscopy (Chapter I). 

o Case 2C: a fraction of Zn in octahedral sites deduced from the extended Bercoff 

model of Figure IV-27 in order to retrieve the measured magnetization (Figure 

IV-32). 

 

• Case 3: a mix of Zn2+ substituted maghemite and Zn2+ substituted magnetite determined 

from Mössbauer spectroscopy. The magnetization becomes: 

 

𝑀 = 𝑥 ×𝑀𝑍𝑛 𝑚𝑎𝑔ℎ𝑒𝑚𝑖𝑡𝑒 + 𝑦 ×𝑀𝑍𝑛 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒 IV-16 

 

with x and y the fractions of Zn2+ substituted maghemite and Zn2+ substituted magnetite, 

respectively. As the predicted values for substituted maghemite are spread on a wide range 

depending on the repartition of cations on both sites, the computed moments for Zn2+ substituted 

magnetite calculated in the previous cases are used to retrieve a value for the substituted 

maghemite from equation IV-16 and compare it to the predicted range in Figure IV-28. 
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• Case 4: using the predicted repartition of Fe3+ and Fe2+ on A and B sites estimated from 

Mössbauer spectroscopy (Chapter  I), but taking into account the oxidation of magnetite 

into maghemite: 𝐹𝑒2+ →
2

3
 𝐹𝑒3+ +

1

3
□ 

 

In this case the magnetic moment is expressed by: 

 

𝑀 = 𝑀𝐵 −𝑀𝐴 

= 𝑔𝐹𝑒 +𝑆𝐹𝑒 + . 𝑥𝐹𝑒 +
𝐵 .

𝑡𝐹𝑒
1 + 𝑟

+ 𝑔𝐹𝑒2+𝑆𝐹𝑒2+ . 𝑥𝐹𝑒2+
𝐵 . (𝑡𝐹𝑒 −

𝑡𝐹𝑒
1 + 𝑟

)

− 𝑔𝐹𝑒 +𝑆𝐹𝑒 + . 𝑥𝐹𝑒 +
𝐴 .

𝑡𝐹𝑒
1 + 𝑟

 

IV-17 

 

where 𝑥𝐹𝑒 +
𝐵  and 𝑥𝐹𝑒 +

𝐴 stands for the measured fraction of Fe3+ in B and A sites deduced for 

Mössbauer spectroscopy, 𝑡𝐹𝑒 the total amount of iron cations, and 𝑟 the Fe2+/Fe3+ ratio value. 

 

The values of the magnetic moment are calculated for each cases and summarized in Figure 

IV-33: 
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Case SP(F)M FM (0.2) FM (0.4) 

Experimental 

moment 

corrected 

from surface 

spin-canting 

3.71 µB 2.71 µB 4.16 µB 

Case 1 
(𝑍𝑛0.4

2+𝐹𝑒0.6
3+)[𝐹𝑒1.4

3+𝐹𝑒0.6
2+]𝑂4 (𝑍𝑛0.2

2+𝐹𝑒0.8
3+)[𝐹𝑒1.2

3+𝐹𝑒0.8
2+]𝑂4 (𝑍𝑛0.4

2+𝐹𝑒0.6
3+)[𝐹𝑒1.4

3+𝐹𝑒0.6
2+]𝑂4 

5.78 µB 5.00 µB 5.78 µB 

Case 

2 

2A 
(𝑍𝑛0.4

2+𝐹𝑒0.6
3+)[𝐹𝑒1.4

3+𝐹𝑒0.6
2+]𝑂4 (𝑍𝑛0.2

2+𝐹𝑒0.8
3+)[𝐹𝑒1.2

3+𝐹𝑒0.8
2+]𝑂4 

(𝑍𝑛0.26
2+ 𝐹𝑒0.74

3+ ) 
[𝑍𝑛0.14

2+ 𝐹𝑒1.26
3+ 𝐹𝑒0.6

2+]𝑂4 

5.78 µB 5.00 µB 4.85 µB 

2B random Zn distribution 
(𝑍𝑛0.2

2+𝐹𝑒0.8
3+)[𝐹𝑒1.2

3+𝐹𝑒0.8
2+]𝑂4 

(𝑍𝑛0.3
2+𝐹𝑒0.7

3+) 
[𝑍𝑛0.10

2+ 𝐹𝑒1.3
3+𝐹𝑒0.6

2+]𝑂4 

5.00 µB 5.16 µB 

2C 

(𝑍𝑛0.13
2+ 𝐹𝑒0.87

3+ ) 
[𝑍𝑛0.27

2+ 𝐹𝑒1.13
3+ 𝐹𝑒0.6

2+]𝑂4 

(𝑍𝑛0.02
2+ 𝐹𝑒0.98

3+ ) 
[𝑍𝑛0.18

2+ 𝐹𝑒1.02
3+ 𝐹𝑒0.8

2+]𝑂4 

(𝑍𝑛0.18
2+ 𝐹𝑒0.82

3+ ) 
[𝑍𝑛0.22

2+ 𝐹𝑒1.18
3+ 𝐹𝑒0.6

2+]𝑂4 

3.71 µB 3.48 µB 4.16 µB 

Case 3 

100 % Zn2+ maghemite 
50.5 % Zn2+ maghemite + 

49.5 %Zn2+ magnetite 

45.2 Zn2+ maghemite + 54.8 

Zn2+ magnetite 

Between a random Zn 

distribution (2 µB) and a 

repartition of Zn in both 

sites (4 µB) 

Close to 100 % randomly 

substituted maghemite (2.67 

µB) 

with 5.78 µB for the 

magnetite phase: 2.2 µB for 

the maghemite close to value 

predicted with random 

distribution of Zn (2 µB) 

with 4.85 µB for the 

magnetite phase: 3.32 µB for 

the maghemite between the 

value predicted with Zn on 

both T and O sites (4 µB) and 

random repartition (2 µB) 

with 5.16 µB for the 

magnetite phase: 2.95 µB for 

the maghemite between the 

value predicted with Zn on 

both T and O sites (4 µB) and 

random repartition (2 µB) 

Case 4 

35.6 % Fe3+ (A) 

64.4 % Fe3+ (B) 

32.5 % Fe3+ (A) 

49.1 % Fe3+ (B) 

18.4 % Fe2+ (B) 

29.4 % Fe3+ (A) 

59.7 % Fe3+ (B) 

10.9 % Fe2+ (B) 

3.74 µB 2.29 µB 3.64 µB 

1 % of gap with exp 15% of gap with exp 12 % of gap with exp 
Figure IV-33. Magnetic moments predicted from various models for SP(F)M and FM particles with 

different Zn contents (0.2 and 0.4) in different configurations (Cases 1 to 3). 

 

The ideal case of nanoparticles of pure spinel composition without surface oxidation and 

with all of the zinc located at the tetrahedral positions (Case 1) gives values of magnetic 

moments (Figure IV-33) in the same order of the experimental one at 2 K, but with a significant 

gap. Thus, FM and SP(F)M particles do not correspond to the ideal case. 

 

Considering the presence of Zn cations on both tetrahedral and octahedral sites, similar 

values of theoretical magnetic moments with the experimental ones are computed for SP(F)M 
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and FM (0.4) particles with inversion degrees of 0.27 and 0.22, respectively (Figure IV-33). 

The value of 0.22 being different of the value of inversion degrees retrieved from XRD or 

Mössbauer data (0.14 and 0.10), the value of the magnetic moment is not only influenced by 

the presence of Zn cations at the octahedral sites. In the case of SP(F)M particles, XRD analysis 

does not predict an inversion degree, and the Mössbauer spectroscopy has shown a repartition 

of Fe3+ between tetrahedral and octahedral sites with the absence of Fe2+, meaning the particles 

are almost completely oxidized. The Mössbauer data are not consistent with the location of Zn 

cations only at the tetrahedral sites, or in an equal distribution between both sites. A random 

distribution is thus supposed. 

 

The oxidation of particles leading to a substituted maghemite type spinel should also be 

considered (Case 3). If for SP(F)M particles and FM (0.4) particles, this last assumption leads 

to a possible agreement between experimental and predicted value, it fails in the case of FM 

(0.2) particles for which a 100 % oxidation assumption is necessary to retrieve the 

magnetization, which is not in agreement with Mössbauer spectroscopy results (Chapter I). 

 

The values of case 4 are very close to the experimental one for the SP(F)M particle. The 

difference between the predicted and experimental value is larger for FM (0.2) composition, 

but in an acceptable range considering the experimental uncertainties that have not been taken 

into account. In addition, the model does not consider the volume spin canting which can induce 

a 10% error from the dilution model for the FM (0.4) composition. 

As a conclusion, the measured magnetic moments agree well with the proportion of the Fe2+ 

and Fe3+ that have been measured on the A and B sites, which makes Mössbauer spectroscopy 

a trustworthy characterization technique. 
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II.2.6. Conclusion 

 

The static magnetic properties of FM and SP(F)M particles have been compared. The 

shape of their hysteresis cycles is different and depends on the particle size: 

 

• The magnetization signal of FM particles saturates with a saturation magnetization 

MS of 80.6 emu/g (A.m2/kg). 

• On the contrary, SP(F)M particles are superparamagnetic and the magnetization 

curve does not saturate. A fit of the curve based on a Langevin function gives a 

crystallite size of 5 nm and a saturation magnetization MS of 85.6 emu/g (A.m2/kg), 

close to the one of FM particles. 

 

The saturation magnetizations MS of FM and SP(F)M particles are lower than the one 

of the Zn0.4Fe2.6O4 bulk (98.8 emu/g or A.m2/kg [3]). This difference can be explained by: 

 

• the volume oxidation of the particles with the presence of an amount of Zn2+ 

substituted maghemite in the particle probably near the surface, 

• an inversion degree in the spinel structure, 

• and by the spin-canting effect at the nanoparticle surface, exalted in smaller SP(F)M 

particles. 

 

The synthesis route and its parameters influence the magnetic properties of particles, as 

they directly impact the microstructure through phase purity, cationic redistribution in the 

sub-lattices of the spinel, spin-canting effect, gradient of doping inside particles… 

 

The variation of magnetization of FM particles through the annealing temperature has 

been studied. A sharp decrease of the saturation magnetization MS from 300 to 770 °C (the 

sintering temperature) is observed and can be caused by one or a combination of the 

following explanations: 

 

• the presence of a secondary phase of Zn2+ substituted wüstite (ZnxFe1-xO phase) from 

400 °C, 

• a Zn2+ redistribution in the spinel sites, 

• and spin disorder at the particle surface. 

 

Above the sintering temperature (770 °C), the saturation magnetization MS slightly 

increases at 800 °C and remains constant until 1000 °C. It could be due to an effect of 

sintering, observed when the reduction of the material, induced by the degradation of the 

organics, is finished, all of the reactants being consumed. 

