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Abstract

This thesis concerns the fabrication and characterisation of magnetic materials (magnetocaloric films and micro-magnets) destined for integration into energy harvesting prototypes.

The first part is dedicated to the study of magnetocaloric materials, namely Gd and La(Fe,Si) 13 films, fabricated by triode sputtering. In the case of Gd, we investigated the influence of deposition temperature and thickness on the magnetic and structural properties of Gd films in the thickness range 3.5-39 µm. We showed that films deposited at elevated temperature (400°C) could be easily peeled from the substrate, resulting in flexible free-standing films that can be easily integrated into devices. We fabricated compositionally graded La-Fe-Si films, ( 0.5-5 µm thick), to study the formation of the La(Fe,Si) 13 cubic phase. A systematic study of the magnetic and crystallographic properties of the films was carried out on samples taken of specific composition, as a function of process parameters (thickness and annealing conditions). It confirmed that it is indeed possible to stabilize the 1:13 cubic phase and tune properties with stoichiometry (T C higher than bulk).

The second part of the manuscript concerns two types of micro-magnets. Thick Nd-Fe-B micro-magnets (50 µm) were produced by triode sputtering onto pre-etched Si substrates, for integration into a thermomagnetic power generator prototype. Analytical simulation of stray field patterns was used to optimise the dimensions and distribution of the micro-magnets. In parallel, we developed a process for producing arrays of anisotropic flexible bonded micro-magnets based on single crystalline Sr-ferrite or Sm-Fe-N hard magnetic powders mixed with PDMS. Using this technique, we produced micro-magnets of thickness up to 300 µm. Beyond their integration into a harvester, we demonstrated the possible mechanical actuation under external magnetic field.
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Résumé

Cette thèse porte sur la fabrication et la caractérisation de matériaux magnétiques (films magnétocaloriques et micro-aimants) destinés à être intégrés dans des prototypes de récupérateurs d'énergie.

La première partie traite l'étude de matériaux magnétocaloriques films de Gd et de La(Fe,Si) [START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF] , fabriqués par pulvérisation triode. Dans le cas du Gd, nous avons étudié l'influence de la température de dépôt sur les propriétés magnétiques et structurelles des films de Gd de 3.5-39 µm d'épaisseur. Nous avons montré que les films déposés à une température élevée (400°C) pouvaient être facilement décollés du substrat, ce qui donne des films flexibles qui peuvent être facilement intégrés dans des dispositifs.

Nous avons fabriqué des films La-Fe-Si avec une gradient de composition (0.5 et 5 µm d'épaisseur) pour étudier la formation de la phase La(FeSi) [START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF] . Une étude systématique des propriétés magnétiques et cristallographiques des films a été réalisée sur des échantillons de composition spécifique, en fonction des paramètres du procédé (épaisseur et condition de recuit). Il a confirmé qu'il est en effet possible de stabiliser la phase cubique 1:13 et d'ajuster les propriétés avec la stoechiométrie.

La deuxième partie du manuscrit concerne deux types de micro-aimants. Des microaimants épais en Nd-Fe-B (50 µm) ont été produits par pulvérisation triode sur substrats pré-gravé en Si, pour être intégrés dans un prototype de générateur d'énergie thermomagnétique. La simulation analytique des motifs de champ de fuite a été utilisée pour optimiser les dimensions et la distribution des micro-aimants. Parallèlement, nous avons mis au point un procédé de production de réseaux de micro-aimants anisotropes flexibles à base de poudres magnétiques dures monocristallines Sr-ferrite ou SmFeN mélangées à du PDMS. En utilisant cette technique, nous avons produit des micro-aimants d'une épaisseur allant jusqu'à 300 µm. De plus, nous avons démontré l'actionnement mécanique de ces micro-aimants sous d'un champ magnétique externe. v vi

Résumé de la thèse

Contexte de la thèse

Introduction Matériaux magnétocaloriques

Lorsqu'il est nécessaire de choisir un matériau magnétocalorique pour l'intégrer dans un prototype, plusieurs aspects doivent être pris en compte [2][3][4].

Figure 2: Propriétés des matériaux magnétocaloriques : ∆T ad en fonction de T t . La taille des points de données est proportionnelle à ∆S et les couleurs correspondent à l'indice de criticité du matériau. Image tirée de [2] Dans la Fig. 2 nous montrons une comparaison des performances magnétocaloriques de plusieurs matériaux magnétocaloriques et de leur criticité (disponibilité géologique, situation géopolitique, recyclabilité et durabilité). Tout d'abord, il est important de considérer la température de transition (T t ), car elle définit la température où l'effet magnétocalorique est maximum et donc le point de fonctionnement du matériau.

A titre d'exemple, pour les systèmes de récupération d'énergie ou de réfrigération viii magnétique fonctionnant à température ambiante, il est nécessaire de sélectionner un matériau avec T t proche de 300 K. Deuxièmement, nous devons considérer leur effet magnétocalorique : ∆T ad détermine la plage de température pour la réfrigération magnétique, tandis que ∆S détermine la quantité de chaleur transférée dans un cycle thermodynamique. Il convient de noter qu'un matériau avec un grand ∆T ad n'a pas nécessairement aussi un grand ∆S. L'effet magnétocalorique est plus fort dans les matériaux à transition de phase du premier ordre (Gd 5 (Si,Ge) 4 , FeRh, Mn-Fe-P-Si, Mn-Fe-P-As, Ni-Mn-In-Co, Mn 3 GaC), mais ils sont également caractérisés par une hystérésis thermique qui entraîne une perte d'efficacité dans le cycle thermodynamique.

De plus, les matériaux magnétocaloriques du premier ordre peuvent souffrir d'une faible stabilité mécanique en raison de la transformation structurelle se produisant à la transition. Selon les applications, certaines propriétés supplémentaires telles que le transfert de chaleur ou la résistance à la corrosion sont importantes. De plus, pour la production industrielle, il est nécessaire de prendre en compte des aspects critiques tels que le prix et le coût de production, la recyclabilité et la toxicité. Par exemple, FeRh et Gd 5 (Si,Ge) 4 sont parmi les meilleurs candidats pour les applications à température ambiante, mais ne peuvent pas être utilisés pour une production à grande échelle car ils sont constitués de matériaux critiques tels que Rh, Gd et Ge. Même si Mn-Fe-P-As a un effet magnétocalorique géant, la toxicité de l'arsenic empêche sa commercialisation.

Gadolinium

Gd est le seul élément qui présente une transition ferromagnétique -paramagnétique du second ordre proche de la température ambiante (T C ∼ 293 K) et il a une grande aimantation (7.6 µ B /atome ) [5]. La T C peut être ajustée entre 200 et 350 K en ajoutant d'autres éléments sous forme de solution solide. La création d'alliages avec d'autres terres rares, comme Tb, Er, Dy, conduit à une réduction de la température de Curie et réduit également l'effet magnétocalorique (∆S m ) [6]. Au contraire, une petite quantité de B augmenterait la température de Curie d'environ 4 K, tout en préservant l'effet magnétocalorique du gadolinium massif [START_REF] Dunhui | The magnetic entropy changes in Gd1-xBx alloys[END_REF]. Une forte augmentation de la température de transition est obtenue en alliant Gd avec C [START_REF] Jr | Some observations on the Gd-rich side of the Gd-C system[END_REF][START_REF] Shi | Electronic state and magnetism of the rare-earth carbide GdCx (x = 0.33)[END_REF][START_REF] Mudryk | Magnetic properties of Gd 2 C: Experiment and first principles calculations[END_REF] ou Si [START_REF] Holtzberg | NEW FERROMAGNETIC 5 : 4 COMPOUNDS IN THE RARE EARTH SILICON AND GERMANIUM SYSTEMS[END_REF] (T C égal à 350 K dans Gd 2 C et 336 K dans Gd 5 Si 4 ). ix Le Gd a été utilisé en 1976 par Brown pour démontrer la réfrigération magnétique proche de la température ambiante [START_REF] Brown | Magnetic heat pumping near room temperature[END_REF] et est encore aujourd'hui utilisé comme matériau test dans les prototypes de systèmes de réfrigération magnétique [6]. Les propriétés magnétiques du Gd massif ont été largement étudiées [5,[START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF], et des études plus récentes traitent d'autres techniques de fabrication pour la synthèse de couches et de nanostructures. Les études montrent que les propriétés magnétiques (T C , M S ) du matériau sont très sensibles au procédé de fabrication et à l'oxydation [5]. Des rubans de Gd d'une épaisseur de l'ordre de 0.02 à 0.4 mm ont été produits par laminage à froid [START_REF] Taskaev | Effect of severe plastic deformation on the specific heat and magnetic properties of cold rolled Gd sheets[END_REF][START_REF] Taskaev | Influence of thermal treatment on magnetocaloric properties of Gd cold rolled ribbons[END_REF][START_REF] Taskaev | Magnetocaloric effect in cold rolled foils of Gd100-In (x = 0, 1, 3)[END_REF] et filage par fusion [START_REF] Dun-Hui | The low-field magnetic entropy change in melt-spun and annealed Gd ribbons[END_REF], mais les deux ont souffert d'une réduction de l'effet magnétocalorique qui peut être restauré par recuit au-dessus de 500°C. Des couches minces de Gd d'épaisseur allant de 10 à 750 nm ont été déposées par pulvérisation magnétron [START_REF] Kirby | Effects of preparation conditions on the magnetocaloric properties of Gd thin films[END_REF][START_REF] Jiang | Magnetization and finite-size effects in Gd/W multilayers[END_REF][START_REF] Miller | Magnetocaloric effect in Gd/W thin film heterostructures[END_REF][START_REF] Bertelli | Ferromagnetic properties of fcc Gd thin films[END_REF][START_REF] Helmich | Gadolinium thin films as benchmark for magneto-caloric thin films[END_REF]. L'aimantation et la température de Curie (T C ) sont réduites dans les couches minces en raison de l'effet de taille finie [START_REF] O'shea | Influence of nanostructure (layers and particles) on the magnetism of rare-earth materials[END_REF] et de la formation de la phase paramagnétique Gd fcc. Des couches épaisses allant de 20 à 150 µm ont été déposées par évaporation sur des substrats en Hastelloy alvéolés [START_REF] Shinde | Fabrication of Gd films by vacuum evaporation and its magnetocaloric properties[END_REF]. Plus récemment, des couches de 3.5 à 17 µm ont été réalisés par pulvérisation magnétron [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF][START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF]. A noter que ces études sur les couches Gd [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF][START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF] ont été menées à l'INSP, en parallèle des études présentées dans cette thèse et dans le cadre du même projet (HiPerTher-Mag). Ces études et celle rapportée ici ont avancé en parallèle en utilisant différentes techniques de pulvérisation (magnétron vs triode), pour maximiser les chances de produire des couches de Gd adaptées à l'intégration.

La(Fe,Si) [START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF] Le Gd est considéré comme un matériau test standard pour étudier l'intégration de matériaux magnétocaloriques dans des prototypes. Cependant, le Gd n'est pas le matériau idéal pour la technologie de production de masse, car il a une transition de second ordre, conduisant à un effet magnétocalorique limité et de plus, étant un terre rare, il est coûteux et sensible aux fluctuations de prix [4]. De plus, il souffre d'une oxydation rapide et des études ont montré que l'effet magnétocalorique et la T C sont affectés par la pureté et l'homogénéité des échantillons [5,[START_REF] Lyubina | Magnetic field dependence of the maximum magnetic entropy change[END_REF]. Comme alternative, on x nous avons décidé d'étudier des couches La-Fe-Si et en particulier la phase La(Fe, Si) [START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF] .