 

Models have been built from molecular field theory in order to predict the magnetic 

moment of the different magnetic phases considered (Zn2+ substituted pure magnetite or 

maghemite type). This attempt has been successful for SP(F)M and FM particles in 

accordance with Mössbauer spectroscopy results (Chapter I). It highlights the fact that deep 

structural characterizations are needed to fully described the magnetic behavior of material 
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and the Mössbauer spectroscopy has been a wonderful tool. To go further, here are some 

ways to explore: 

 

• predict the temperature magnetization dependence to improve the molecular fields 

models, 

• to have a better description of the magnetic moment in the whole range of 

composition, a model starting from the ZnFe2O4 point could be written and a bridge 

between the corrected Bercoff model and the ZnFe2O4 based model could be built, 

• for Rietveld analysis, the oxidation (or vacancies in the spinel) have been neglected: 

with this information, what would be the predicted inversion of the spinel ? 

• Mössbauer spectroscopy and Rietveld analysis being global but not local techniques, 

an analysis of the local composition inside the particle should be performed through 

a X-ray magnetic circular dichroism technique (XMCD) [48] or small-angle neutron-

scattering (SANS) [49]. 

 

For the effect of annealing temperature on the nanoparticle magnetization, these models 

could shed light on the associated decrease of room temperature magnetization (neglecting 

the thermal dependence of magnetization for a given composition) before the Zn2+ wüstite 

precipitation at 600°C. As the cooling of the particles is slow, the Zn amount into the 

octahedral sites  is not expected to increase but to decrease in a pure spinel case. This would 

result in an increase of the magnetization and not to a decrease. In addition, a reordering of 

the proportions between Zn magnetite and Zn maghemite induced by annealing can be 

considered, and has a great impact on magnetization as it has been shown for substituted 

maghemite models. To assess this assumption, the annealed powders should be characterized 

by Mössbauer spectroscopy in order to measure the Fe2+/Fe3+ ratio. 

 

After studying the static magnetic properties at the nanoparticle scale, the properties of 

coatings are examined. 
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II.3. Static magnetic properties of continuous coatings 

 

The magnetic properties of continuous films are studied as a function of the number of 

particle cleanings, and of the thermal treatment. For superparamagnetic particles, the sintering 

may result in a decrease of particles distances, hence an increase of their dipolar interaction 

which lastly may overcome the demagnetizing field and suppress the superparamagnetic state 

[327]. It is referred to the “superferromagnetic transition”. In this case, the measured saturation 

magnetization could be increased by the sintering in comparison with the untreated SP(F)M 

ones which are in the superparamagnetic state. 

 

II.3.1. Influence of the number of particle cleanings 

 

In chapter II, the particle cleaning has been investigated through the number of 

centrifugation cycles N, and especially the behavior of these coatings once dried on a substrate 

after annealing at 300 °C during 30 minutes under argon atmosphere. The magnetic properties 

of these coatings are inspected in Figure IV-34 in order to discern in which case the 

magnetization is enhanced and to compare the results with the observations made in chapter II. 

One, six and twelve cycles of centrifugations have been realized on SP(F)M particles. The 

magnetization curves have not been corrected from the residual organic amount at 300°C to 

highlight the effect of the organic amount in the hysteresis cycles. 

 

 
Figure IV-34. Measured magnetization curves of SP(F)M coatings after annealing at 300 °C as a function 

of the number of centrifugation cycles N. Mass magnetization M versus the applied field H. 

 

The magnetization of the coatings displays superparamagnetic behaviors, due to the use of 

superparamagnetic SP(F)M particles. The magnetization firstly increases between 1 and 6 

cycles of cleanings, which can be easily explained by the decrease of the organic amount 

surrounding particles (Figure IV-34). It is in agreement with the conclusions observed in 

chapter II. After one cleaning, the coating was oily in appearance and cracked due to the poorly 
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washing of particles, and the removal of a large quantity of organics during thermal treatment, 

occurring debonding. The surface of coatings was less oily after six cleanings and no cracks 

were noticed, indicating a better washing of particles. 

 

However, a decrease of the magnetization is shown after twelve cycles of centrifugation 

(Figure IV-34), but by keeping a value higher than the coating obtained after one cycle of 

cleaning. This result is surprising because the particle cleaning is supposed to be enhanced by 

increasing the number of cycles of centrifugation N (Chapter II). It was confirmed by the 

powdery look of the corresponding surface of coatings in chapter II. The explanation of such a 

phenomenon is tricky. An hypothesis could be that from a certain number of cycles of 

centrifugation, all of the organics are removed from the particle surface, which will be then not 

anymore protected. From there, the particles could be more sensitive to oxidation. Or the 

samples could have different Zn cations distribution between A and B sites inside Zn2+ 

substituted maghemite and magnetite which may explain the lower magnetization. 

 

In this respect, this result corroborates the fact that the number of cleanings N has to be 

carefully chosen, the objective being to combine a low organic quantity, a high saturation 

magnetization MS and a good adherence of the material on the substrate. The more adapted 

number of cycles is of six cleanings. It is a good compromise as it allows to considerably reduce 

the amount of organics at the particle surface, to keep a good adhesion of the particle layer on 

a substrate after thermal treatment (Chapter II), as well as to exhibit the highest saturation 

magnetization MS. 

 

The level of magnetization of SP(F)M coatings after thermal treatment at 300 °C is reduced 

in comparison with the saturation magnetization MS of the same particles washed 6 times (65.6 

emu/g or A.m2/kg, Figure IV-4). The variation of magnetization in coatings as a function of the 

annealing temperature seems to follow the same trend as the one described in part II.2.4 in the 

case of nanoparticles. 

 

II.3.2. Effect of the thermal treatment 

 

Figure IV-35 compares the hysteresis cycles of SP(F)M and FM coatings after debinding at 

450 °C. The values of coercivity HC are still low and do not exceed the values obtained for 

nanoparticles (part II.2.4). Surprisingly, the magnetization of debinded SP(F)M coatings is 

stronger than for FM ones. This is in part explained from the magnetic moment at 0 K, the one 

of the SP(F)M particles being larger than the one of the FM particles, but also by differences 

induced by the debinding in the Zn2+ distribution inside the sub-lattices of the maghemite spinel. 

Moreover, the hysteresis loop of the SP(F)M coating has features from a paramagnetic state. 
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Figure IV-35. Effect on the debinding (450 °C) on the measured magnetization of SP(F)M and FM 

coatings. Mass magnetization M versus the applied field H. 

 

Moreover, the saturation magnetization MS of FM coatings annealed at 450 °C (20 emu/g 

or A.m2/kg) is lower than the one corresponding to the FM particles at 450 °C (70 emu/g or 

A.m2/kg) (Figure IV-35). This information suggests that the variation of the magnetization as a 

function of the annealing temperature is different depending on the measured sample: particles 

or coatings. 

 

This hypothesis is verified in Figure IV-36 and Figure IV-37. At first, the saturation 

magnetization MS decreases from room temperature to 450 °C (the debinding temperature) in 

both cases. Nevertheless, this decrease is sharp in the case of coatings and the magnetization 

value attained at 450 °C is 3.5 times reduced in comparison with the particles. Then, the 

saturation magnetization MS of coatings increases fastly from 450 to 770 °C (the sintering 

temperature), whereas it is still decreasing in the case of nanoparticles. Thus, the trend is 

reversed at 770 °C with the saturation magnetization MS of coatings equal to 3 times the one of 

particles. 

 

On the one hand, such a difference of magnetization between coatings and particles at 770 

°C could be explained by a difference of reactivity between the powder and a film of 

approximately 6 µm of thickness. Indeed, as mentioned in chapter II, the secondary phase of 

Zn2+ substituted wüstite (ZnxFe1-xO phase) emerges at 625 °C in the XRD diffractometer of 

coatings, hence at a higher temperature than particles (400 °C). The secondary phase of wüstite 

appears with an offset. It is also confirmed by the fact the magnetization are almost similar for 

FM coatings at 770 °C and FM particles at 400 °C (Figure IV-37). 

The difference of reactivity between the powder and the coating can be due to the fact that 

the powder is annealed without any shaping process, just by introducing powder in a crucible. 

As a consequence, the powder reacts rapidly, while the formation of a secondary phase is 

delayed for coatings, because of the higher compactness due to the layer stacking. Furthermore, 

the point at 1000 °C in the case of FM particles is obtained from a pellet of particles. Thus, its 
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low magnetization is due to the complete formation of the wüstite at this temperature, which is 

delayed in comparison with the other points. The authenticity of this point may be weakened if 

the magnetization value at 800 °C had not increased in comparison to the value at 770 °C. The 

magnetization at 1000 °C of a small amount of powder introduced in a crucible should therefore 

be close to the actual point. 

 

On the other hand, the difference of reactivity does not explain the saturation magnetization 

MS of FM coatings at 450 °C. The measurement has been repeated and gives the same result. 

Unfortunately, this phenomenon remains non-understood. This could be explained by the fact 

the annealing could induce different proportions of Zn2+ maghemite and magnetite in the 

particles. An increase of the proportion of Zn2+ maghemite could occur, but is difficult to 

observe with XRD since lattice parameters are close. It could be checked by Mössbauer 

spectroscopy by the Fe2+/Fe3+ ratio. The recovering of almost the FM coating magnetization at 

770 °C can be understood by a change in the repartition of the Zn cations in both magnetite and 

maghemite phases to a normal case with Zn in tetrahedral sites which maximize the magnetic 

moment. 

 

The saturation magnetization MS of a coating elaborated in chapter II with a mixture of FM 

(60 wt%) and SP(F)M (40 wt%) particles is analyzed. This strategy does not enable to produce 

a film with a higher magnetization than FM ones after sintering (Figure IV-37). 

 

 
Figure IV-36. Effect on the debinding (450 °C) and sintering (770 °C) on the measured magnetization of 

FM coatings. Mass magnetization M versus the applied field H. 
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Figure IV-37. Evolution of the saturation magnetization MS of FM particles and coatings as a function of 

the temperature. 

 

The superferromagnetic transition has not been observed in the SP(F)M coatings, since the 

density is too low and the coupling too weak. Nevertheless, the saturation magnetization MS of 

a cracked FM coating exhibiting 50% of porosity (Chapter II) after sintering is of 76 emu/g 

(A.m2/kg), which is a promising result when compared to the value of 98.8 emu/g (A.m2/kg) 

for a dense  Zn0.4Fe2.6O4 film [3]. 
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II.3.3. Conclusion 

 

The static magnetic properties of continuous films have been studied as a function of the 

number of particle cleanings, and of the thermal treatment: 

 

• On the one hand, concerning the number of cycle of particle cleanings N, the 

magnetization curves confirm the conclusions established in chapter II. The number 

of cycle N is fixed at 6 because it allows to combine the following properties: a 

reduction of the organic quantity at the particle surface, a high saturation 

magnetization MS and a good adherence of the material on the substrate. 