Les alliages à base de La(Fe, Si) 13 sont considérés comme des matériaux parmi les plus prometteurs pour la technologie de réfrigération magnétique [4,6,[START_REF] Shen | Recent Progress in Exploring Magnetocaloric Materials[END_REF]. Parmi les matériaux magnétocaloriques développés ces dernières années, La(Fe, Si) 13 présente l'avantage d'un effet magnétocalorique important dans une large gamme de températures et de propriétés magnétiques accordables avec la composition [START_REF] Hu | Influence of negative lattice expansion and metamagnetic transition on magnetic entropy change in the compound LaFe11.4Si1.6[END_REF]. De plus, la faible teneur en terres rares dans la phase 1:13 (La : ∼ 7 at.%) est également un net avantage par rapport au Gd pur. Image éditée à partir de [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF].

En changeant simplement la teneur en Si dans la phase, il est possible de modifier la structure cristalline du matériau (cubique τ 1 or tetragonale τ 1 ), de moduler l'aimantation, T C , et même de modifier le type de transition [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF][START_REF] Fujieda | Large magnetocaloric effect in La(FexSi1-x)13 itinerant-electron metamagnetic compounds[END_REF]. La Fig. 3 montre l'impact de la composition à la fois sur l'aimantation et sur T C . L'aimantation diminue avec l'augmentation de la teneur en Si. L'aimantation dans l'alliage est due aux atomes de Fe, mais la réduction n'est pas seulement attribuée à un effet de dilution provoqué par une augmentation des paires Fe-Si non magnétiques. Wang et al. ont suggéré que l'hybridation entre les orbitales électroniques de Si et Fe, avec une teneur croissante en Si, affecte la densité des états sous le niveau de Fermi et modifie le moment xi magnétique de Fe [START_REF] Wang | Hyperfine interactions and band structures of LaFe13-xSix intermetallic compounds with large magnetic entropy changes[END_REF]. La température de Curie (T C ) augmente avec la quantité de Si dans la région de phase τ 1 et diminue brusquement lorsque la symétrie cubique commence à être détruite [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF]. Le changement de la température de Curie produit par la substitution Si est régi par deux effets concurrents se produisant simultanément: d'abord la contraction du réseau et l'hybridation des orbitales de Fe et Si. L'effet du volume conduit à une diminution et l'hybridation à une augmentation de T C [START_REF] Jia | Volume dependence of the magnetic coupling in LaFe13-xSix based compounds[END_REF].

La plupart des études dans la littérature se concentrent sur la fabrication d'alliages massifs La(Fe,Si) [START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF] et la stabilisation de la phase cubique 1:13 pure n'est pas facile en matériau massif. Dans le processus de solidification, les premières dendrites α-Fe sont formées à partir du liquide et par réaction péritectique la phase riche en La. Cependant, la réaction péritectique étant incomplète, il reste un grand nombre de dendrites α-Fe [START_REF] Raghavan | Fe-La-Si (Iron-Lanthanum-Silicon)[END_REF][START_REF] Niitsu | Phase equilibria in the Fe-La-Si ternary system[END_REF][START_REF] Liu | Structure and magnetic properties of shortly high temperature annealing LaFe11.6Si1.4 compound[END_REF]. Du fait de la faible diffusivité à basse T, le matériau nécessite un long recuit à haute température (1173 -1323 K) pour homogénéiser la phase [START_REF] Liu | Structure and magnetic properties of shortly high temperature annealing LaFe11.6Si1.4 compound[END_REF][START_REF] Liu | Systematic study of the microstructure, entropy change and adiabatic temperature change in optimized La-Fe-Si alloys[END_REF].

Le temps de recuit est d'environ 10 jours dans un matériau conventionnel coulé par fusion, mais il peut être réduit lors d'un recuit à haute température (1h 20 min à 1573 K) [START_REF] Liu | Structure and magnetic properties of shortly high temperature annealing LaFe11.6Si1.4 compound[END_REF] ou lorsque les échantillons sont fabriqués par trempe sur roue [START_REF] Zhang | Large entropy change, adiabatic temperature change, and small hysteresis in La(Fe,Mn)11.6Si1.4 strip-cast flakes[END_REF][START_REF] Hirosawa | Rapidly solidified La(Fe1 -xSix)13 alloys and their magnetocaloric properties[END_REF][START_REF] Gutfleisch | Large magnetocaloric effect in meltspun LaFe13-xSix[END_REF] ou dans des conditions non stoechiométriques [START_REF] Liu | Systematic study of the microstructure, entropy change and adiabatic temperature change in optimized La-Fe-Si alloys[END_REF][START_REF] Zhang | Influence of extra La and annealing temperature on microstructure and magnetocaloric properties of La-Fe-Co-Si alloys[END_REF][START_REF] Yang | Reduced Annealing Time and Enhanced Magnetocaloric Effect of La(Fe, Al)13 Alloy by La-nonstoichiometry and Si-doping[END_REF].

En 2020, notre groupe [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF] a publié pour la première fois la possibilité de stabiliser la phase cubique La(Fe,Si) 13 sous forme de couche (Fig. 4). Le La-Fe-Si a été déposé par pulvérisation triode à température ambiante et la phase 1:13 a été induite par recuit post-dépôt à 1073 et 1173 K. Les auteurs ont rapporté que la phase pouvait être stabilisée dans des couches d'épaisseur allant de 2 à 5.3 µm et que le recuit induit des fractures dans le couche en raison de la contraction thermique de la couche et du substrat lors du refroidissement (encadré de la Fig. 4 (b)). Pour une couche de 5.3 µm, ils ont mesuré une température de Curie d'environ 245 K et un effet magnétocalorique de 60 kJm -3 K -1 dans un changement de champ de 0-7 T (Fig. 4 (a)). Dans la même étude, ils ont montré que par hydrogénation de la couche, la température de transition pouvait être augmentée de 100 K Fig. 4 (b). schéma du processus d'hydrogénation et (insert) image SEM vue de dessus de la surface de la couche. Images tirées de [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF].

Les matériaux magnétiques dur

Les matériaux magnétiques durs, également appelés aimants permanents, se distinguent des matériaux magnétiques doux car ils conservent une forte aimantation en l'absence de champ extérieur. Les aimants permanents sont largement utilisés dans de nombreuses applications, telles que les moteurs, les haut-parleurs, les actionneurs et les capteurs et ont une application potentielle dans Micro-Electro-Mechanical-Systems (MEMS) [START_REF] Dempsey | Hard Magnetic Materials for MEMS Applications[END_REF][START_REF] Arnold | Permanent Magnets for MEMS[END_REF]. Pour être intégrés dans les dispositifs miniaturisés, les dimensions des aimants permanents doivent être réduites et certaines applications bénéficient de cette réduction de taille [START_REF] Cugat | Magnetic micro-actuators and systems (MAGMAS)[END_REF]. Lorsque la taille d'un aimant est réduite d'un facteur ξ le champ (H) généré autour de l'aimant serait conservé à la fois en intensité et en distribution géométrique et le gradient de champ serait amplifié d'un facteur ξ. Il s'ensuit que la mise à l'échelle est bénéfique pour les interactions aimant-aimant et aimant-aimant doux, car la force est proportionnelle au gradient et donc augmentée d'un facteur ξ. Au contraire, la réponse des interactions aimant-bobine d'un système à l'échelle est inchangée, car elle est proportionnelle au champ [START_REF] Dempsey | Hard Magnetic Materials for MEMS Applications[END_REF][START_REF] Cugat | Magnetic micro-actuators and systems (MAGMAS)[END_REF][START_REF] Coey | Magnetism and magnetic materials[END_REF].

De nombreuses stratégies de fabrication ont été développées pour produire xiii des micro-aimants [START_REF] Dempsey | Hard Magnetic Materials for MEMS Applications[END_REF][START_REF] Arnold | Permanent Magnets for MEMS[END_REF], nous en considérerons deux : les micro-aimants liés par un polymère et les micro-aimants pulvérisés.

Les aimants liés à base de polymère

Les poudres magnétiques dures peuvent être mélangées avec un liant polymère pour obtenir des aimants liés . La rémanence des aimants à liaison polymère résultants est nécessairement limitée par la dilution du matériau magnétique dans une matrice non magnétique (généralement 60-80 % au mieux), mais des valeurs de rémanence plus élevées sont atteintes dans les aimants liés anisotropes lorsque les particules ont été alignées dans un champ magnétique externe.

Les aimants liés sont largement utilisés car ils sont moins chers que les versions frittées en termes de coût de matériau et de fabrication et ils peuvent être facilement fabriqués dans des géométries complexes. De plus, les propriétés mécaniques peuvent être ajustées en fonction du choix de la matrice (i.e. résine époxy [START_REF] Cho | Microscale resin-bonded permanent magnets for magnetic micro-electro-mechanical systems applications[END_REF], PDMS [START_REF] Fontana | Fabrication and characterisation of polymerbonded flexible anisotropic micro-magnet arrays[END_REF], parylène [START_REF] Yang | Fabrication and characterization of parylene-bonded Nd-Fe-B powder micromagnets[END_REF], caoutchouc de silicone [START_REF] Fukushi | Preliminary validation of Sm-Fe-N magnetic silicone rubber for a flexible magnetic actuator[END_REF] de poudre de Nd-Fe-B chargée dans un substrat de Si pré-gravé (700 × 700 × 220 µm). Images tirées de de [START_REF] Yang | Fabrication and characterization of parylene-bonded Nd-Fe-B powder micromagnets[END_REF].

les cavités de Si. Ces aimants ont été fabriqués par Yang et al. [START_REF] Yang | Fabrication and characterization of parylene-bonded Nd-Fe-B powder micromagnets[END_REF] en remplissant les cavités d'un substrat de Si avec de la poudre sèche de Nd-Fe-B, puis en enduisant les particules d'un dépôt de parylène pour les lier.