 

• On the other hand, the variation of the magnetization as a function of the annealing 

temperature is different between particles and coatings. This discrepancy is explained 

by a difference of reactivity between particles and coatings during annealing. The 

formation of Zn2+ substituted wüstite (ZnxFe1-xO phase) is thus delayed in coatings, 

and a high temperature followed by a slow cooling may order the Zn in tetrahedral 

sites which leads to a higher magnetization of sintered coatings (76 emu/g or A.m2/kg) 

in comparison with sintered nanoparticles (22 emu/g or A.m2/kg). 

 

To conclude, the saturation magnetization MS of a sintered FM coating with 50% of 

porosity (76 emu/g or A.m2/kg) is encouraging, as it is not so far from the value of 98.8 emu/g 

(A.m2/kg) of a dense  Zn0.4Fe2.6O4 film [140]. 

 

The next part will focus on the dynamic magnetic properties of particles and continuous 

coatings. 
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III. Dynamic magnetic and dielectric characterizations 

 

After the static magnetic characterizations, zero-field microwave permittivity and 

permeability measurements from 1 MHz up to 20 GHz are performed. The aim is to characterize 

the spectral response of FM and SP(F)M nanoparticles and to evidence the influence of the 

superparamagnetic state especially with SP(F)M ones.  As previously mentioned (Chapter I), 

the selected chemical composition Zn0.4Fe2.6O4 combines a high value of the saturation 

magnetization with a large electrical resistivity [3]. 

 

III.1. Experimental techniques 

 

Effective dielectric permittivity εeff and magnetic permeability μeff of a cell (APC7 standard) 

are determined by means of an APC7 coaxial line (Figure IV-38). From the measured 

transmission and reflection coefficients of a cell containing the nanoparticles, the εeff and μeff 

spectra are retrieved using the Nicolson-Ross algorithm [51]. Two vectorial network analyzers 

are used: a PNA N5232A from 1 MHz to 6 GHz and a PNA N5230A from 10 MHz to 20 GHz 

(both from Agilent Technologies) to cover a wide range of frequencies. The APC7 non-

magnetic brass cell consists of two lateral plexiglass slices (Figure IV-38.B-D) spaced 3 mm 

apart with the following properties: a relative permittivity of 2.67 and a thickness of 2.0 mm. 

The powder is introduced between the two plexiglas slices by keeping one of them as the bottom 

of the box. The cell is then closed with the second plexiglass slice (Figure IV-38.B-D). 

 

The particles introduced in the cell having a Zn0.4Fe2.6O4 magnetic core and an organic layer, 

the particle size and the saturation magnetization used in this section will be deduced from the 

magnetization curves not subtracted from the organic amount. These two parameters 

compensate each other in the computations. 

 

 
Figure IV-38. Set-up for permeability and permittivity measurements (A), APC7 cell 3D view (B-C) and 

cross-sectional view (D) [52]. 

 

Measurements of the permeability spectra are also conducted within the [243 K, 343 K] 

range by means of an HP 8720C network analyzer operating from 50 MHz up to 14 GHz. The 
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sample is placed in a cell (Figure IV-38.B-D) and the whole is loaded in a furnace to control 

the temperature. The temperature is monitored with a thermocouple sensor directly inserted 

inside the cell. Low temperatures are obtained by a water-cooling circuit. 

 

Based on the volume fraction fV of nanoparticles in the cell, the use of a mixing law is 

required to determine the intrinsic dynamic permeability from the effective one, considering 

that the cell contains a mixture of nanoparticles with air. In our case, the retained mixing law is 

a proportional one with the following formula: 

 

µ𝑖𝑛𝑡 = 1 +
3

2 × 𝑓𝑉
(µ𝑒𝑓𝑓 − 1) IV-18 

 

where µint is the intrinsic permeability. The calculation only regards the transverse dynamic 

susceptibility noted χ⊥, assuming that the parallel susceptibility is negligible. Thus, the relative 

permeability µr is defined as µr = 1 + χ⊥. The 3/2 prefactor comes from the randomly distributed 

anisotropy axes within the nanoparticles. It should be remarked that the mixing law does not 

consider the static and dynamic dipolar coupling between the particles (isolated particles). 

Taking into account these coupling effects could be achieved through an approach assuming 

effective demagnetizing factors [53]. 

 

Considering the low level of measured effective imaginary permeability particularly in the 

case of the SP(F)M particles, the uncertainty of measurement, about ±0.05 for the cell with 

Plexiglas sides, has to be taken into account [54]. 

 

III.2. At the nanoparticle scale 

 

Permittivity and permeability measurements are firstly achieved at room temperature on 

commercial, FM and SP(F)M particles. 

 

III.2.1.  At room temperature 

 

III.2.1.A. Permittivity measurements 

 

The permittivity of FM and SP(F)M particles is compared to the one of commercial powders 

with different compositions: Fe3O4, CoFe2O4 and NiZnFe2O4 between 1 MHz and 6 GHz 

(Figure IV-39). 
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Figure IV-39. Real (dashed lines) and imaginary (continuous lines) part of the permittivity for FM and 

SP(F)M particles and commercial nanoparticles with different compositions: Fe3O4, CoFe2O4 and 

NiZnFe2O4. 

 

The particles can be ordered from the less to the more conductive through their real 

permittivities, as follows: ε’ CoFe2O4 (~10) < ε’ NiZnFe2O4 (~14)  < ε’ SP(F)M (~15) < ε’(FM) 

(~25)  < ε’ Fe3O4 (~50). 

The high value observed for the Fe3O4 particles is consistent with the real permittivity of its 

bulk counterpart of about 45 measured in the same frequency range [55] and the relative 

dielectric constant of about 80 for nanoparticles with a 5 nm diameter [56] [57] [58] at other 

frequencies, displaying a Debye type resonance permittivity due to a polaron mode (dielectric 

resonance associated with the jump on an electron from Fe2+ to Fe3+). 

The difference of real permittivity level between FM and SP(F)M particles can be explained 

by the slight difference of experimental chemical compositions (Figure IV-7), SP(F)M particles 

(Zn0.38Fe2.62O4)  being closer to the theoretical composition (Zn0.4Fe2.6O4) and FM particles 

possessing less zinc (Zn0.31Fe2.69O4). 

 

These measurements support the choice of the composition as Zn0.4Fe2.6O4 particles (FM 

and SP(F)M) need to combine both insulating properties with a high saturation magnetization 

(Chapter I). Hence, the introduction of zinc is responsible of a reduction of the permittivity 

when compared with pure Fe3O4 composition. 

Considering the real permittivity levels of CoFe2O4 and NiZnFe2O4 powders (Figure 

IV-39), amounts of cobalt and nickel could be introduced in the Zn0.4Fe2.6O4 composition in 

order to further decrease the permittivity. 

 

III.2.1.B. Permeability measurements 

 

The permeability of commercial, FM and SP(F)M particles is studied. The influence of the 

composition as well as the size is investigated. Following N-N. Song et al. [13], the size of the 
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nanoparticle is believed to play a key role on the high frequency susceptibility through the 

superparamagnetic/ferromagnetic resonance [14]. 

 

III.2.1.B.a. Different compositions 

Commercial powders of Fe3O4, CoFe2O4, and NiZnFe2O4 have been purchased from Sigma 

Aldrich. The particle diameter provided by the supplier is controlled by TEM characterizations 

to verify the range of size (Figure IV-40). The supplier data underestimate the real particle 

diameters. Indeed, CoFe2O4, and NiZnFe2O4 particles possess sizes below 100 nm, namely 

between 30 and 80 nm for CoFe2O4 and between 15 and 50 for NiZnFe2O4. Fe3O4 nanoparticles 

are larger with diameters between 50 and 200 nm (Figure IV-41). If the particle shapes are quite 

spherical for the Fe3O4 composition, the other compositions display polyhedral and irregular 

crystallites. 

 

 
Figure IV-40. TEM images of commercial nanoparticles of Fe3O4, CoFe2O4, and NiZnFe2O4. 

 

Particle diameter Supplier information TEM 

- nm 

Fe3O4 [50 – 100] [50 – 200] 

CoFe2O4 30 [30 – 80] 

NiZnFe2O4 < 100 [15 – 50] 
Figure IV-41. Comparison between the particle diameter indicated by the supplier and TEM observations. 
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Figure IV-42 presents the effect of composition on the permeability for the commercial 

nanoparticles. Fe3O4 nanoparticles permeability shows a magnetic resonance appearing in a 

range from 1.5 GHz to 9 GHz (full width at half maximum, FWHM) with high amplitude 

compared to the two other compositions. At least two peaks are discriminated in this large band 

width. It could be attributed to the contribution of different population of sizes in the sample, 

remembering that the diameters are comprised between 50 and 200 nm. Indeed, regarding the 

TEM images (Figure IV-40), two populations of particles are identified: one between 50 and 

85 nm and another between 100 and 200 nm. 

 

 
Figure IV-42. Real and imaginary part of the permeability for nanoparticles with different compositions: 

Fe3O4, CoFe2O4 and NiZnFe2O4. 

 

Concerning CoFe2O4 and NiZnFe2O4 compositions, the level of permeability is 

considerably reduced due to the effect of the size (below 100 nm). NiZnFe2O4 nanoparticles 

exhibit a resonance between 1 and 9 GHz (FWHM) at a low level. Unlike the other samples, 

CoFe2O4 nanoparticles display a resonance at higher frequencies between 11 and 18 GHz 

(FWHM). This phenomenon has already been observed in the case of similar compositions [59] 

[60] [61] [62] [63]. Indeed, cobalt ferrite nanoparticles possess a high anisotropy due to spin-

orbit coupling in Co which results in a permeability resonance at higher frequencies. 

 

Furthermore, the hysteresis loops of these commercial samples are displayed in Figure 

IV-43. Fe3O4 nanoparticles have the strongest saturation magnetization MS (86.4 emu/g or 

A.m2/kg) at 18 kOe (18×103/(4π) kA/m) close to the bulk (92 emu/g or A.m2/kg), while 

CoFe2O4 and NiZnFe2O4 samples show 56.8 and 37.4 emu/g (A.m2/kg) at 18 kOe (18×103/(4π) 

kA/m), respectively. Thus, the saturation magnetization depends on the particle composition. 

Indeed, bulk saturation magnetizations of nickel, zinc, manganese, and cobalt ferrites have been 

reported: 50 emu/g (A.m2/kg) (NiFe2O4), 5 emu/g (A.m2/kg) (ZnFe2O4), 80 emu/g (A.m2/kg) 

(MnFe2O4), and 80 emu/g (A.m2/kg) (CoFe2O4) [64] [65]. 