Même si diverses techniques ont été testées, y compris la coulée et la sérigraphie combinées à la photolithographie, la plupart des aimants micrométriques liés signalés à ce jour sont isotropes [START_REF] Cho | Microscale resin-bonded permanent magnets for magnetic micro-electro-mechanical systems applications[END_REF][START_REF] Yang | Fabrication and characterization of parylene-bonded Nd-Fe-B powder micromagnets[END_REF][START_REF] Tao | Fabrication and Characterization of Bonded NdFeB Microstructures for Microelectromechanical Systems Applications[END_REF][START_REF] Lisec | Integrated High Power Micro Magnets for MEMS Sensors and Actuators[END_REF][START_REF] Rozenberg | Resin-bonded permanent magnetic films with out-of-plane magnetization for MEMS applications[END_REF][START_REF] Jackson | Integration of Thick-Film Permanent Magnets for MEMS Applications[END_REF]. En 2021, nous avons publié un procédé de fabrication pour produire des micro-aimants anisotropes à liaison polymère flexible en utilisant des poudres de ferrite et de Sm-Fe-N mélangées à du polydimethylsiloxane (PDMS) [START_REF] Fontana | Fabrication and characterisation of polymerbonded flexible anisotropic micro-magnet arrays[END_REF]; les détails de cette étude sont présentés dans cette thèse (Chapitre 5). En 2021, Wang et al. [START_REF] Wang | Temperature stable rare earth magnetic powder Sm-Fe-N based micro magnets with remanence enhanced by easy axis alignment and its application in MEMS actuator[END_REF] a rendu compte de la fabrication de micro-aimants liés anisotropes à l'aide de poudres Sm-Fe-N mélangées à de la cire (poudre 80-100% massique, c'est-à-dire sans cire). Ils ont rempli les tranchées (de dimensions planes 3 mm × 1 mm et de profondeur 0,5 mm) d'un substrat de Si gravées par DRIE avec le mélange magnétique et ils ont déposé une couche de parylène pour les encapsuler. Après un champ magnétique de 2 T a été utilisé pour aligner les micro-aimants et un fort champ d'impulsions de 8 T a été utilisé pour aimanter l'échantillon [START_REF] Wang | Temperature stable rare earth magnetic powder Sm-Fe-N based micro magnets with remanence enhanced by easy axis alignment and its application in MEMS actuator[END_REF].

xv

Micro-aimants pulvérisés

En 1986 Cadieu et al. [START_REF] Cadieu | Magnetic properties of sputtered Nd-Fe-B films[END_REF] rapporte pour la première fois la fabrication de couches de Nd-Fe-B par pulvérisation cathodique. Les auteurs ont montré que le Nd-Fe-B déposés à 600-750°C cristallise directement avec l'axe c (axe cristallographique qui correspond aussi à l'axe facile d'aimantation) perpendiculaire au plan de la couche (texture hors plan). Plus tard en 1993, Kapitanov et al. [START_REF] Kapitanov | Sputtered permanent Nd-Fe-B magnets[END_REF] ont réalisé le dépôt de couches épaisses de Nd-Fe-B de 30-300 µm. Les couches ont été déposées sur un substrat métallique à l'état amorphe et ont été décollées du substrat métallique avant recuit à 650-700°C. L'étude a montré que les couches amorphes déposées à T≤ 420°C ont une anisotropie magnétique hors plan qui augmente avec la température de dépôt.

Pendant le recuit, les couches cristallisent dans la phase Nd 2 Fe 14 B et la phase qui présentait une anisotropie magnétique à l'état amorphe était texturée hors du plan.

Dans notre groupe nous avons développé des micro-aimants utilisant la pulvérisation triode pour une intégration dans des micro-systèmes. En 2007 [START_REF] Dempsey | High performance hard magnetic NdFeB thick films for integration into microelectro-mechanical systems[END_REF] notre groupe a étudié l'influence de la température de dépôt pour les couches Nd-Fe-B déposés sur substrat Si à 230°-500°C. En accord avec les résultats présentés par Kapitanov et al [START_REF] Kapitanov | Sputtered permanent Nd-Fe-B magnets[END_REF] une texture hors-plan a été induite dans les couches déposés sur des substrats chauffés, et le degré de texture augmente avec l'augmentation de la température de dépôt. Les couches déposées à T < 450°C sont amorphes après dépôt et nécessitent un recuit post-dépôt pour la cristallisation, tandis que les couches déposées à 500°C sont directement cristallisées pendant le dépôt. Dans cette étude, les couches ont été directement déposées sur des substrats de Si, qui est un substrat de référence pour les MEMS et susceptible de faciliter l'intégration des micro-aimants dans les dispositifs.

Le rapport de Nd/Fe dans les couches pulvérisées s'est avéré légèrement supérieur à celui de la phase Nd 2 Fe 14 B. Dans une étude ultérieure, il a été montré que les valeurs de coercivité élevées obtenues dans les couches pulvérisés sont dues à la présence d'une phase intergranulaire riche en Nd, qui sert à découpler magnétiquement les grains voisins de Nd 2 Fe 14 B [START_REF] Dempsey | High-coercivity Nd-Fe-B thick films without heavy rare earth additions[END_REF]. Le traitement en 2 étapes dans lequel les couches sont recuites après le dépôt sert à redistribuer la phase riche en Nd aux joints de grains xvi de Nd 2 Fe 14 B.

Notre groupe a ensuite rendu compte de la fabrication de micro-aimants en utilisant deux approches différentes [START_REF] Walther | Micro-patterning of NdFeB and SmCo magnet films for integration into microelectro-mechanical-systems[END_REF]: la gravure chimique de couches magnétiques dures continues et le dépôt de couches magnétiques dures sur un substrat prégravé. Dans le chapitre 4, nous discutons de la fabrication et de la caractérisation des couches de La-Fe-Si avec un gradient de composition. L'alliage La(Fe,Si) 13 est un matériau magnétocalorique prometteur, avec un effet magnétocalorique important et une T C ajustable avec la composition. La croissance de couches de phase cubique La(Fe,Si) 13 a été démontrée pour la première fois par notre groupe mais la phase 1:13 n'était pas reproductible [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF]. Par conséquent, dans cette thèse, nous avons proposé la fabrication de La-Fe-Si avec une composition étalée sur de grands substrats (couches à gradient de composition) à partir desquels nous avons pu sélectionner des échantillons de compositions différentes et comparer leurs propriétés magnétiques et structurales. Nous avons montré qu'en fonction de la température de dépôt et de la vitesse de dépôt, les grains de Gd hcp peuvent avoir une orientation préférentielle différente, qui peut évoluer à travers l'épaisseur de la couche. Dans les couches déposées à température ambiante à la vitesse de dépôt maximale étudiée, la texture (déduite en comparant l'intensité relative des pics de diffraction θ-2θ) évolue de (100) à (110) avec l'augmentation de l'épaisseur de la couche. La réduction du taux de dépôt modifie l'orientation préférentielle. La texture évolue également avec l'épaisseur de la couche lorsque le dépôt est effectué à 400°C, de la texture (00l) dans les premières étapes du dépôt, à (110) puis des orientations préférentielles mixtes dans les parties supérieures des couches encore plus épaisses. La transition de réorientation de spin qui se produit dans le Gd hcp est mise en évidence dans les mesures M(T) à faible champ de couches avec des orientations préférentielles, étant plus évidente dans les couches texturées 

Structure de la thèse

General introduction

The goal of this thesis was the fabrication and characterization of magnetic materials, namely micro-magnets and magnetocaloric films, that could be integrated into energy harvesting systems. Most of the studies were carried out in the framework of HiPerTherMag, a French ANR project, for the design of a thermomagnetic generator (TMG). The idea was to use a magnetocaloric material (MCM) as an active substance in a thermodynamic cycle. Thanks to the phase transformation, induced by a change in temperature, the MCM would self oscillate between a hot and cold source, in a magnetic field produced by an array of magnets. Then, the mechanical energy could be converted into electricity by using a piezoelectric transducer. Our role in the project was to fabricate both the magnetocaloric µm-thick film and the arrays of micro-magnets. This thesis manuscript is organized as follows:

In Chapter 1, we provide a very brief introduction to magnetic materials, defining the fundamental concepts of magnetism needed to understand MCM and permanent magnets. We then, discuss the magnetic and structural properties of Gd and La(Fe, Si) 13 based compounds and, we present the state of the art on the fabrication of magnetocaloric films using both materials. For what concerns the hard magnetic materials, we discuss the interest in micro-magnets and we present fabrication techniques considering polymer bonded micro-magnets and sputtered micro-magnets.

In Chapter 2, we describe the main experimental techniques for the fabrication and characterization of the samples obtained in this work.

Chapter 3 is dedicated to Gd films. Gadolinium was chosen as the testbench material for the TMG prototype, because it is a single element with T C close to room temperature (∼ 293 K), and has also a large magnetocaloric effect without thermal hysteresis. In the study we investigate the effect of the deposition temperature and thickness on the crystallographic and magnetic properties of µm-thick films.

In Chapter 4, we discuss the fabrication and characterization of La-Fe-Si compositionally graded films. The La(Fe,Si) 13 alloy is a promising magnetocaloric material, with large magnetocaloric effect and T C tunable with composition. Film of La(Fe,Si) 13 cubic phase were reported for the first time by our group but the 1:13 the phase was not reproducible [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF].Therefore, in this thesis we proposed the fabrication of La-Fe-Si with a spread in composition on large substrates (compositionally graded films) from which we could select samples with different compositions and compare their magnetic and structural properties.

Chapter 5 is dedicated to the fabrication of micro-magnets. In the first part, we discuss the fabrication and characterization of topographically patterned Nd-Fe-B micro-magnets. We investigate how substrate patterning affects the magnetic stray field profile generated by the micro-magnets, and how we designed and fabricated the Nd-Fe-B micro-magnets for the project. In the second part, we present the process we developed for the fabrication of anisotropic flexible bonded micro-magnets with Sm-Fe-N and Sr-ferrite hard magnetic powders mixed with polydimethylsiloxane (PDMS). We studied magnetic stray fields by combining analytical calculations and scanning Hall probe microscopy. Moreover we present preliminary actuation tests of the polymer bonded magnets using a homogeneous magnetic field produced by a three-axis electromagnet.

Finally, Chapter 6 summarizes the main results and conclusions of this thesis and discusses future prospects of both magnetocaloric films and micro-magnets. 

Thermomagnetic generator

The European Council established as targets the reduction of greenhouse emissions (min 40% from 1990 levels) and an increase of renewable energy (min 32%) for 2030 [START_REF]2030 climate and energy framework[END_REF]. Moreover, one of the objectives is to improve the efficiency of energy production and consumption. In the process of primary energy conversion there are many losses and the biggest amount of energy is released in the environment as waste heat. However, this waste heat could be potentially recovered by integration of energy harvesters into existing processes to transfer and covert the thermal energy into electrical energy. The development of energy harvesters at the micro-scale could potentially be used to exploit the low grade waste heat in data-centers, smart buildings and small autonomous systems. The main aim of the project, in which this thesis was developed, was to demonstrate thermo-magnetic power generation, using magnetocaloric materials as active material and convert low grade waste heat into electrical energy.

Most of the studies we will discuss in this thesis were carried out in the framework of the HiPerTherMag project, for the design of a thermomagnetic generator (TMG). A schematic of the device is shown in Fig. 1.1 (a). The TMG consists of: a hot side with an embedded array of micro-magnets, a cold side with a magnetocaloric membrane mounted on a spring. Two forces act on the magnetocaloric material (MCM): the magnetic force (F m ) and the spring force (F s ). The magnetic force attracts the ferromagnetic-MCM toward the hot side, while the spring force pushes the MCM close to the cold side. The working point of the device is defined by the Curie temperature (T C ) of the MCM; in this project we looked for MCM with T C close to room temperature.

The thermodynamic cycle of this TMG is based on four steps, see Fig. • Steps 1-2 When the MCM is at the cold side (T<T C ), it is ferromagnetic and so it is attracted by the micro-magnet array (F m > F s ).

• Steps 2-3 At the hot side (T > T C ),the MCM becomes paramagnetic.

• Steps 3-4 the MCM is brought back to its original position by the recalling force of the spring (F m < F s ).

• Steps 3-4 At the cold side (T < T C ), the MCM becomes ferromagnetic again.