Moreover, cobalt ferrite particles exhibit a high coercive field of 2.6 kOe (2.6×103/(4π) 

kA/m) which is in agreement with the value found by A. Lopez-Ortega et al. for CoFe2O4 

particles with diameters between 30 and 40 nm [66]. It is well known that CoFe2O4 particles 

possess a high coercive field depending on the particle size, due to the presence of cobalt ions 

on the octahedral sites of the spinel and to the surface anisotropy [67]. 
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Figure IV-43. Measured magnetization curves of commercial nanoparticles of Fe3O4, CoFe2O4, and 

NiZnFe2O4. Mass magnetization σ versus the applied field H. 

 

As a conclusion, the frequency of the permeability resonance is linked to the nature of the 

doping ion and its level is affected by the particle composition and size, larger particles inducing 

higher permeability levels. 

 

III.2.1.B.b. FM and SP(F)M particles 

Figure IV-44 exhibits the permeability spectra for FM and SP(F)M particles. For SP(F)M 

particles, the imaginary part of the permeability spectrum reveals a broad resonance spreading 

between 0.5 GHz and 3.5 GHz (FWHM) with a low amplitude. In the case of FM particles, the 

resonance amplitude is multiplied by a factor fourteen and the resonance band width extends 

from 0.5 GHz up to 5 GHz (FWHM). Thus, the level of permeability and the ferromagnetic 

resonance frequency are drastically modified by the nanoparticles size, hence the 

superparamagnetic state. This phenomenon could not have been reported by Y-J. Liang et al. 

[18] because these permeability measurements were performed only between 2 and 18 GHz. 

However, the size reduction does not result in a shift of the ferromagnetic resonance towards 

higher frequencies as suggested by N-N. Song et al. [68]. 

 

This result clearly corroborates the effect of size observed in Figure IV-42 for commercial 

powders. 
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Figure IV-44. Permeability spectra for SP(F)M and FM particles. Dashed lines represent the real part of 

the permeability µ’, and solid lines the imaginary part µ’’. 

 

III.2.1.C. Conclusion 

 

To sum up, volume fraction fV, saturation magnetization MS, real permittivity ε’ between 

1 and 6 GHz and maxima at resonance frequency (µ’’) of nanoparticles with various 

compositions and sizes are reported in Figure IV-45. 

 

Composition Size fV MS 
ε’ 

[1 – 6 GHz] 

Maximum at 

resonance 

frequency (µ’’) 

- nm - emu/g - - 

Zn0.4Fe2.6O4 
6.2 ± 1 0.28 85.6 15 0.5 

22.4 ± 11 0.22 80.6* 25 7.4 

Fe3O4 [50 – 200] 0.22 86.4 50 3.4 (2 peaks) 

CoFe2O4 [30 – 80] 0.12 56.8 10 0.5 

NiZnFe2O4 [15 – 50] 0.12 37.4 14 1.2 
Figure IV-45. Saturation magnetization deduced from VSM measurements for nanoparticles with 

different sizes and compositions. *deduced from Langevin equation. 

 

Zn0.4Fe2.6O4 composition is a good compromise allowing to combine a low permittivity 

with a high saturation magnetization. In addition, the level of permeability and the 

ferromagnetic resonance frequency are drastically affected by the nanoparticles size, which 

evidences the superparamagnetic state. The level of permeability is thus reduced when the 

particle size decreases. 

 

III.2.2. Study of the permeability at various temperatures 

 

As the permeability is affected by the particle size, permeability measurements are carried 

out within the temperature range 243 K to 343 K to analyze the dependence of the dynamic 

permeability through the change of the energy balance between the magnetic anisotropy energy 

and the thermal energy. The two sizes of nanoparticles are considered in this section. 
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III.2.2.A. FM particles 

 

Figure IV-46 displays the frequency dependence of the imaginary part of the permeability 

for FM particles. Two measurements at 293 K are reported, to compare the results coming from 

the previous setup used for the measurements at room temperature and those arising from the 

novel one dedicated to the temperature analysis (section III.1). Keeping in mind the 

measurement uncertainty of about ±0.05 for the cell with Plexiglas sides [54], the data show no 

clear effect of temperature (Figure IV-46). 

 

 
Figure IV-46. Evolution of the imaginary part of the permeability spectrum with temperature for FM 

particles. 

 

III.2.2.B. SP(F)M particles 

 

Concerning SP(F)M particles (Figure IV-47), the imaginary part of the permeability 

spectrum is significantly modified when the temperature rises from 243 K to 343 K. 

 

These results can be compared to the one obtained with FMR measurements. In FMR 

experiments, the frequency is fixed when sweeping the polarizing magnetic field H. The spectra 

commonly represent the absorbed power Pa or its derivative as a function of the magnetic field 

H, which is linked to the imaginary part of the permeability µ’’ and expressed by: 

 

𝑃𝑎(𝐻,𝜔) =
1

2
× µ′′(𝐻, 𝜔) × 𝜔 × ℎ𝑟𝑓

2 IV-19 

 

with ω the angular frequency, and hrf the exciting microwave magnetic field. 

 

FMR spectra are hence characterized by the resonance field Hr defined as the field value for 

the maximum of the Pa curve (or zero for the derivative absorption line), the resonance 

linewidth ΔH (FWHM) and the line intensity I which is the area under the absorption line. In 

the literature, these parameters follows some trends in the case of magnetic oxide nanoparticles 

dispersed in various matrices: 
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• the shift of Hr toward the low fields when decreasing temperature, demonstrated by N. 

Guskos et al. for magnetite nanoparticles [69], and F. Gazeau et al. for maghemite 

nanoparticles [70], 

• the increase of ΔH with the temperature decrease, observed for magnetite [69] [71] [72] 

and maghemite [70] nanoparticles, 

• in most cases the increase of I [69] [71] or rarely its decrease [72] for decreasing 

temperature for magnetite nanoparticles. 

 

In the same way, the temperature dependence of permeability spectra can be assimilated to 

FMR measurements by taking into account that measurements are performed at zero magnetic 

field when sweeping frequency. The permeability spectra are characterized by the resonance 

frequency fr corresponding to the frequency value for the maximum of the µ’’ curve, the 

frequency resonance linewidth Δfr of the µ’’ curve (FWHM), and the amplitude of the resonance 

line A defined as the maximum level of µ’’ at fr. 

 

By analyzing the permeability spectra obtained for SP(F)M particles (Figure IV-47), a shift 

of the resonance frequency fr toward the high frequencies is observed for decreasing 

temperature. This phenomenon is in complete agreement with the trend followed by Hr in FMR 

experiments as the field and the frequency act in opposite ways in relation to each other. The 

resonance line intensity A increases significantly for decreasing temperature, which has been 

not observed for FM particles (Figure IV-46) and is consistent with the FMR results regarding 

the line intensity I. 

 

Moreover, the width of the resonance peak Δfr (FWHM) seems to decrease for decreasing 

temperature which is in contrast with most of the FMR results. This point would deserve to be 

investigated in more depth through additional temperature dependent permeability 

measurements. The measurement quality is nevertheless affected by the temperature 

measurement set-up, especially for the lowest permeability amplitudes which are noisy, that is 

why the temperature curves displayed in Figure IV-47.B correspond to smoothed curves treated 

with the Savitzky-Golay method on Origin. 
 

 

 
Figure IV-47. Evolution of the imaginary part of the permeability spectrum with temperature for SP(F)M 

particles, before (A) and after (B) smoothing treatment. 

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

P
e
rm

e
a

b
ili

ty

Frequency (GHz)

 243 K

 293 K classical setup

 293 K

 343 K

A B 0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

 243 K

 293 K classical setup

 293 K

 343 K

P
e
rm

e
a
b
ili

ty

Frequency (GHz)



CHAPTER IV                                                                                  MAGNETIC CHARACTERIZATIONS AT DIFFERENT SCALES 

296/334 
 

Direct comparisons between FMR data coming from literature and zero-field permeability 

measurements are tricky due to the various physical systems in terms of nanoparticles 

composition and morphology, and volume contents within the matrix.  

 

The next objective is to find a suitable model to reproduce the temperature dependence of 

the permeability spectra, as well as the temperature dependences of fr, Δfr and I. 

 

III.2.3.  Interpretation through a dynamic susceptibility model 

 

From the theoretical viewpoint, the high-frequency dynamics of superparamagnetic 

nanoparticles has been extensively studied. The general theoretical approach combines the 

Landau-Lifshitz-Gilbert equation (Chapter I) for the motion of magnetic moment and the 

Fokker-Planck continuity equation for the orientational distribution function of the magnetic 

moment [73] [74]. This model has been developed in the context of the FMR where the 

magnetic moment is subjected to a static polarizing magnetic field. In our experiments, no static 

magnetic field is applied and the quantity of interest is the zero-field transverse dynamic 

susceptibility noted χ⊥. As a first approach, the experimental data are interpreted using an 

approximate analytical model proposed by Y-L. Raikher and M-I. Shliomis [75], appropriate 

to fine ferromagnetic particles with diameters of about 100 Å. The main hypotheses are the 

following: 

 

• Noninteracting randomly distributed nanoparticles are considered. 

• Each particle is assumed spherical, in a single-domain state and possesses an uniaxial 

magnetic anisotropy. 

• The ratio between the magnetic anisotropy energy KV and the thermal energy kBT is 

introduced: 
 

𝜎 =
𝐾𝑉

𝑘𝐵𝑇
 IV-20 

 

with K the anisotropy constant, V the particle volume, kB the Boltzmann constant, and T the 

temperature. 

 

 From the previous hypothesis, the zero-field transverse dynamic susceptibility is expressed 

by: 

 

𝜒⊥(𝜔) =
𝑀𝑆

𝐻𝐾

𝜔0(𝜔0𝑅3 + 𝑖𝜔𝑅4)

(𝜔0)2𝑅1 − 𝜔2 + 2𝑖𝜔𝜔0𝑅2
 IV-21 

 

where 𝜔0 = µ0𝛾𝐻𝐾 is the angular resonance frequency, µ0 the permeability of free space, γ the 

gyromagnetic factor, HK the anisotropy field for an uniaxial particle defined as: 

 

𝐻𝐾 =
2𝐾

µ0𝑀𝑆
 , IV-22 
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R1, R2, R3, R4 coefficients [75] depending on σ, and α the Gilbert damping parameter. 

 

The expression of R1, R2, R3, R4 coefficients to calculate the general expression of the 

transverse dynamic susceptibility is given by: 

 

𝑅1 =
𝐹′ − 𝐹′′

𝐹 − 𝐹′
+ (

𝛼

𝜎
)
2

(1 + 𝜎
𝐹′ − 𝐹′′

𝐹 − 𝐹′
) (3 − 𝜎 + 2𝜎

𝐹′′ − 𝐹′′′

𝐹′ − 𝐹′′
) 

IV-23 

 

𝑅2 =
𝛼

2𝜎
(4 − 𝜎 + 𝜎

𝐹′ − 𝐹′′

𝐹 − 𝐹′
+ 2𝜎

𝐹′′ − 𝐹′′′

𝐹′ − 𝐹′′
) 

 

𝑅3 = 𝜎(
𝐹′ − 𝐹′′

𝐹
) + 𝛼2 (

𝐹 + 𝐹′

2𝜎𝐹
)(3 − 𝜎 + 2𝜎

𝐹′′ − 𝐹′′′

𝐹′ − 𝐹′′
) 

 

𝑅4 = 𝛼 (
𝐹 + 𝐹′

2𝐹
) 

 

with 𝐹(𝜎) = ∫ 𝑒𝜎𝑥
2
𝑑𝑥

1

0
, 
𝑑𝐹

𝑑𝜎
=

𝑒𝜎− 𝐹

2𝜎
, 
𝑑2𝐹

𝑑𝜎2
=

2𝜎𝑒𝜎−3(𝑒𝜎−𝐹)

4𝜎2
, 
𝑑 𝐹

𝑑𝜎 
=

2𝜎𝑒𝜎(2𝜎−5)+15(𝑒𝜎−𝐹)

8𝜎 
 

 

In the case of superparamagnetic particles, the fluctuations of the thermal energy become 

dominant in relation to the magnetic anisotropy energy (kBT >> KV) (Chapter I), that is why the 

ratio σ is below one (σ << 1) which yields to an approximate expression for the R1, R2, R3, R4 

coefficients: 

 

𝑅1 = 3(
𝛼

𝜎
)
2

(1 +
16

105
𝜎) 

IV-24 

 

𝑅2 = 2
𝛼

𝜎
(1 +

1

70
𝜎) 

 

𝑅3 = 2
𝛼2

𝜎
(1 +

2

105
𝜎) 

 

𝑅4 =
2

3
𝛼 (1 +

1

15
𝜎) 

 

Conversely, when σ >> 1, the magnetic anisotropy energy KV prevails and the motion of 

the magnetic moment is in the blocked state. This phenomenon occurs below the blocking 

temperature TB (Chapter I), making the study of a suitable fit for the temperature-dependence 

permeability spectra of SP(F)M particles interesting. 

 

III.2.3.A. Value of the anisotropy constant K 

 

The ratio σ between the magnetic anisotropy energy and the thermal energy being dependent 

on the anisotropy constant K and on the particle diameter ф through its volume V, the order of 
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magnitude of  these two parameters needs to be estimated to provide a suitable model. As the 

particle diameter ф is already known with a value around 5.4 nm (Figure IV-4, section II.2.1), 

three different methods to measure an approximate value of the anisotropy constant K are 

studied. 

 

The first way calculates the anisotropy constant K from the coercive field HC of FM particles 

at 300 K. Indeed, the hysteresis cycle of FM particles is considered instead of the SP(F)M one, 

because of the superparamagnetic behavior of SP(F)M particles, which makes the estimation 

of the coercive field HC more imprecise due to the shape of the magnetization curve. As a 

consequence, the value of K obtained through this method will just give an order of magnitude.  

The coercive field HC = 8.2 Oe (8.2×103/(4π) A/m) is calculated from VSM by measuring the 

magnetization of the sample every 5 Oe (5×103/(4π) A/m) (Figure IV-48). This technique is 

preferred to the VSM-SQUID magnetometer because of its lower precision with a measurement 

every 10 Oe (10×103/(4π) A/m) near zero field. Considering an assembly of uniaxial particles 

with random orientation, a Stoner-Wohlfarth model is then applied to retrieve the anisotropy 

field HK [76]: 

 

𝐻𝐾 =
𝐻𝐶
0.49

 IV-25 

 

This approach provides a K value of 3×103 erg/cm3 (3×102 J/m3) by taking a saturation 

magnetization MS of 75.78 emu/g (A.m2/kg) equal to 397 emu/cm3 (d = 5.24 g/cm3, PDF sheet 

04-021-5090) in Equation IV-22. This value is one order of magnitude lower than the value of 

the anisotropy of Fe3O4 nanoparticles (24.3×104 erg/cm3) which is close to the Fe3O4 bulk 

anisotropy (18.7×104 erg/cm3) [77]. 

 

 
Figure IV-48. Calculation of the coercive field HC of FM particles through VSM measurement. 

 

Another method is to fit the VSM-SQUID hysteresis curve of the uniaxial FM particles at 

300 K with a law of approach to saturation [78] [79]. Despite the cubic structure of the spinel, 

the morphology of the particles does not exhibit the cubic symmetry or higher order. Thus, the 
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particle anisotropy can be approximated as an effective uniaxial anisotropy by taking into 

account shape effects. Hence, the law described by H. Duan et al. (Equation IV-26) [78] is 

preferred because it considers an uniaxial anisotropy and not a cubic one used for CoxFe(3-x)O4 

particles with a high magnetocrystalline anisotropy [79]. 

 

𝑀 = 𝑀𝑆 [1 −
4

15µ0
2𝑀𝑆

2 (
𝐾1
𝐻
)
2

] + 𝜅𝐻 IV-26 

 

with K1 the anisotropy constant and κ the high-field susceptibility or forced magnetization. 

 

The resulting model is shown in Figure IV-49 and gives an anisotropy value of K = 5.4×105 

erg/cm3 (5.4×104 J/m3). However, the corresponding HK = 2558 Oe (2558×103/(4π) A/m) and 

thus HC = 1253 Oe (1253×103/(4π) A/m) (Equation IV-25) are far from the experimental value 

of HC of 26 Oe (26×103/(4π) A/m), measured with the VSM-SQUID magnetometer. Moreover, 

as seen in Figure IV-49, the curve does not saturate. It could be due to the contribution of 

superparamagnetic particles which are in a blocked state, or to surface or volume canted spin 

contribution since the applied field will reduce the canting angle and increase the magnetization. 

This law being not adapted for superparamagnetic particles, these contributions compromise 

the validity of the method in this case. 

 

 
Figure IV-49. Positive field branch of the hysteresis curve of magnetization of FM particles and fitted 

curve in red. The parameters are: κ= 5.05 × 10-5, K1=1.03 × 105 erg/g, and MS = 80.5 emu/g (A.m2/kg). 

 

The last approach is based on the calculation of the anisotropy constant K using the blocking 

temperature TB = 33 K measured on the ZFC curve of SP(F)M particles (Figure IV-6.B, section 

II.2.1), thanks to the following formula [16]: 
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𝐾 =
𝑙𝑛 (

𝜏𝑚
𝜏0
) 𝑘𝐵𝑇𝐵

𝑉
 

IV-27 

 

with τm the measuring time, τ0 a prefactor depicting the time of superparamagnetic relaxation 

(~ 1×10-9 s for MnFe2O4 nanoparticles [16]), kB the Boltzmann constant and V the particle 

volume. 

 

With the measuring time τm of the VSM-SQUID magnetometer of 2 s, the value of K 

becomes of 7.8×105 erg/cm3 (7.8×104 J/m3). This formula overestimates the anisotropy value 

because it is computed at the blocking temperature. τ0 is also an approximation and can be 

defined more precisely through Mössbauer experiments which could measure a blocking 

temperature with another τm, then reducing the indetermination on τ0. Nevertheless, the values 

calculated at 2 s is in the same range of the ones of MnFe2O4 nanoparticles with a 7.4 nm 

diameter (5.6.105 erg/cm3) [17] and of NiZn ferrite particles of a 10.6 nm diameter (1.74.105 

erg/cm3) with a coercive field HC of 11 Oe (11×103/(4π) A/m) close to the one of FM particles 

[80]. Furthermore, the last two methods are in agreement, highlighting a value of anisotropy K 

around ~ 105 erg/cm3. 

 

As a conclusion, none of these methods is one hundred percent reliable. The values are 

summarized in Figure IV-50. They are in the same range of the absolute value 2.5×104 erg/cm3 

obtained for the Zn0.4Fe2.6O4 composition in the study of N. Miyata [81] (Figure IV-51). Thus, 

the order of magnitude of the anisotropy constant K at 300 K is in the range of 103 to 105 erg/cm3 

(102 to 104 J/cm3). 

 

Method 
Stoner-Wohlfarth 

model 

Law of approach to 

saturation 

From the blocking 

temperature TB 

τm = 2 s 

K (erg/cm3) 3×103 5.4×105 7.8×105 

K (J/m3) 3×102 5.4×104 7.8×104 
Figure IV-50. Summary of the values obtained for the anisotropy constant K with different methods. 
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Figure IV-51. Variation of the anisotropy constant K with the zinc concentration in (Zn1-yFey)Fe2O4 

crystals. From N. Miyata [81]. 

 

III.2.3.B. Influence of σ: the ratio between the magnetic anisotropy energy 

and the thermal energy 

 

The order of magnitude of the anisotropy K being in the range of 103 to 105 erg/cm3 (102 to 

104 J/m3), the magnetic permeability of SP(F)M particles can be fitted with the  model proposed 

by Y-L. Raikher and M-I. Shliomis [75] (Equation IV-21) at room temperature by testing 

different values of anisotropy K with the approximate expression (Equation IV-24), which 

directly impacts the ratio σ (Equation IV-20). The particle diameter is firstly fixed to 5.4 nm, 

the value computed through the Langevin function for particles surrounded by an organic layer 

(Figure IV-4.A, section II.2.1). In the same manner, the corresponding saturation magnetization 

MS is equal to 65.6 emu/g (A.m2/kg or 3.44×105 A/m by taking d = 5.24 g/cm3). The result is 

exhibited in Figure IV-52. 

 



CHAPTER IV                                                                                  MAGNETIC CHARACTERIZATIONS AT DIFFERENT SCALES 

302/334 
 

 
Figure IV-52. Computed permeability spectra (imaginary part, µ’’) for different values of σ and 

comparison with experiment at room temperature. The parameters are: MS = 3.44×105 A/m, γ = 1.76×1011 

s-1T-1, α = 0.1 and ϕ = 5.4 nm. 

 

The model is sensitive to the value of the anisotropy constant K. A transition between  a 

relaxant and a resonant behavior is observed from σ = 0.60. This value is close to the one of 

0.73 obtained in the paper of Y-L. Raikher and M-I. Shliomis [75]. An anisotropy value K of 

104 J/m3 provides a better fit and is kept for the following study. This last value is consistent 

with the anisotropy constants calculated with the law of approach to saturation and from the 

blocked temperature (Figure IV-50). 

 

III.2.3.C. Influence of the damping parameter α 

 

Figure IV-53 shows the variation of the model results by changing the values of the damping 

parameter α and also a comparison with the experimental spectrum. A shift of the curves 

towards the higher frequencies when the damping parameter increases is noticed as well as an 

increase of the full width at half maxima (FMWH). An adapted value for the damping parameter 

α is around 0.15. 
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Figure IV-53. Computed permeability spectra (imaginary part, µ’’) for different values of α and 

comparison with experiment at room temperature. The parameters are: MS = 3.44×105 A/m, γ = 1.76×1011 

s-1T-1, K = 104 J/m3 and ϕ = 5.4 nm. 