The mechanical energy, due to the continuous displacement of the MCM, can be harvested by a piezoelectric transducer. In order to reach the self-oscillation, the design of the TMG has to consider the working temperature span, the field variation and the gap between the MCM and the micro-magnets. Moreover, a good thermal contact between the MCM and hot/cold sides is necessary to have fast heat exchange.

A first macro-prototype was designed using a Halbach array of bulk magnets and commercial La(Fe,Si) 13 H bulk alloy. It led to a production of 6.8 µmW/cm 3 for a temperature span of 38 °C [START_REF] Ahmim | A Thermal Energy Harvester Using LaFeSi Magnetocaloric Materials[END_REF]. In this work we will discuss the fabrication of µmthick magnetocaloric films and micro-magnets. The design of a micro-prototype would increase the operating frequency leading to an improvement of the mechanical to electrical energy conversion.

Magnetic materials

Any material exposed to a magnetic field has a response, due to the orbital momentum of the electrons moving around the nucleus and due to the intrinsic momentum of the spin of the electrons. In materials in which the electrons of the outer shells are paired, the magnetic moment is only due to the orbital moments and is oriented antiparallel to the external field. These materials are diamagnetic and in general the repulsive response to the external field is very weak. For other materials, an atomic magnetic moment rises from the spin of unpaired electrons, these materials are defined as paramagnetic, and the atomic moments tend to align with the applied magnetic field. However, because of thermal fluctuations, the atomic moments are almost randomly oriented resulting in a small magnetic response. Finally, in some materials, exchange interactions favour magnetic coupling between neighbouring atoms resulting in a local ordering of magnetic moments. If the magnetic moments are collinear and parallel, the material is called ferromagnetic, and a spontaneous magnetization appears. If the moments are antiparallel the material is antiferromagnetic or ferrimagnetic, depending if the resulting magnetization is zero (compensating magnetic moments) or not (net magnetic moment). More complex organization of the atomic magnetic moments can be obtained with non-collinear arrangements like spiral or helical. In this thesis we will consider ferromagnetic and ferrimagnetic materials.

The Curie temperature

The spontaneous magnetization of a ferromagnet depends on the temperature.

The temperature at which the spontaneous magnetization is reduced to zero is the Curie temperature (T C ) and it is an intrinsic property of a ferromagnet. The atomic magnetic moments are aligned for T < T C (ferromagnetic state) and disordered for T > T C (paramagnetic state). As an example, we reported in Fig. 1.2 the normalized spontaneous magnetization of nickel as function of temperature.

The spontaneous magnetization of a ferromagnet does not rely on the presence of an external field, however at the macroscopic scale the magnetic moment of a sample can be often lower than the spontaneous magnetization. This is because the atomic magnetic moments are locally aligned in regions call magnetic domains, but neighbouring domains are randomly oriented [START_REF] Jiles | Introduction to Magnetism and Magnetic Materials[END_REF]. We define as magnetization (M) the density of magnetic moments (m) per unit of volume (V):

𝑀 = 𝛿𝑚∕𝛿𝑉 (1.1)

Anisotropy

The magnetization of a ferromagnet tends to be oriented towards preferential direction and this behaviour is known as magnetic anisotropy. When only one direction is favoured, we speak about easy axis. The anisotropic energy (E a ) required to deviate the magnetic moment by an angle 𝜃 from the easy axis can be written to first approximation as:

𝐸 𝑎 = 𝐾 𝑢 sin(𝜃) 2 (1.2)
where 𝐾 𝑢 is the anisotropy constant.

As schematized in Fig. 1.3, due to anisotropy, the magnetic saturation will be favoured when the field is applied along the easy axis, while the saturation will be gradually reached, when the field is applied along the perpendicular direction (hard axis).

The main sources of anisotropy are: the shape anisotropy, the magnetocrystalline anisotropy and the induced anisotropy [START_REF] Coey | Magnetism and magnetic materials[END_REF][START_REF] Spaldin | Magnetic Materials: Fundamentals and Applications[END_REF]. • Due to the shape anisotropy the preferential direction of magnetization is determined by the shape of the sample; in case for ellipsoidal shaped sample the magnetic moments prefer to be aligned along the long direction.

• The magnetocrystalline anisotropy is the tendency of a material to align its magnetic moments toward a specific crystallographic direction. The origin of this effect is often attributed to single ion contributions (crystal field) or to two ions contributions (dipole-dipole interaction). The anisotropy field (H A ) is the hypothetical field strength required to saturate the material in its hard direction.

H A is an intrinsic property of a material.

• The deposition and the annealing of certain alloys in a magnetic field can induce anisotropy in the material. Anisotropy can be also induced by applying uniaxial stress in a ferromagnetic solid. The magnitude of the stress-induced anisotropy depends on the saturation magnetostriction, an intrinsic property of a material that denotes the strain occuring in a material as the magnetization is saturated [START_REF] Coey | Magnetism and magnetic materials[END_REF][START_REF] Spaldin | Magnetic Materials: Fundamentals and Applications[END_REF].

For certain materials, the easy axis of magnetization can be dependent on temperature. In particular, at a certain critical temperature known as the spin reorientation transition temperature (T SR ) the preferential orientation of the magnetic moments of a material cant away from the usual direction. As examples, spin re-orientation transitions have been reported for Gd and Nd-Fe-B [5,[START_REF] Sankar | Origin of spin reorientation in rare earth-ironboron permanent magnets[END_REF]. In section 1.3.4 the spin reorientation effect of gadolinium will be discussed.

Magnetization process

The magnetic response of a ferromagnet to an external magnetic field is non linear. A characteristic M(H) behaviour of a ferromagnet is the hysteresis loop reported is Fig. 1.4 (a). Under the effect of an imposed field H, the material from a virgin state acquires magnetization due to the rearrangement of the magnetic domains. Indeed by increasing the applied field the domains aligned with the field grow progressively and the atomic magnetic moments not parallel with the field rotate to become aligned. The magnetic saturation (M S ) is reached when all the domains are aligned, and therefore the magnetization cannot increase more. If the field is reduced, the magnetization decreases as well, but the material can preserve a certain magnetization at zero field called remanence (M r ). The magnetization can be brought to zero by applying a reverse field, called the coercive field or coercivity (H C ). Coercivity and remanence are extrinsic properties that depend on intrinsic properties (M S , T C and H A ) and on the sample microstructure. H C is used to differentiate between soft and hard ferromagnets: soft magnetic materials (Fe, Gd and La-Fe-Si...) have a low coercivity and quickly loose their magnetization in the absence of an external field, while hard magnetic materials (hard ferrite, Sm-Fe-N, Nd-Fe-B...) are characterized by a high coercivity, see Fig. 1.4 (b).

Magnetic stray field

For a material uniformly magnetized with a magnetization M, we define the density of magnetic flux, B, and the magnetic field strength, H. The magnetic flux density consists of two contributions one from the magnetic field H and the other from the magnetization M:

𝐵 = 𝜇 0 (𝐻 + 𝑀) (1.3)
where µ 0 is the magnetic permeability. The H field lines are originated from the magnetic charge density on the horizontal surface of the magnet so that ∇× H = 0 (conservative field), while for B-field the lines form a close loop ∇⋅ B = 0 (solenoidal field). The magnetic field generated by the magnet around its space is called the stray field, while the contribution inside itself is called the demagnetizing field H d and the relation between H d and M is the following:

𝐻 𝑑 = -𝑁𝑀 (1.4)
H d is always antiparallel to M and N is the demagnetizing factor that depends on the shape of the sample. For a long needle shaped sample N = 0 along the axis and N = 1/2 in the direction perpendicular to it, spheres have N = 1/3 in any direction and thin films have N=0 parallel to plane, and N=1 perpendicular to the plane [START_REF] Coey | Magnetism and magnetic materials[END_REF].

The stray field generated by a magnet depends on the magnetization of the material on its geometry and on the eventual superposition with other field sources.

The solutions of the stray field are reported for cylinder or cuboidal magnets uniformly magnetized [START_REF] Engel-Herbert | Calculation of the magnetic stray field of a uniaxial magnetic domain[END_REF][START_REF] Taniguchi | An analytical computation of magnetic field generated from a cylinder ferromagnet[END_REF], but more complex geometries need to be solved numerically. In Chapter 5, the method proposed by Engel-Herbert and Hesjedal [START_REF] Engel-Herbert | Calculation of the magnetic stray field of a uniaxial magnetic domain[END_REF] will be used to estimate the stray field generated by the micro-magnets fabricated in this thesis.

Magnetocaloric materials

The magnetocaloric effect was discovered in 1917 by Weiss and Piccard [START_REF] Weiss | Le phénomène magnétocalorique[END_REF], who measured the reversible temperature change occurring in Ni when magnetized/demagnetized close to T C (627 K). The use of magnetocaloric materials for magnetic refrigeration was suggested independently by Giaque [START_REF] Giauque | A thermodynamic treatment of certain magnetic effects. a proposed method of producing temperatures considerably below 1 absolute[END_REF] and Debye [START_REF] Debye | Einige Bemerkungen zur Magnetisierung bei tiefer Temperatur[END_REF] around 1926, and in 1933 Giauque and MacDougall realized for the first time a system able to reach subkelvin temperature [START_REF] Giauque | Attainment of Temperatures Below 1°A bsolute by Demagnetization of Gd 2 ( S O 4 ) 3 •8 H 2 O[END_REF]. Magnetic refrigeration close to room temperature was reported in 1976 by Brown, who exploited the large magnetocaloric effect of Gd at 293 K [START_REF] Brown | Magnetic heat pumping near room temperature[END_REF]. More recently (1997) the giant magnetocaloric effect at room temperature was discovered in Gd 5 Si 2 Ge 2 by Pecharky and Gschneider [START_REF] Pecharsky | Giant Magnetocaloric Effect in Gd 5 ( Si 2 Ge 2 )[END_REF]. This discovery opened the prospect for a promising magnetic refrigeration technology and since then, a new variety of magnetocaloric materials (MCM) has been developed

and studied [2,3,[START_REF] Romero Gómez | Magnetocaloric effect: A review of the thermodynamic cycles in magnetic refrigeration[END_REF]. Moreover recently magnetocaloric materials have been used for energy harvesting technology [START_REF] Ahmim | A Thermal Energy Harvester Using LaFeSi Magnetocaloric Materials[END_REF][START_REF] Kishore | A review on design and performance of thermomagnetic devices[END_REF][START_REF] Kitanovski | Energy Applications of Magnetocaloric Materials[END_REF].

Magnetocaloric effect

The magneto-caloric effect (MCE) is a response of a magnetic material to an external field. This response corresponds to a reversible variation of the thermodynamic properties: temperature (∆T ad ) or entropy (∆S S ).

In order to understand the magnetocaloric effect, it is useful to introduce the entropy, which is a property that measures the order of a system. In general, the total entropy for a magnetic material ( S tot ) at constant pressure consists of three contributions: magnetic entropy (S m ) due to the magnetization of the material, the entropy due to the lattice vibrations (S l ) and the electronic contribution (S e ) due to free electrons [START_REF] Pecharsky | Thermodynamics of the magnetocaloric effect[END_REF].

S l and S e can be considered only dependent on the temperature, while the S m is a function of both the magnetic field and temperature:

𝑆 𝑡𝑜𝑡 (𝐻, 𝑇) = 𝑆 𝑚 (𝐻, 𝑇) + 𝑆 𝑙 (𝑇) + 𝑆 𝑒 (𝑇) (1.5) The MCE of a magnetic material depends on the relation between temperature and the variation of entropy when the material gets magnetized by an external magnetic field, see Fig. 1.6. In general, in a ferromagnetic material when we apply a magnetic field (H 1 ) stronger than the one it had in its initial state (H 1 > H 0 ), the magnetic entropy decreases, because the magnetic moments become more aligned. Now, we need to understand what happens when the field is changed under adiabatic or isothermal conditions. If the field increment occurs under adiabatic conditions (A-B in Fig. 1.6), S tot has to be kept constant and so, a variation of temperature is induced in the material to increase the S e and S l , i.e. MCE = ∆T ad > 0. On the contrary, when the field increases in a isothermal process (A-C in Fig. 1.6), S e and S l do not change, because the temperature is stable, only S m decreases, and so the total entropy, i.e. MCE = ∆S m < 0. Both variations (∆T ad and ∆S m ) are reversible and so when the field is brought back to H 0 the system returns to its original conditions of temperature and entropy.

Here, we have just described the direct magnetocaloric effect. However, in certain materials, like the Heusler type alloys [START_REF] Gottschall | Dynamical Effects of the Martensitic Transition in Magnetocaloric Heusler Alloys from Direct ∆ T ad Measurements under Different Magnetic-Field-Sweep Rates[END_REF][START_REF] Gottschall | Large reversible magnetocaloric effect in Ni-Mn-In-Co[END_REF], we observe the inverse effect (inverse magnetocaloric effect). In this case, when the magnetic field increases under adiabatic conditions the sample temperature is reduced, and under isothermal conditions the variation in entropy is > 0.

The magnetocaloric effect can be estimated from magnetization dependency on field and temperature using the following Maxwell equations [START_REF] Tišin | The magnetocaloric effect and its applications[END_REF]:

∆𝑆 𝑚 (𝑇) ∆𝐻,𝑃 = ∫ 𝐻 1 𝐻 0 ( 𝜕𝑀(𝑇, 𝐻) 𝜕(𝑇) ) 𝐻,𝑃 𝑑𝐻 (1.6) ∆𝑇 𝑎𝑑 (𝑇) ∆𝐻,𝑃 = -∫ 𝐻 1 𝐻 0 ( 𝑇 𝐶(𝑇, 𝐻) × 𝜕𝑀(𝐻, 𝑇) 𝜕𝑇 ) 𝐻,𝑃 𝑑𝐻 (1.7) 
The equations 1.6 and 1.7 can be used to characterize indirectly the magnetocaloric effect. In the first case the sample is measured for a set of isotherms and the variation of entropy is estimated by numerical integration of them. In the second case, it is required to know the field and temperature dependent heat capacity C(T,H). Therefore, in most cases, it is preferable to directly measure temperature change induced in the material by the field change.

Phase transition

The MCE is maximised close to T C . The magnetocaloric materials are categorized as first or second-order phase transition materials, depending on the mode in which this transformation occurs. In order to illustrate the differences between the two modes, in Fig. 1.7 is schematized temperature dependency of the magnetization and the entropy for a ferromagnetic material with a second and first-order phase transitions.

The green M(T), S(T) curves represent the behaviour at zero magnetic field, and the orange curves show the evolution obtained for an applied magnetic field.

In a second-order phase transition the transformation occurs continuously. Images taken from [START_REF] Gutfleisch | Mastering hysteresis in magnetocaloric materials[END_REF].

When we apply a magnetic field, the alignment of the magnetic moments is favoured also partially above T C , see Fig. 1.7 (a). Also the application of a magnetic field corresponds to a more ordered state with lower magnetic entropy, see Fig. Magnetic materials with a first-order phase transition exhibit a large magnetocaloric effect (giant magnetocaloric effect) at T t . However, in the first-order magnetocaloric materials is present a thermal hysteresis. The thermal hysteresis is reported first-order phase transition material with thermal hysteresis. Images taken from [START_REF] Gutfleisch | Mastering hysteresis in magnetocaloric materials[END_REF] in the M(T) measurements when the transition temperature is different in the heating and cooling branch, see Fig. 1.8 (a). The origins of this effect are related to intrinsic properties of the material (magnetism and type of transition) and extrinsic characteristics (material microstructure). As illustrated in Fig. 1.8 (b) the hysteresis reduces the range of reversibility for the magnetocaloric effect.

Magnetocaloric material selection

When it is necessary to choose a magnetocaloric material to integrate it into a device, both for magnetic refrigeration and for energy recovery, several aspects must be taken into account [2][3][4]. In Fig. 1.9 we show a comparison of the magnetocaloric performance of several magnetocaloric materials and their criticality (geological availability, geopolitical situation, recyclability and sustainability).

First of all, it is important to consider the transition temperature (T t ), because it defines the temperature where the MCE is maximum and so the operating point of the material.

As an example, for energy harvesting or magnetic refrigeration systems operating at room temperature, it is necessary to select a material with T t close to 300 K. Gd is the only element that has a T t close to room temperature (293 K), but there are other compounds, like La(Fe,Si) 13 based alloys, in which the T t can be tuned by changing the composition. Secondly, we need to consider their magnetocaloric effect: ∆T ad determines the temperature span for the magnetic refrigeration, while ∆S determines the amount of heat transferred in a thermodynamic cycle. It should be noted, that a materials with large ∆T ad does not necessarily have also a large ∆S. As an example, in the schematic of Fig. 1.9 we can see that Gd has ∆T ad comparable with Mn-Fe-P-Si compounds but ∆S considerably lower. The magnetocaloric effect is stronger in materials with a first-order phase transition (Gd 5 (Si,Ge) 4 , FeRh, Mn-Fe-P-Si, Mn-Fe-P-As, Ni-Mn-In-Co, Mn 3 GaC), however we have seen that they are also characterized by thermal hysteresis that leads to efficiency loss in the thermodynamic cycle. Moreover, first-order magnetocaloric materials may suffer from low mechanical stability because of the structural transformation occurring at T t .

Depending on the applications, some additional properties such as heat transfer or corrosion resistance are important. Moreover, for industrial production it is necessary to consider critical aspects like price and production cost, recyclability and toxicity. For examples, FeRh and Gd 5 (Si,Ge) 4 are among the best candidates for room temperature applications, but cannot be used for large scale production because they are made of critical materials like Rh, Gd and Ge. Even though Mn-Fe-P-As has a giant magnetocaloric effect, the toxicity of arsenic prevents its commercialization. On the other hand, La(Fe,Si) 13 based compounds are attractive, because they can exhibit both a first or second-order transition (with small thermal hysteresis), and in addition, they are made of available materials (Fe and Si) and La is relatively abundant, and indeed is a byproduct of the separation of other rare earth elements.

Gadolinium overview 1.3.4.1 Magnetic and structural properties

Gadolinium is the only element that has the T C close to room temperature ( about 293 K) and it also has a large magnetic moment (7.6 µ B /atom). The material is characterized by a second-order phase transition with a relatively large magnetocaloric effect in proximity of the transition temperature. The T C can be tuned by solid solution between 200 and 350 K. Creating alloys with other rare earths, like Tb, Er, Dy, leads to a reduction of the Curie temperature and also reduces the magnetocaloric effect (∆S m ) [6]. On the contrary, a small amount of B was reported to increase the Curie temperature by about 4 K, while preserving the magnetocaloric effect of bulk gadolinium [START_REF] Dunhui | The magnetic entropy changes in Gd1-xBx alloys[END_REF]. A large increase of the transition temperature is obtained by alloying Gd with C [START_REF] Jr | Some observations on the Gd-rich side of the Gd-C system[END_REF][START_REF] Shi | Electronic state and magnetism of the rare-earth carbide GdCx (x = 0.33)[END_REF][START_REF] Mudryk | Magnetic properties of Gd 2 C: Experiment and first principles calculations[END_REF] or Si [START_REF] Holtzberg | NEW FERROMAGNETIC 5 : 4 COMPOUNDS IN THE RARE EARTH SILICON AND GERMANIUM SYSTEMS[END_REF] (T C equal to 350 K in Gd 2 C and 336 K in Gd 5 Si 4 ).

Bulk Gd has a hexagonal close packed (hcp) structure, and a metastable face centre cubic (fcc) phase is reportedly formed as the initial layer in thin films [START_REF] Kirby | Effects of preparation conditions on the magnetocaloric properties of Gd thin films[END_REF][START_REF] Bertelli | Ferromagnetic properties of fcc Gd thin films[END_REF][START_REF] Scheunert | Magnetization of 2.6 T in gadolinium thin films[END_REF][START_REF] Scheunert | Influence of strain and polycrystalline ordering on magnetic properties of high moment rare earth metals and alloys[END_REF] or emerges in bulk material subjected to hydrostatic pressure [START_REF] Errandonea | Structural studies of gadolinium at high pressure and temperature[END_REF]. The fcc phase was reported to be non-magnetic [START_REF] Scheunert | Magnetization of 2.6 T in gadolinium thin films[END_REF][START_REF] Scheunert | Influence of strain and polycrystalline ordering on magnetic properties of high moment rare earth metals and alloys[END_REF][START_REF] Chizhov | Structure and magnetic properties of rare earth small particles[END_REF][START_REF] Ward | Realizing a high magnetic moment in Gd/Cr/FeCo: The role of the rare earth[END_REF]. However, recently Bertelli et al. investigated [START_REF] Bertelli | Ferromagnetic properties of fcc Gd thin films[END_REF] the magnetic properties of fcc, suggesting that this phase is magnetic with a Curie temperature above 300 K.

Even if the material has been investigated for a long time, there are still some aspects that are debated, for example the origin of its anisotropy and the spin reorientation effect. In the rare earths the magnetic anisotropy energy arises from the interaction between the crystalline field and the electric multipole moments of the 4f charge cloud, but Gd has half filled 4f shells, that lead to a spherical charge distribution and zero electric multipole moments [START_REF] Colarieti-Tosti | Origin of Magnetic Anisotropy of Gd Metal[END_REF]. As a consequence Gd anisotropy energy (35.4 µeV/atom) is two orders of magnitude lower than the other rare earths (meV/atom), but still comparable with the one of the 3d metals like Co. Magnetic torque [START_REF] Graham | Magnetocrystalline Anisotropy of Gadolinium[END_REF][START_REF] Smith | The effect of nonmagnetic inclusions on the easy direction of gadolinium[END_REF][START_REF] Graham | Some Magnetic Properties of Gd Single Crystals[END_REF][START_REF] Franse | Magnetic Anisotropy of Gd Metal at 4 K under Pressure[END_REF] and neutron diffraction measurements [START_REF] Cable | Neutron Diffraction Study of the Magnetic Behavior of Gadolinium[END_REF] show the orientation of show the data from [START_REF] Cable | Neutron Diffraction Study of the Magnetic Behavior of Gadolinium[END_REF] and [START_REF] Corner | The easy direction of magnetization in gadolinium[END_REF]. Figure taken from [START_REF] Colarieti-Tosti | Theory of the temperature dependence of the easy axis of magnetization in hcp Gd[END_REF].

the easy axis of magnetization varies as a function of the temperature as shown in Fig. 1.10. Close to T C the easy axis of magnetization corresponds to the crystallographic c-axis of the hcp structure, then below a critical temperature T SR the easy axis deviates from the crystallographic c-axis creating an easy cone of magnetization. T SR is the spin reorientation temperature and was measured equal to ∼ 240 K by Cable [START_REF] Cable | Neutron Diffraction Study of the Magnetic Behavior of Gadolinium[END_REF] et al. and Smith et al. [START_REF] Smith | The effect of nonmagnetic inclusions on the easy direction of gadolinium[END_REF] and around 250 K by Graham et al. [START_REF] Graham | Magnetocrystalline Anisotropy of Gadolinium[END_REF][START_REF] Graham | Some Magnetic Properties of Gd Single Crystals[END_REF]. The easy axis deviation increases as the temperature decreases and around 190 K it reaches the maximum of deviation (∼ 60°) and then approaches again the c-axis. Graham et al. [START_REF] Graham | Some Magnetic Properties of Gd Single Crystals[END_REF] reported that between 170 K and 233 K the easy axis is in the basal crystallographic plane. At very low temperature the deviation of the easy axis is about 20-30°. Smith et al. [START_REF] Smith | The effect of nonmagnetic inclusions on the easy direction of gadolinium[END_REF] suggested that the differences in the measurements of the easy axis were due to impurities, that can affect the anisotropy constant of the material.