 

III.2.3.D. Effect of the size distribution 

 

As previously observed, the permeability spectra are dependent on the particle size (part 

III.2.1.B.b). The variation of the model is thus studied as a function of the particle diameter. 

Figure IV-54 shows the computed nanoparticle size dependence of the permeability spectra 

(imaginary part) at room temperature. A transition between a relaxant character and a resonant 

one is revealed for increasing the nanoparticle size. The model reproduces adequately the 

experimental curve for the nanoparticle diameter ϕ = 5.4 nm (σ ≈ 0.2) corresponding to the one 

calculated with the Langevin function for particles surrounded by an organic layer (Figure 

IV-4.A, section II.2.1) and K = 104 J/m3. As the particles used for the measurement comprise a 

proportion of organics at an outer shell, the diameter deduced from the Langevin function of 

the hysteresis loop without subtraction of the organic amount from the total weight better suits. 

Furthermore, the damping parameter α is refined with a value of 0.13. 
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Figure IV-54. Computed permeability spectra (imaginary part, µ’’) and comparison with experiment. 

Nanoparticle size-dependence of µ’’ at room temperature. The magnetic parameters are: K = 104 J/m3, MS 

= 3.44×105 A/m, γ = 1.76×1011 s-1T-1, α = 0.13. 

 

The size distribution of SP(F)M particles is centered around 6.2 nm with a standard 

deviation of 1 nm. Due to the gap between this range of size and the one retrieved from the 

Langevin function (5.4 nm) which matches well with the experimental curve (Figure IV-53), 

the effect of the size distribution on the shape of the model is investigated, in order to further 

improve the fit between the experimental and the theoretical curves. 

 

The magnetic susceptibility can be written as a function of the distribution density in volume 

fV: 

 

〈𝜒⊥〉𝜎(𝜔) = ∫ 𝜒⊥(𝜔, 𝜎)𝑓𝑉𝑑𝜎
∞

0

 IV-28 

 

with fV expressed as follows in the case of spherical particles with a diameter ф [82]: 

 

𝑓𝑉(ф) =
1

6
𝜋ф3𝑃(ф) IV-29 

 

P(ф) is the log-normal size distribution density of the number of particles [82]: 

 

𝑃(ф) =
1

√2𝜋𝛥ф
𝑒𝑥𝑝(−

1

2

𝑙𝑛2 (
ф
ф0
)

𝜎2
) IV-30 

 

where ф0 is the mean diameter and Δ the standard deviation of the log-normal law. 

 

The mean diameter in particle number ф𝑚,𝑁 and in volume ф𝑚,𝑉, as well as the 

corresponding standard deviations 𝛥𝑁 and 𝛥𝑉 are given by: 
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ф𝑚,𝑁 = 〈ф〉𝑒𝑥𝑝 (
𝛥2

2
) 𝛥𝑁 = ф𝑚,𝑁 (√𝑒𝑥𝑝(𝛥2) − 1) IV-31 

   

ф𝑚,𝑉 = 〈ф〉𝑒𝑥𝑝 (
7𝛥2

2
) 𝛥𝑉 = 𝛥𝑁𝑒𝑥𝑝(3𝛥

2) IV-32 

 

From Equations IV-29 to IV-32, the distribution density in volume fV can be plotted as a 

function of the standard deviation Δ for a mean particle diameter of 5.4 nm (Figure IV-55). As 

expected, the curves become asymmetric towards the large diameters with the increase of the 

standard deviation Δ. The larger the standard deviation will be, the greater impact it will have 

on the permeability spectra. 

 

 
Figure IV-55. Distribution density fV in volume for different standard deviation Δ. 

 

The previous formula for the susceptibility (Equation IV-28) is applied to the Raikher’s 

model (Equation IV-21) and compared to the experimental curve in Figure IV-56. Two 

observations can be done. On the one hand, the curve maxima is shifted towards the low 

frequencies when the standard deviation Δ increases due to the large particle diameter. The best 

fit (black curve) is obtained when the polydispersity is not taken into account. On the other 

hand, the general formula (Equation IV-23) allows to plot a theoretical curve (black curve) 

closer to the experimental one in comparison with the approximative formula (Equation IV-24) 

(yellow curve). 
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Figure IV-56. Computed permeability spectra (imaginary part, µ’’) weighted by the size distribution and 

comparison with experiment. 

 

III.2.3.E. Effect of the anisotropy constant K and the saturation 

magnetization MS 

 

The anisotropy constant K and the saturation magnetization MS are two variables which 

evolve with the temperature. It is interesting to examine if this temperature dependence needs 

to be taken into account in the model to fit well the experimental curve, or if it can be neglected. 

 

III.2.3.E.a. K and MS independent of the temperature 

In this section, the temperature dependence of the anisotropy constant K and the saturation 

magnetization MS is neglected. The value of the anisotropy constant K selected in part III.2.3.A 

is kept constant (105 erg/cm3 = 104 J/m3), as well as the saturation magnetization MS of SP(F)M 

particles (section II.2.1) of 3.44×102 emu/cm3. Figure IV-57 presents the results of such a 

model. 

 

The fit does not reproduce the experimental curves well. The model follows the trend of the 

experimental curves concerning the evolution of the amplitude of the resonance peak A and also 

the width of the resonance peak Δfr, which respectively increases and decreases for decreasing 

temperature. 

 

However, the inverse trend is observed for the resonance frequency fr. Indeed, a shift of the 

resonance frequency fr towards the low frequencies is observed for decreasing temperature, 

whereas this shift occurs towards the high frequencies for the experimental curves. As a 

consequence, the temperature dependence of the anisotropy constant K and the saturation 

magnetization MS should be taken into account in the model to reproduce this effect. 
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Figure IV-57. Temperature dependence of the computed permeability spectra (imaginary part, µ’’) and 

comparison with experiments. The magnetic parameters are: K = 104 J/m3, MS = 3.44×105 A/m, γ = 

1.76×1011 s-1T-1, α = 0.13, ϕ = 5.4 nm. 

 

III.2.3.E.b. Temperature dependence of K and MS 

Figure IV-58.A exhibits the temperature dependence of the computed imaginary 

permeability spectra compared to experimental curves by taking into account the variation of 

the anisotropy constant K and the saturation magnetization MS
 with temperature. 

 

 
Figure IV-58. (A) Temperature dependence of the computed permeability spectra (imaginary part, µ’’) 

and comparison with experiments. The parameters are: γ = 1.76×1011 s-1T-1, α = 0.13, ϕ = 5.4 nm. (B) 

Temperature dependence of the effective anisotropy field HK used for fitting the experimental curves 

(black circles) with the K value at TB (red circle). The dashed line is a guide for eyes. 
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The anisotropy constant K is calculated at the blocking temperature TB (33 K) from the 

VSM-SQUID measurements with τm = 2 s (part II.2.1). The values of anisotropy constant K and 

of saturation magnetization MS at 243, 293 and 343 K are estimated from the model and 

summarized in Figure IV-59. From these data, the anisotropy field HK is computed (Equation 

IV-22) and its evolution is plotted in Figure IV-58.B as a function of the temperature. The 

anisotropy field HK decreases with increasing temperature. Such a rapidly decreasing anisotropy 

profile has been reported for FePt nanoparticles [83]. All of the data are summarized in Figure 

IV-59. 

 

 33 K 243 K 293 K 343 K 

K (erg/cm3) 1.18×106 2.05×105 1.40×105 0.49×105 
MS (emu/cm3) 3.44×102 3.34×102 3.26×102 3.10×102 

HK (Oe) 6.88×103 1.23×103 8.59×102 3.16×102 
Figure IV-59. Temperature dependence of the anisotropy constant K, the saturation magnetization MS and 

the anisotropy field HK obtained from calculation at TB (33 K) and simulations at 243, 293 and 343 K. 

 

Moreover, the values of anisotropy constant K in Figure IV-59 are correlated to the one of 

(Zn1-yFey)Fe2O4 crystals studied by N. Miyata [81]. The values are taken at 90, 150, 220 and 

290 K for the following compositions: Zn0.3Fe2.7O4 and Zn0.48Fe2.52O4 [81], allowing to estimate 

the corresponding values for the composition of interest Zn0.4Fe2.6O4 by interpolation. Thus, the 

decrease of anisotropy with temperature is also evidenced by N. Miyata [81] which is consistent 

with the computation for SP(F)M particles (Figure IV-60). 

 

 
Figure IV-60. Comparison of the temperature dependence of the anisotropy of (Zn1-yFey)Fe2O4 crystals 

from N. Miyata [81] and the computation for SP(F)M particles. 

 

By comparing the experimental and theoretical temperature dependences of the µ’’ spectra 

(Figure IV-58.A), the experimental evolutions are satisfactorily reproduced by the analytical 

model due to the introduction of a temperature dependence of the effective anisotropy field 

(Figure IV-58.B). This time,  the temperature dependences of the resonance frequency fr, the 

width of the resonance peak Δfr and the amplitude of the resonance peak A are similar between 

0 50 100 150 200 250 300 350 400
0

20

40

60

80

100

120

100 150 200 250 300 350
0

10

20

30

½
K

½
(1

0
4
 e

rg
/c

m
3
)

T (K)

 SP(F)M  Zn0.3Fe2.7O4   Zn0.4Fe2.6O4   Zn0.48Fe2.52O4

½
K

½
(1

0
4
 e

rg
/c

m
3
)

T (K)



CHAPTER IV                                                                                  MAGNETIC CHARACTERIZATIONS AT DIFFERENT SCALES 

309/334 
 

the theory and the experiment. Indeed, the shift of the resonance frequency fr towards the high 

frequencies is properly observed for decreasing temperature. 

 

Consequently, this analytical model appears relevant to capture the main features of the 

experimentally observed superparamagnetic resonances. 

 

Nevertheless, a deviation of the model from the experiment is noticed especially at high 

frequencies (Figure IV-58.A). As including an effect of polydispersity in the particle size (part 

III.2.3.D) has not improved the fit, the hypothesis of the presence of dipolar interactions 

between SP(F)M particles could be a first explanation. 

 

III.2.3.F. Conclusion 

 

Size effects of Zn0.4Fe2.6O4 nanoparticles have been exhibited in the zero-field dynamic 

permeability spectra. Indeed, the decrease of the particle size has an influence on the motion 

of the particle magnetic moments, which directly impacts the magnetic susceptibility and 

hence the permeability. The main effect is a drastic reduction of the permeability level, 

whereas a shift in the resonance frequency is not clearly observed. A dynamic susceptibility 

model has been developed to successfully reproduce the experimental results for the 

superparamagnetic particles and, in particular, the trend in the temperature dependence of 

the permeability spectra. 