The origin of the magnetic anisotropy in gadolinium and the temperature dependency of the magnetic easy axis is still not clear. Recently, the calculations of Colarieti et al. [START_REF] Colarieti-Tosti | Theory of the temperature dependence of the easy axis of magnetization in hcp Gd[END_REF][START_REF] Colarieti-Tosti | Origin of Magnetic Anisotropy of Gd Metal[END_REF] suggested that the magnetic anisotropy energy of Gd is due to two contributions: (1) the dipole-dipole interactions between the localized 4f spins and

(2) the magnetic anisotropy due to the conduction electrons. They supposed that these contributions are present for the entire rare-earth series, but for the other rareearths the main contribution to the anisotropy comes from the interactions of the non spherical part of the 4f shell with the crystalline electric field. The authors supposed that the evolution of the magnetic easy axis with temperature could originate from the band electron dependency on the induced magnetic moment and so on temperature.

Film fabrication

As we have already mentioned before, Gd is considered a standard testbench material to study the integration of magnetocaloric material into prototypes and to compare the performance of magnetocaloric materials. However, Gd is not optimal for industrial production because it is one of the less abundant rare earths, therefore expensive and susceptible to price fluctuations [4]. In addition, it suffers from fast oxidation and studies showed that both the magnetocaloric effect and the T C are affected by the purity and the homogeneity of the samples [5,[START_REF] Lyubina | Magnetic field dependence of the maximum magnetic entropy change[END_REF].

The integration of the material into micro-devices often requires a free standing layer of material with large heat transfer area and reduced thickness (< 1 mm), in particular thin layers would lead to a rapid heat transfer through the material. Gd ribbons with thickness in the range of 0.02-0.4 mm were produced by cold rolling [START_REF] Taskaev | Effect of severe plastic deformation on the specific heat and magnetic properties of cold rolled Gd sheets[END_REF][START_REF] Taskaev | Influence of thermal treatment on magnetocaloric properties of Gd cold rolled ribbons[END_REF][START_REF] Taskaev | Magnetocaloric effect in cold rolled foils of Gd100-In (x = 0, 1, 3)[END_REF] and melt-spun [START_REF] Dun-Hui | The low-field magnetic entropy change in melt-spun and annealed Gd ribbons[END_REF], but both suffered from a reduction of the magnetocaloric effect that can be recovered by annealing above 500°C.

Gd films of thickness 20-150 µm were deposited by evaporation onto dimpled

Hastelloy substrates [START_REF] Shinde | Fabrication of Gd films by vacuum evaporation and its magnetocaloric properties[END_REF], and thanks to the interfacial stress generated between the film and the substrate, the Gd layer could be removed from substrate. Recently Nguyen Ba et al. reported the possibility to synthesize Gd films with thickness of 17 µm and 3 µm and by DC sputtering [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF][START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF]. In a 2020 paper Nguyen Ba et al. showed that the magnetocaloric effect (∆S) and T C of Gd films deposited on a heated substrate (550°C) are comparable with the bulk, while both properties are reduced in films fabricated at room temperature [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF] (Fig. 1.11). In 2021 they showed that when films with a thickness above 5 µm are sputtered on a heated substrate (270 K) and using Ta as buffer layer, the Gd film can be peeled from the substrate [START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF]. It should be noted that these studies on Gd films [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF][START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF] were carried out at INSP, in parallel to the investigations presented in this thesis and in the framework of the same project (HiPerTherMag).

These studies and the one reported here advanced in parallel using different sputtering techniques (magnetron vs triode), to maximise the chance of producing Gd films suitable for integration.

La(Fe,Si) 13 review

Among the ternary phases formed from the La-Fe-Si system, La(Fe, Si) 13 is the most studied because it a exhibits large magnetocaloric effect and Curie temperature tunable with composition [6,[START_REF] Shen | Recent Progress in Exploring Magnetocaloric Materials[END_REF][START_REF] Niitsu | Phase equilibria in the Fe-La-Si ternary system[END_REF]. In general La-Fe phases does not exist because of the positive enthalpy formation, but ternary phases LaFe 13-x Z x can be stabilized with Z=Si, Al [START_REF] Holtzberg | NEW FERROMAGNETIC 5 : 4 COMPOUNDS IN THE RARE EARTH SILICON AND GERMANIUM SYSTEMS[END_REF][START_REF] Palstra | Study of the critical behaviour of the magnetization and electrical resistivity in cubic La(Fe, Si)13 compounds[END_REF]. 

Structural and magnetic properties

Depending on the amount of Si incorporated, x, in the LaFe 13-x Si x phase, the material can crystallize in cubic NaZn13-type (τ 1 phase) when the content of Si is low (about 1.4<x<2.6) or in tetragonal Ce 2 Ni 17 Si 9 -type structure (τ 2 ) in Si rich phases (about 3.2<x<5). For intermediated Si content (2.6<x<3.2) the two phases coexist (τ 2 ') [START_REF] Niitsu | Effect of Microalloying Elements on Solidification Microstructure of the La(Fe 0.89 Si 0.11 ) 13 Alloy[END_REF][START_REF] Han | An Application of the "Coloring Problem": Structure-Composition-Bonding Relationships in the Magnetocaloric Materials LaFe 13x Si x[END_REF].

The cubic structure consists of a simple cubic packing of atom-centred [Fe 13-x Si x ] icosahedra with La atoms at the interstices, see Fig. 1.12 (a). The iron atoms are located in two different positions: Fe(I) are at the centre of the icosahedra, and Fe(II) are randomly distributed around it in the (96i) sites. Si substitutes only the Fe(II) atoms.

The tetragonal structure is based on the distortion of the cubic unit cell (Fig. 1.12 (b)). For high Si content, the 96i site splits into three equivalent sites (16l, 16k and 16l*), and the Si atoms that, that were randomly distributed in the cubic phase, occupy one of the sets of 16l positions (ordered distribution) in the tetragonal structure [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF][START_REF] Bo | Structure and magnetic transition of LaFe 13 x Si x compounds[END_REF].

The incorporation of Si in the 1:13 phase leads to a reduction of the volume The τ 1 phase is the NaZn13 cubic phase, the τ 2 phase is the Ce 2 Ni 17 Si 9 tetragonal phase and τ 2 ' is the cubic mixed tetragonal phase. Image taken from [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF].

because Si atoms are smaller than Fe atoms (r Fe =1.72 A, r Si =1.46 A). As we can see from Fig. 1.13, the volume reduction has three different slopes in the three phase regions. In particular, the steepest change is in τ 2 ', attributed to a transition between a disordered and ordered arrangement of Si atoms in the lattice.

Many studies reported that the amount of Si in the phase affects also the magnetic properties (T C , M S and ∆S) of the La(Fe,Si) 13 phase [6,[START_REF] Shen | Recent Progress in Exploring Magnetocaloric Materials[END_REF][START_REF] Wang | Hyperfine interactions and band structures of LaFe13-xSix intermetallic compounds with large magnetic entropy changes[END_REF][START_REF] Bo | Structure and magnetic transition of LaFe 13 x Si x compounds[END_REF][START_REF] Wang | Strong interplay between structure and magnetism in the giant magnetocaloric inter-metallic compound LaFe 11.4 Si 1.6 : a neutron diffraction study[END_REF], the alloy exhibits a ferromagnetic behaviour at low temperature and becomes paramagnetic at the Curie temperature (T C in range 50-260 K [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF]).

Fig. 1.14 shows the impact of the composition on both magnetization and T C . The magnetization decreases with increasing Si content. The magnetization in the alloy is due to the Fe atoms, however the reduction is not only attributed to a dilution effect caused by an increase of non magnetic Fe-Si pairs. Wang et al. suggested that hybridization between the electronic orbitals of Si and Fe, with increasing Si content, affects the density of states below the Fermi level and modifies the magnetic moment of Fe [START_REF] Wang | Hyperfine interactions and band structures of LaFe13-xSix intermetallic compounds with large magnetic entropy changes[END_REF]. The magnetic saturation, M S , varies in the range of 7.4-12 × 10 5 A/m in the τ 1 phase region and in the range of 3.5-5.3 × 10 5 A/m in the τ 2 phase region [6,[START_REF] Shen | Recent Progress in Exploring Magnetocaloric Materials[END_REF][START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF]. The Curie temperature (T C ) increases with increasing amount of Si in the τ 1 phase region and abruptly decreases when the cubic symmetry starts to be destroyed [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF].

The change of the Curie temperature produced by the Si substitution is ruled by two competing effects occurring simultaneously: first the lattice contraction and, secondly the hybridation of Fe and Si orbitals. The volume effect leads to a reduction of T C and the hybridization to an increase of T C [START_REF] Jia | Volume dependence of the magnetic coupling in LaFe13-xSix based compounds[END_REF].

Hu et al. [START_REF] Hu | Influence of negative lattice expansion and metamagnetic transition on magnetic entropy change in the compound LaFe11.4Si1.6[END_REF] were the first to observe a giant magnetocaloric effect in LaFe 13-x Si x alloy with x=1.6. The giant magnetocaloric effect was attributed to a firstorder paramagnetic-ferromagnetic phase transition mediated by the external field just above the T C [START_REF] Fujieda | Large magnetocaloric effect in La(FexSi1-x)13 itinerant-electron metamagnetic compounds[END_REF][START_REF] Fujita | Giant volume magnetostriction due to the itinerant electron metamagnetic transition in La(Fe-Si)/sub 13/ compounds[END_REF][START_REF] Fujita | Itinerantelectron metamagnetic transition and large magnetovolume effects in La ( Fe x Si 1 -x ) 13 compounds[END_REF][START_REF] Fujita | Itinerant-electron metamagnetic transition and large magnetocaloric effects in La ( Fe x Si 1 -x ) 13 compounds and their hydrides[END_REF]. This phenomenon, known as itinerant metamagnetic phase transition (IEM) was reported for the first time by Fujita et al. in 1999 [START_REF] Fujita | Giant volume magnetostriction due to the itinerant electron metamagnetic transition in La(Fe-Si)/sub 13/ compounds[END_REF]. In the IEM transition the applied magnetic field induces a change in the band structure of the 3d electron and so stabilizes the ferromagnetic state above the T C of the material.

As it is characteristic for a first-order phase transition, the magnetic transformation is accompanied by thermal hysteresis and close to T C the material exhibits a negative thermal expansion. The volume expansion is about 1%, but the symmetry of the cubic structure is preserved. The increase of Si content diminishes the first-order phase transition for x>1.6, the transition becomes second-order in nature and the magne- 

Tuning 𝑇 𝐶 and ∆𝑆

Thanks to the strong interplay between the magnetic and structural properties of the 1:13 La-Fe-Si based alloys, the Curie temperature (T C ) and magnetocaloric effect (∆S) can be tuned acting on composition (substitutional or interstitial atoms)

or by stress effect. As an example, Fig. 1.16 shows the influence of various elements on the MCE and transition temperature. The Curie temperature can be increased substituting Fe with Co, T C equal to 345 K was obtained in LaFe 10.45 Co 1.45 Si 1.1 [START_REF] Hansen | Properties of magnetocaloric La(Fe,Co,Si)13 produced by powder metallurgy[END_REF].

Nevertheless the substitution leads to a change from first to second-order phase transition and so a reduction of the magnetocaloric effect [START_REF] Hansen | Properties of magnetocaloric La(Fe,Co,Si)13 produced by powder metallurgy[END_REF][START_REF] Lyubina | La(Fe,Si)13-based magnetic refrigerants obtained by novel processing routes[END_REF]. On the contrary the Curie temperature can be reduced by replacing Fe with Mn, T C = 130 K is obtained in LaFe 11.35 Mn 0.35 Si 1.3 [START_REF] Wang | The effect of Mn substitution in LaFe 11.7 Si 1.3 compound on the magnetic properties and magnetic entropy changes[END_REF]. Nevertheless the antiparallel arrangement of the Mn and Fe magnetic moments leads to a reduction of the magnetization and of the magnetocaloric effect. In addition, Wang et al. observed that when the content of Mn in La(Fe 1-x Mn x ) 11.4 Si 1.6 is x > 0.06 a spin glass behaviour appears, suggesting that the ferromagnetic long range order is lost [START_REF] Wang | Spin-glass behavior in La ( Fe 1 -x Mn x ) 11.4 Si 1.6 compounds[END_REF].

In order to enhance the first-order nature of the transition, it is possible to replace Fe or Si with rare earths (Ce, Nd or Pr), but this substitution shifts the T C toward low temperature values [START_REF] Jun | Effect of R substitution on magnetic properties and magnetocaloric effects of La 1x R x Fe 11.5 Si 1.5 compounds with R = Ce, Pr and Nd[END_REF][START_REF] Fujieda | Large magnetocaloric effects enhanced by partial substitution of Ce for La in La(Fe0.88Si0.12)13 compound[END_REF].

Fujita et al. [START_REF] Fujita | Itinerant-electron metamagnetic transition and large magnetocaloric effects in La ( Fe x Si 1 -x ) 13 compounds and their hydrides[END_REF] showed that incorporating hydrogen atoms in the 1:13 phase allows to increase the Curie temperature above room temperature (i.e. T C =323 K in La(Fe 0.88 Si 0.12 ) 13 H 1.5 ), preserving a large magnetocaloric effect. This effect is due to the hydrogen interstitial atoms that expand the lattice but preserve the cubic symmetry.

However, Barcza et al. [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] reported that the hydrogenated La-Fe-Si based alloys are not stable when kept at a temperature close to T C , and they decompose in hydrogen rich and hydrogen poor phases. In the same study they investigated hydrogenated LaFe 13-x Mn y Si x H sat phase, demonstrating that even if the Mn favours low temperature transitions, it is possible to tune in the range of 283-296 K and when the alloy is fully saturated with hydrogen it becomes stable.

Studies on the influence of pressure on La(Fe,Si) 13 based alloys demonstrated that the Curie temperature is reduced (∼ 100 K) when the material is subjected to hydrostic pressure [START_REF] Fujita | Itinerantelectron metamagnetic transition and large magnetovolume effects in La ( Fe x Si 1 -x ) 13 compounds[END_REF][START_REF] Fujita | Influence of pressure on itinerant electron metamagnetic transition in La(FexSi1-x)13 compounds[END_REF][START_REF] Sun | Pressure enhancement of the giant magnetocaloric effect in LaFe11.6Si1.4[END_REF]. However as an advantage, Fujita et al. [START_REF] Fujita | Influence of pressure on itinerant electron metamagnetic transition in La(FexSi1-x)13 compounds[END_REF] showed that the IEM transition is enlarged, while Sun et al. [START_REF] Sun | Pressure enhancement of the giant magnetocaloric effect in LaFe11.6Si1.4[END_REF] showed that the low field magne-tocaloric effect can be enhanced by pressure: -∆S=12 J/(kg K) at 0 pressure, -∆S=34 J/(kg K) under 4.5 kbar.

Film fabrication

Most works in literature are focused on the fabrication of bulk La(Fe,Si) [START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF] alloys and the stabilization of the pure 1:13 cubic phase is not easy in bulk. In the solidification process, first α-Fe dendrites are formed from the liquid and by peritectical reaction the La-rich phase. However due to the incompleteness of the peritectic reaction a large number of α-Fe dendrites remains [START_REF] Raghavan | Fe-La-Si (Iron-Lanthanum-Silicon)[END_REF][START_REF] Niitsu | Phase equilibria in the Fe-La-Si ternary system[END_REF][START_REF] Liu | Structure and magnetic properties of shortly high temperature annealing LaFe11.6Si1.4 compound[END_REF]. Due to the low atomic diffusivity of the phase at low T, the material requires a long high temperature anneal (1173 -1323 K) to homogenize the phase [START_REF] Liu | Structure and magnetic properties of shortly high temperature annealing LaFe11.6Si1.4 compound[END_REF][START_REF] Liu | Systematic study of the microstructure, entropy change and adiabatic temperature change in optimized La-Fe-Si alloys[END_REF]. The annealing time that is around 10 days in conventional melt cast material, but it can be reduced at high temperature annealing (1h 20min at 1573 K) [START_REF] Liu | Structure and magnetic properties of shortly high temperature annealing LaFe11.6Si1.4 compound[END_REF] or when the samples are fabricated by melt spinning ribbons or strip casting [START_REF] Zhang | Large entropy change, adiabatic temperature change, and small hysteresis in La(Fe,Mn)11.6Si1.4 strip-cast flakes[END_REF][START_REF] Hirosawa | Rapidly solidified La(Fe1 -xSix)13 alloys and their magnetocaloric properties[END_REF][START_REF] Gutfleisch | Large magnetocaloric effect in meltspun LaFe13-xSix[END_REF] or in off stoichiometric conditions [START_REF] Liu | Systematic study of the microstructure, entropy change and adiabatic temperature change in optimized La-Fe-Si alloys[END_REF][START_REF] Zhang | Influence of extra La and annealing temperature on microstructure and magnetocaloric properties of La-Fe-Co-Si alloys[END_REF][START_REF] Yang | Reduced Annealing Time and Enhanced Magnetocaloric Effect of La(Fe, Al)13 Alloy by La-nonstoichiometry and Si-doping[END_REF]. In 2020 our group [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF] reported for the first time the possibility to stabilize the La(Fe,Si) 13 cubic phase in film form (Fig. 1.17). The La-Fe-Si was deposited by triode sputtering at room temperature and the 1:13 phase was induced by post deposition annealing at 1073 and 1173 K. The authors reported that the phase could be stabilized in films with thickness ranging from 2 to 5.3 µm and that annealing induces fractures in the film due to the film and substrate thermal contraction during cooling (inset of Fig. 1.17 (a)). For 5.3 µm film they measured a Curie temperature around 245 K and magnetocaloric effect 60 kJm -3 K -1 in a field change of 0-7 T (Fig. 1.17 (a)). In the same study they showed that by hydrogenation of the film, the transition temperature could be increased by 100 K Fig. 1.17 (b).

Hard magnetic materials

Hard magnetic materials, also known as permanent magnets are distinguished from soft magnetic materials because they preserve a strong magnetization in the absence of an external field.

The quality of a permanent magnet is estimated from the maximum energy product (BH) max that can be calculated from the second quadrant of the hysteresis loop (B as a function of H) [START_REF] Jiles | Introduction to Magnetism and Magnetic Materials[END_REF]. The energy product defines the density of energy stored in a permanent magnet and therefore is a good figure of merit for the comparison of different hard magnetic materials. In order to maximise the energy product, it is important to optimize the magnetic remanence of the magnets. We have already mentioned that the remanence is an extrinsic property and it can be improved by acting on the microstructures. In particular the remanence can be increased by maximising the volume fraction of the aligned hard magnetic phase grains.

The last century has seen a massive improvement of the energy product of hard magnetic materials Fig. 1.18 [START_REF] Gutfleisch | Magnetic Materials and Devices for the 21st Century: Stronger, Lighter, and More Energy Efficient[END_REF]. The first steel magnets had a energy induce a large unixial anisotropy, leading to a large energy product. The resulting material have magnetic properties (Table 1.1) comparable or superior to the Nd-Fe-B permanent magnets. However Sm-Fe-N cannot be sintered due to its metastability, therefore this material is only used in bonded magnets. The remanence of bonded magnets is reduced by dilution of the magnetic phase in a non-magnetic matrix.

To summarize, the crystal structure parameters and magnetic properties of the main hard magnetic material are reported in Table 1.1.

Permanent micro-magnets

Permanent magnets are widely used in many applications, such as motors, audio speakers, actuators, and sensors and have potential application in Micro-Electro-Mechanical-Systems (MEMS) [START_REF] Dempsey | Hard Magnetic Materials for MEMS Applications[END_REF][START_REF] Arnold | Permanent Magnets for MEMS[END_REF]. In order to be integrated into the miniaturized devices, the dimensions of the permanent magnets have to be reduced and some applications benefit from this size reduction [START_REF] Cugat | Magnetic micro-actuators and systems (MAGMAS)[END_REF]. In particular we can consider the effect of scaling, when the magnets are used in interaction with another soft or hard magnet to produce force or torques, or they are used together with a current carrying coils to induce a voltage in the coil and so produce an electric current.

For a magnet of volume 𝑣, and magnetic polarization ⃗ 𝐽 the magnetic potential in a point 𝑃 and at distance 𝑟 is defined by equation (1.8) and the magnetic field H can be estimated from the gradient of the scalar potential (1.9). 3 (1.8)

𝑉(𝑃) = 𝑣 4𝜋𝜇 0 ⃗ 𝐽 ⋅ ⃗ 𝑟 𝑟
⃖⃗ 𝐻 = ⃖⃖⃖⃗ 𝑔𝑟𝑎𝑑𝑉 (1.9)
When the size of a magnet is reduced by a factor ξ (i.e. 𝑟 𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑟∕𝜉 and 𝑣 𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑣∕𝜉 3 ) but all the intrinsic and extrinsic properties of the material are preserved, the scalar potential (V) would be reduced by a factor ξ. However the field (H) generated around the magnet would be preserved both in intensity and geometrical distribution and the field gradient would be amplified by a factor ξ.