 

III.3. Continuous coatings 

 

The dynamic magnetic properties of continuous FM coatings after debinding and sintering 

are measured through the method of spire perturbation [84]. This method relies on the 

measurement of an impedance through an analyzer connected to a support constituted of a spire. 

Figure IV-61 displays the permeability µ’ and µ’’ of FM coatings elaborated by airbrushing 

after debinding and sintering. Two sintered samples are compared: one realized on a silicon 

wafer and another on alumina. 

The high level of permittivity of Si and alumina substrate reduces the precision of the 

measurement by a high capacitive contribution to the impedance. The measurements are then 

very sensitive to the positioning of the sample into the cell. 
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Figure IV-61. Spectra of the permeability (µ’, µ’’) of FM coatings after debinding and sintering. 

 

The resulted curves being very noisy, a smoothing treatment have been used on Origin to 

recover the following curves for the imaginary permeability µ’’ (Figure IV-62). 

 

 
Figure IV-62. Spectra of the imaginary permeability (µ’’) of FM coatings after debinding and sintering. 

The curves are smoothed on Origin. 

 

The level of the imaginary permeability of the debinded sample is lower than after sintering. 

The two sintered samples exhibit similar results, which are too weak to be precisely measured 

by a perturbation technique.  

In all cases, the dynamic magnetic response are low in comparison with dense films realized 

for example by spin spray [3] or inket printing [85]. On these samples, the effect of patterning 

will not modify the dynamic response, since it behaves more like a set of nanoparticles than a 

continuous magnetic medium with a perfect magnetic continuity.  
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IV. Conclusion 

 

The magnetic properties of FM and SP(F)M nanoparticles and coatings have been 

studied through static and dynamic characterizations. 

 

On the one hand, the static magnetic characterizations of FM and SP(F)M particles have 

demonstrated: 

 

• A saturation of the magnetization signal of FM particles (MS of 80.6 emu/g or 

A.m2/kg). 

 

• A superparamagnetic behavior of SP(F)M particles with a magnetization curve which 

does not saturate. A fit of the curve based on a Langevin function gives a crystallite 

size of 5 nm and a saturation magnetization MS of 85.6 emu/g (A.m2/kg), close to the 

one of FM particles. 

 

• A sharp decrease of the saturation magnetization MS of annealed FM particles from 

400 °C, due to: 

 

o the presence of a secondary phase of Zn2+ substituted wüstite (ZnxFe1-xO 

phase) 

o a Zn2+ redistribution in the spinel sites inside both magnetite and maghemite 

phases, 

o and spin disorder at the particle surface. 

 

Then, the static magnetic properties of continuous coatings have been examined as a 

function of the number of particle cleanings N, and of the thermal treatment: 

 

• The number of cycles N is fixed at 6. It allows to combine a reduction of the organic 

quantity at the particle surface, a high saturation magnetization MS and a good 

adherence of the material on the substrate. 

 

• The different evolution of the magnetization as a function of the annealing 

temperature between particles and coatings can be explained by a difference of 

reactivity. Indeed, the formation of Zn2+ substituted wüstite (ZnxFe1-xO phase) is 

delayed in coatings, which leads to a higher magnetization of sintered coatings (76 

emu/g or A.m2/kg) in comparison with sintered nanoparticles (22 emu/g or A.m2/kg). 

 

• The saturation magnetization MS of a sintered FM coating with 50% of porosity (76 

emu/g or A.m2/kg) is encouraging, as it is not so far from the value of 98.8 emu/g 

(A.m2/kg) of a dense  Zn0.4Fe2.6O4 film [3]. 
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As a conclusion, the saturation magnetization MS of particles and coatings is strictly 

related to the material microstructure and can be affected by several factors summarized in 

Figure IV-63: 

 
Figure IV-63. Parameters influencing the saturation magnetization MS.  

 

• the chemical composition of the material, especially the quantity of doping ion, 

 

• the microstructure of the material, namely the volume oxidation, the presence of 

secondary phases, and the cationic distribution in the structure (inversion degree), 

 

• and the spin-canting effect at the nanoparticle surface and in the volume due to non-

magnetic substitution, exalted for smaller particles. 

 

From the main factors affecting the saturation magnetization MS, the values of the 

experimental magnetic moment of FM and SP(F)M particles have been compared to the 

theoretical ones estimated from a corrected model with different hypotheses. This model 

enables to establish a link between the microstructure and the magnetic properties of 

particles. The best fit has been obtained by considering particles with volume surface 

oxidation, and various amounts of Zn cations at octahedral sites for Zn2+ substituted  

maghemite and magnetite phases. 

 

On the other hand, the dynamic magnetic properties of FM and SP(F)M particles and 

continuous coatings have been analyzed. 

 

The permittivity and permeability of FM and SP(F)M particles have been investigated 

and lead to the following conclusions: 

 

• The introduction of zinc in the structure induces a decrease of the permittivity when 

compared with commercial Fe3O4 composition. 

 

• The frequency of the permeability resonance fr is linked to the nature of the doping 

ion and its level is affected by the particle size, larger particles inducing higher 

permeability levels. 
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• Zn0.4Fe2.6O4 composition is a good compromise allowing to combine a low permittivity 

with a high saturation magnetization. The level of permeability A and the 

ferromagnetic resonance frequency fr are drastically affected by the nanoparticles 

size, which evidences the superparamagnetic state. 

 

• A dynamic susceptibility model has been employed to successfully reproduce the 

experimental results for SP(F)M particles, and especially the trend in the temperature 

dependence of the permeability spectra, by taking into account the temperature 

dependence of the effective anisotropy field: 

 

o a shift of the resonance frequency fr toward the high frequencies for 

decreasing temperature, 

o an increase of the resonance line intensity A for decreasing temperature, 

o and the decrease of the width of the resonance peak Δfr for decreasing 

temperature. This point needs further investigation. 

 

Finally, the dynamic magnetic properties of continuous FM coatings after debinding and 

sintering have been measured. The levels of the imaginary permeability are too low to realize 

the final application, a material with magnetic losses at desired frequencies after patterning. 

An enhancement of the density of coatings is the key to obtain a better dynamic magnetic 

response. Solutions to the improvement of the coating density have been discussed in chapter 

II and require the study of more adapted processing methods. Moreover, all the 

understanding that have been gained on this family of composition can be reused even if the 

process deposition of the ferrite is changed so as to elaborate dense thin films. 
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General conclusion 

The prospects of the project are written in italics. 

 

The objective of this study was to elaborate a patterned magnetic material with a 

texturization in domains from which the magnetic losses would be controlled through their 

geometric characteristics (size, shape, thickness and spacing). The expected magnetic behavior 

is called a “multi-band” behavior since the magnetic losses are controlled at desired frequencies, 

and it has an interest in electromagnetic applications like power transformers in electronics and 

telecommunications, information storage, wireless power transfer (WPT), radar absorption. 

Such frameworks require the development of dense coatings in order to be able to tune the 

magnetic response of the material only through the microstructure at the scale of patterns, not 

disturbed by the presence of defects at the microscopic scale generated by porosity. For this 

purpose, the viability and suitability of an overall process of coating has been studied, from the 

nanoparticle synthesis to the film. A Zn0.4Fe2.6O4 composition has been chosen to combine a 

high value of saturation magnetization with an electrical resistivity sufficient to ensure the 

penetration of the electromagnetic wave. 

 

First of all, Zn0.4Fe2.6O4 nanoparticles have been synthesized by microwave-assisted thermal 

decomposition. This synthesis route provides a fast and uniform heating, leading to 

reproducible results and homogeneous particles in size and shape. The synthesis has been 

performed in an organic medium with a mixture of oleylamine (OAm) and oleic acid (OA), 

used as surfactants, in octadecene. OAm and OA have separate and complementary roles. On 

the one hand, they allow to control the particle morphology. Indeed, OA favors the particle 

growth along a preferential axis and OAm inhibits its growth. Spherical particles have been 

obtained using equal quantities of OAm and OA. On the other hand, OAm also serves as a pH 

regulator since OAm absorbs the protons generated during the grafting of OA molecules at the 

particle surface. The particle are thus essentially surrounded by OA molecules through the 

carboxylic groups chemically adsorbed onto the particle surface. Ethylene glycol has been 

shown to increase the nanoparticle size as found in other oxides with an atypical “raspberry” 

morphology [1], and as observed with diethylene glycol too [2]. The mechanism of this peculiar 

growth has not been elucidated. 

Two types of particles have been elaborated: spherical superparamagnetic particles 

(SP(F)M) with a diameter of 6.2 ± 1 nm and ferrimagnetic ones (FM) with a diameter of 22.4 

± 11 nm. In order to avoid parasitic signals from particle domains or walls, the size of the 

particles should be smaller than 1 µm. 

The chemical composition and microstructure of particles have been deeply investigated. 

The measured chemical composition is consistent with the theoretical one and is homogeneous 

at global (ICP-AES) and local scales (SEM-EDX). The combination of four means of 

characterization has provided a good knowledge of the microstructure of particles through 

Fourier transform infrared spectroscopy (FTIR), X-ray diffraction with a Rietveld analysis, high 

resolution microscopy HAADF-STEM coupled to EELS, and Mössbauer spectroscopy. The 



 

321/334 
 

results are in agreement and have evidenced: the core/shell structure of particles due to surface 

oxidation amplified for SP(F)M particles, a partial inversion of the spinel structure for FM 

particles and the presence of a surface spin-canting on the outer shell of the particle surface. 

The particles can be split in three layers from the outer to the inner: a canted layer, an oxidized 

layer, and a core displaying the zinc iron oxide spinel phase. 

 

In this work, the chemical composition has been restricted to doped zinc iron oxide spinel 

particles. Nevertheless, the microwave route could be adapted for the synthesis of other 

interesting compositions, like (ZnMn)Fe2O4 or (NiZn)Fe2O4. The idea of a microwave-assisted 

thermal decomposition by adding other metallic precursors may be further considered. Indeed, 

additional doping ions in the structure of the ferrite might potentially be attractive to tune the 

electrical and magnetic properties as different cationic distributions will occur. The material 

behavior will differ with responses on different frequency ranges, leading to different types of 

applications. 

 

Once elaborated, the particles have been cleaned through centrifugations before being 

dispersed in hexane. The successful dispersion of particles in hexane is due to the affinity with 

hexane of the nonpolar hydrocarbon chains of OA molecules grafted onto the particle surface 

through their carboxylates groups. A compromise regarding the residual organics surrounding 

particles after synthesis has been found. Due to the fact that they affect the magnetic properties 

of the particles, the organics have to be removed as much as possible, keeping in mind that 

some are needed to maintain a good stability of the particles in solution. Continuous layers have 

been then deposited onto silicon wafer and alumina substrates by airbrushing. Finally, the 

coatings have been annealed under argon to prevent oxidation through a procedure in two 

stages: a debinding step at 450 °C to remove the organic residues coming from the dispersion, 

and a sintering one at 770 °C to densify the layer after the organics removal, and also ensure a 

good adhesion of the layer to the substrate. 

The generated coatings are cracked due to the progressive departure of organics. Indeed, 

OA molecules are thermally decomposed in two stages. The hydrocarbon chains are firstly 

removed from 300 °C due to their weak bonding with the particle, while the carboxylates groups 

are decomposed at higher temperatures because they are chemically adsorbed onto the particle 

surface. A second reason to explain the cracking is the reduction of the particles into Zn2+ 

substituted wüstite caused by the degradation of the carbon residues. After annealing at 770 °C, 

the particles can be assimilated to core/shell structures with Zn0.4Fe2.6O4 composition at the core 

and Zn2+ substituted wüstite at the outer. 

Different strategies have been tested to reduce the cracking. However, the coating density 

has not been improved and the best coating is approximately half porous. With such values of 

porosity, the aimed magnetic response is not expected. Nevertheless, a test of patterning through 

laser etching has been successful on a sintered sample, which demonstrates the feasibility of 

the processing method. 

 

A transfer of the airbrushing towards an innovative and automatized process has been 

studied. The inkjet printing allows the realization of patterned coatings in a single step without 

post-processing. The dispersion of particles previously optimized has been reformulated to 
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meet the criteria imposed by the printer, and especially the respect of a dimensionless ejection 

ratio, linked to the viscosity and surface tension of the fluid. Two compatible inks have been 

formulated from the particle dispersion: a polymer-based formulation (PF) with a mixture of 

poly(1-decene) and hexane, and a solvent-based (SF) one with a mixture of octanol and hexane. 

Both inks have exhibited a good jet-ability and led to the elaboration of well-defined squares 

of 500 µm of length. Nevertheless, the major drawback of the PF formulation is the use of a 

large quantity of polymers which requires the optimization of a novel thermal treatment at 

elevated temperature to be removed from coatings. Moreover, it may induce a lot of porosity 

inside coatings. In this respect, the SF formulation has been preferred, even if the fast drying of 

this composition generates a “coffee-ring” effect during the evaporation of solvents. This 

phenomenon could be avoided or reduced by heating the substrate. Thus, the results are 

promising but the quality of printing, as well as the drying could be improved by further 

investigations. 

 

Similarly to the airbrushing, inkjet printed coatings also need a thermal post treatment 

through debinding and sintering. The same problem of cracking will be encountered. Thus, a 

modification of the processing method and/or another thermal densification technique could 

help to overcome this issue. On the one hand, the laser sintering of coatings after airbrushing 

or printing could be a solution. It induces local heating through laser irradiation on the coating 

surface, and hence causes less cracking since stress relief can occur in the non-sintered part of 

the film. The possibility to create a patterned network by managing the cracks is also feasible. 

For this purpose, a laser sintering module could be installed in the printer. 

On the other hand, the elaboration of continuous films through precursor solutions directly 

on the substrate through low temperature processes like a microwave-assisted solvothermal 

method, or the spraying of a solution on a heating spinner with a moderate temperature of 80 

°C, could be considered. No further post annealing treatment is required to densify the films. 

However, a laser etching will be necessary for patterning. A solution to obtain direct patterns 

could be to transfer the spraying technique to the inkjet printing with the possibility to heat the 

substrate during printing. 

Other alternatives could be mentioned as the introduction of a flexible intermediate layer 

on the substrate, easy to remove in order to reduce stresses between the deposited layer and 

the substrate, and hence less cracking. A network of patterns could be realized from a printed 

hydrophobic negative template inserted in a microwave filled with a precursor solution. The 

formation of an adhesive layer from hydrophilic precursors will occur only in the holes of the 

grid due to the different affinity of the precursors, hence a structured coating. Lastly, an 

aqueous dispersion of particles, which has been formulated in this study by transferring the 

organic dispersion in water through the addition of a transferring agent, could be applied to a 

crack patterning method. The principle is to control the solvent evaporation to generate 

periodic cracks in a film deposited by dip-coating. 

 

The magnetic properties of particles and continuous coatings elaborated by airbrushing have 

been explored. The static magnetic properties have evidenced different magnetic behaviors at 

the particle scale. The magnetization cycle of SP(F)M particles does not saturate at high fields, 

whereas it saturates for FM particles. The SP(F)M particles are therefore superparamagnetic. 



 

323/334 
 

In addition, the saturation magnetizations of SP(F)M (85.6 emu/g or A.m2/kg) and FM (80.6 

emu/g or A.m2/kg) particles are lower than the one of the bulk for the same composition (98.8 

emu/g or A.m2/kg). This reduction of magnetization could come from multiple reasons: a 

surface oxidation of particles, an inversion degree of the spinel structure and surface spin-

canting. The magnetization loops have been also measured for annealed particles at different 

temperatures. A decrease of the magnetization between 300 and 770 °C, attributed to the 

formation of zinc substituted wüstite has been observed. 

A corrected Bercoff model based on the molecular field theory enables to calculate the 

magnetic moments of particles and to compare the results to the experiment. Many hypotheses 

have been tested to compute these magnetic moments: surface oxidation, inversion degree and 

surface spin-canting. 

The trend noticed for particles regarding the magnetization as a function of the annealing 

temperature is different than the one of coatings. A difference of reactivity between particles 

and coatings has been thus highlighted. The formation of zinc substituted wüstite is delayed in 

coatings, which leads to a higher magnetization of sintered coatings (76 emu/g or A.m2/kg) in 

comparison with sintered nanoparticles (22 emu/g or A.m2/kg). Furthermore, a saturation 

magnetization of 76 emu/g (A.m2/kg) for a sintered FM coating with 50 % of porosity is 

encouraging, compared to the bulk value (98.8 emu/g or A.m2/kg). 

 

Permittivity and permeability of particles have been compared to commercial particles of 

Fe3O4, CoFe2O4 and NiZnFe2O4. The zinc doping allows to reduce the permittivity of the 

material when compared to Fe3O4 commercial powder, which is in agreement with the 

composition choice. 

The level of the complex-permeability is affected by the particle size, FM particles 

demonstrating higher levels than SP(F)M ones. A model written by Y. Raikher for the dynamic 

susceptibility has been applied and it has successfully reproduced the permeability spectra of 

SP(F)M particles, as well as their temperature dependence. Concerning in-temperature 

measurements, the temperature dependence of the anisotropy field has to be taken into account. 

The experimental trends are perfectly recovered by the model, namely a shift of the resonance 

frequency towards high frequencies as well as an increase of the permeability level when the 

temperature decreases, and a decrease of the full width at half maximum for decreasing 

temperatures. This last observation needs further study. 

The measured permeabilities of FM continuous coatings after debinding and sintering have 

displayed too weak levels to expect a control of the magnetic losses of the material through its 

structuration in domains, the coating being already cracked. 

 

An enhancement of the density of coatings is the key to obtain a better dynamic magnetic 

response. This could be realized through the different alternatives previously exposed about 

more adapted processing methods for coatings made from precursor solutions, and/or other 

sintering methods. 
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Résumé : Ce projet porte sur la réalisation de 

nouveaux matériaux aux propriétés magnétiques 

parfaitement contrôlées pour des applications 

électromagnétiques de types antennes RFID, 

transmission de puissance sans fil, absorbants 

radars… Le principe repose sur l’élaboration d’une 

structure organisée en motifs ou domaines 

magnétiques définie par des caractéristiques 

géométriques (taille des motifs, épaisseur, distance 

entre motifs). La réponse magnétique en 

perméabilité de tels matériaux est liée aux 

contributions des domaines et des parois formés, 

donnant naissance à un matériau dit « multi-bandes 

» au regard des pics distincts et séparés observés sur 

son spectre de perméabilité. L’élaboration d’un tel 

matériau est étudiée par dépôt en voie liquide de 

nanoparticules d’oxyde de fer. La composition du 

matériau est fixée à Zn0.4Fe2.6O4 afin de combiner une 

aimantation à saturation forte, et une permittivité 

diélectrique faible pour une bonne pénétration de 

l’onde électromagnétique dans le  

dépôt. Les nanoparticules sont synthétisées par 

décomposition thermique en voie micro-ondes. Deux 

gammes de tailles de nanoparticules sont visées : des 

nanoparticules superparamagnétiques (diamètre 

inférieur à 20 nm) et ferrimagnétiques. Deux 

techniques de réalisation de dépôts structurés à 

partir de suspensions stables de nanoparticules sont 

discutées : l’aérographie suivie d’une gravure laser, et 

l’impression jet d’encre. De nombreuses 

caractérisations physico-chimiques, locales ou 

globales, ont été effectuées. Un traitement thermique 

est requis pour la densification du matériau, mais ne 

permet pas d’obtenir une densité suffisante pour 

l’application envisagée. Une étude approfondie des 

propriétés magnétiques statiques et dynamiques des 

particules et des dépôts est réalisée, et corrélée à 

leurs caractéristiques structurales par le biais de 

modèles de champ moléculaire. Des pistes sont 

ouvertes pour l’élaboration d’un matériau 

magnétique multi-bandes. 

 

 

Title: Synthesis of iron oxide nanoparticles and development of magnetic coatings by fluid processing 

Keywords: nanoparticles, iron oxide, coatings, inkjet printing, magnetic properties 

Abstract: The aim of the study is to develop novel 

materials with well-controlled magnetic properties 

for electromagnetic applications like RFID antennas, 

wireless power transmission, radar absorption… The 

principle is based on the development of an 

organized framework in patterns or magnetic 

domains, defined by their geometry (pattern size, 

thickness, spacing). The permeability response of 

such materials is linked to the contributions of 

created domains and walls, giving rise to a “multi-

band” material with separate and distinct peaks on its 

permeability spectrum. The development of such 

material is studied through fluid processing from iron 

oxide nanoparticles. The Zn0.4Fe2.6O4 material 

composition is selected in order to provide a high 

saturation magnetization and a low dielectric 

permittivity to ensure the penetration of the 

electromagnetic wave in the coating. 

The nanoparticles are synthesized by microwave-

assisted thermal decomposition. Two ranges of sizes 

are chosen: superparamagnetic particles (diameter 

below 20 nm) and ferrimagnetic ones. Two 

processing methods from stable particle dispersions 

are discussed: airbrushing followed by a laser 

etching, and inkjet printing. Several physico-chemical 

characterizations, at local and global scales, have 

been performed. An annealing is required to densify 

the material, but does not provide a suitable density 

for the desired application. An in-depth study of the 

static and dynamic magnetic properties of 

nanoparticles and coatings is done, and correlated to 

their microstructure through modeling from the 

molecular field theory. Many guidelines are 

suggested for the development of a multiband 

magnetic material. 

 

 