It follows that scaling is beneficial for magnet-magnet and magnet-soft magnet interactions, because the force is proportional to the gradient and so it is enhanced of a factor ξ. On the contrary the response of magnet-coil interactions of a scaled system results are unchanged, because they are proportional to the field [START_REF] Dempsey | Hard Magnetic Materials for MEMS Applications[END_REF][START_REF] Cugat | Magnetic micro-actuators and systems (MAGMAS)[END_REF][START_REF] Coey | Magnetism and magnetic materials[END_REF].

Fabrication of micro-magnets

Many fabrication strategies have been developed to produce micro-magnets [START_REF] Dempsey | Hard Magnetic Materials for MEMS Applications[END_REF][START_REF] Arnold | Permanent Magnets for MEMS[END_REF], here we will consider two of them: polymer bonded micro-magnets and sputtered micro-magnets.

Bonded magnets

Hard magnetic powders can be mixed with a binder to obtain polymer bonded magnets with thickness ranging between 10-500 µm . The most common particles used, are made of ferrite (SrFe 17 O 19 or BaFe 17 O 19 ), Nd 2 Fe 14 B, SmCo 5 and Sm 2 Fe 17 N x . For the selection of the magnetic powders, it is important to consider their magnetic properties (M S , H C ), but also the particles dimensions and the ease of handling/processing the powders. Ferrite powders are cheap and commercially available, both as isotropic and anisotropic fine particles around ∼ 1 µm. Moreover, they do not suffer oxidation, but they are characterized by a low energy density. Better performance can be obtained with commercial Nd-Fe-B powders, however they are more expensive and more susceptible to oxidation. Fine available Nd-Fe-B powders (a fem µm) are nanocrystalline and isotropic, therefore not suitable for anisotropic bonded micro-magnets. High energy density can be obtained using anisotropic SmCo (> 5 µm) or Sm-Fe-N powers (∼ 5 µm) [START_REF] Arnold | Permanent Magnets for MEMS[END_REF] that are both more stable to oxidation than Nd-Fe-B. The remanence of the resulting polymer bonded magnets is necessarily limited by the dilution of the magnetic material in a non-magnetic matrix (usually 60-80 % at the best), but higher remanence values are achieved in anisotropic bonded magnets when the particles have been aligned in an external magnetic field.

Bonded magnets are widely used because they are cheaper than sintered versions in both material and fabrication cost and they can be easily manufactured in complex geometries. Moreover, the mechanical properties can be tuned according to the choice of the matrix (i.e. epoxy resin [START_REF] Cho | Microscale resin-bonded permanent magnets for magnetic micro-electro-mechanical systems applications[END_REF], PDMS [START_REF] Fontana | Fabrication and characterisation of polymerbonded flexible anisotropic micro-magnet arrays[END_REF], parylene [START_REF] Yang | Fabrication and characterization of parylene-bonded Nd-Fe-B powder micromagnets[END_REF], silicone rubber [START_REF] Fukushi | Preliminary validation of Sm-Fe-N magnetic silicone rubber for a flexible magnetic actuator[END_REF] etc.).

Traditional fabrication routes for polymer-bonded magnets include calendering, injection molding, extrusion, and compression bonding [START_REF] Ormerod | Bonded permanent magnets: Current status and future opportunities (invited)[END_REF]. More recently 3-D printing of polymer-bonded magnets has been explored, in some cases down to the mm size range [START_REF] Gandha | Additive manufacturing of anisotropic hybrid NdFeB-SmFeN nylon composite bonded magnets[END_REF][START_REF] Gandha | Additive manufacturing of highly dense anisotropic Nd-Fe-B bonded magnets[END_REF][START_REF] Huber | 3D print of polymer bonded rare-earth magnets, and 3D magnetic field scanning with an end-user 3D printer[END_REF][START_REF] Sonnleitner | 3D printing of polymer-bonded anisotropic magnets in an external magnetic field and by a modified production process[END_REF][START_REF] Taylor | Fully 3D-Printed, Monolithic, Mini Magnetic Actuators for Low-Cost, Compact Systems[END_REF].

In order to fabricate bonded micro-magnets, the magnetic mixture is used to fill the cavities of a substrate with the shape of the final micro-magnet. In Fig. 1.19 we show an SEM image of parylene bonded Nd-Fe-B magnets embedded in the cavities of Si. These magnets were fabricated by Yang et al. [START_REF] Yang | Fabrication and characterization of parylene-bonded Nd-Fe-B powder micromagnets[END_REF] by filling the cavities of a Si wafer with Nd-Fe-B dry powder, and then coating the particles with a parylene deposition to bond them.

The pattern on the substrate were also used to fabricate micro-structure. As example in Fig. 1.20 is reported the schematic for the fabrication used by Cho et al. to produce resin bonded permanent magnets of ferrite (Sr-ferrite and Ba-ferrite) [START_REF] Cho | Microscale resin-bonded permanent magnets for magnetic micro-electro-mechanical systems applications[END_REF]. The Si substrate was first coated with a photoresist and this latter was patterned to create a photoresist-mold. Then the mold was filled with the mixture of ferrite and resin (particles 45 vol. %) and after curing the photoresist mold was dissolved in acetone. The final micro-magnets had planar geometry defined by the transferred pattern (radius 50-200 µm ) and a thickness determined by the height of the photoresist (60-70 µm).

These magnets had a remanence ∼ 33 mT and coercivity ∼ 0.44 T were used for the fabrication of a micro-actuator [START_REF] Cho | Microscale resin-bonded permanent magnets for magnetic micro-electro-mechanical systems applications[END_REF].

Even if various techniques have been tested, including casting and screen printing combined with photo-lithography, most of the micro-scaled bonded magnets reported to date are isotropic [START_REF] Cho | Microscale resin-bonded permanent magnets for magnetic micro-electro-mechanical systems applications[END_REF][START_REF] Yang | Fabrication and characterization of parylene-bonded Nd-Fe-B powder micromagnets[END_REF][START_REF] Tao | Fabrication and Characterization of Bonded NdFeB Microstructures for Microelectromechanical Systems Applications[END_REF][START_REF] Lisec | Integrated High Power Micro Magnets for MEMS Sensors and Actuators[END_REF][START_REF] Rozenberg | Resin-bonded permanent magnetic films with out-of-plane magnetization for MEMS applications[END_REF][START_REF] Jackson | Integration of Thick-Film Permanent Magnets for MEMS Applications[END_REF].

Previously Fukushi et al. [START_REF] Fukushi | Preliminary validation of Sm-Fe-N magnetic silicone rubber for a flexible magnetic actuator[END_REF] managed to align the Sm-Fe-N powder mixed with magnetic elastomer (Sm-Fe-N up to 21 vol. %), and to produce coarse magnets of 1 mm thickness, that were used to fabricate an actuator based on magnetic torque control.

In 2021 our group [START_REF] Fontana | Fabrication and characterisation of polymerbonded flexible anisotropic micro-magnet arrays[END_REF] reported the fabrication process to produce on anisotropic flexible polymer bonded micro-magnets using ferrite and Sm-Fe-N powders mixed with polydimethylsiloxane (PDMS); Details of the investigation that will be presented in this thesis (Chapter 5). In 2021 year Wang et al. [START_REF] Wang | Temperature stable rare earth magnetic powder Sm-Fe-N based micro magnets with remanence enhanced by easy axis alignment and its application in MEMS actuator[END_REF] reported on the fabrication of anisotropic bonded micro-magnets using Sm-Fe-N powders mixed with wax (powder 80-100 wt. %, i.e. no wax). They filled the trenches (in plane dimensions 3 mm × 1 mm and depth 0.5 mm) of a Si substrate prior patterned by Deep Reactive Ion Etching (DRIE) with the magnetic mixture and they deposited a layer of parylene to encapsulate them. After 2 T magnetic field was utilized to align the micro magnets and a strong 8 T pulse field was used to magnetize the sample. The final micro-magnets had a remanence of 0.9 T and were integrated into an electromagnetic actuator [START_REF] Wang | Temperature stable rare earth magnetic powder Sm-Fe-N based micro magnets with remanence enhanced by easy axis alignment and its application in MEMS actuator[END_REF].

Sputtered micro-magnets

In 1986 Cadieu et al. [START_REF] Cadieu | Magnetic properties of sputtered Nd-Fe-B films[END_REF] reported for the first time the fabrication of Nd-Fe-B films by sputtering. The authors showed that Nd-Fe-B deposited at 600-750°C are directly crystallize and have the crystallographic c-axis, that correspond to the easy axis of magnetization, out of the film plane (out-of-plane texture).

Later in 1993 Kapitanov et al. [START_REF] Kapitanov | Sputtered permanent Nd-Fe-B magnets[END_REF] reported on the deposition of thick Nd-Fe-B films of 30-300 µm. The films were deposited on metallic substrate in amorphous state and were peeled from the metallic substrate before annealing at 650-700°C. The study showed that amorphous films deposited at T≤ 420°C have out-of-plane magnetic anisotropy that increases with the deposition temperature. During annealing the films crystallize in the Nd 2 Fe 14 B phase and phase that showed magnetic anisotropy in the amorphous state were out-of-plane textured.

In our group we wanted to develop micro-magnets using triode sputtering for integration into micro-systems. In 2007 [START_REF] Dempsey | High performance hard magnetic NdFeB thick films for integration into microelectro-mechanical systems[END_REF] our group studied the influence of deposition temperature for Nd-Fe-B films deposited on Si substrate at 230°-500°C. In agreement with the resulted presented by Kapitanov et al [START_REF] Kapitanov | Sputtered permanent Nd-Fe-B magnets[END_REF] out-of-plane textured was induced in films deposited on heated substrates, and the degree of texture increases with the increasing of deposition temperature. Films deposited at T< 450°C were amorphous in the as-deposited state and required post deposition annealing for crystallization, while the films deposited at 500°C were directly crystallized during the deposition. In this study the films were directly deposited on Si substrates, which is a common substrate for MEMS and so it would facilitate the integration of the micro-magnets into devices. The ratio of Nd to Fe in the sputtered films was shown to be slightly higher than the ratio in the Nd 2 Fe 14 B phase. In a subsequent study it was shown that the high coercivity values achieved in sputtered films is due to the presence of a continuous Nd-rich grain boundary phase, which serves to magnetically decouple neighbouring grains of Nd 2 Fe 14 B [START_REF] Dempsey | High-coercivity Nd-Fe-B thick films without heavy rare earth additions[END_REF]. 2-step processing in which films are annealed post-deposition serves to spread the Nd-rich phase along the boundary of Nd 2 Fe B grains.

Our group subsequently reported on the fabrication of micro-magnets in [START_REF] Walther | Micro-patterning of NdFeB and SmCo magnet films for integration into microelectro-mechanical-systems[END_REF] using two different approaches: the chemical etching of continuous hard magnetic second case the pattern was defined by photolitography and dry etching of a SiO 2 layer.

By chemical etching the authors could obtain micro-magnets with vertical sidewalls, but they reported large lateral over-etch. In addition after the chemical attack, the micro-magnets required two additional steps before the annealing: Ar ion etching to remove a damaged surface and deposition of the Ta capping layer. The deposition on pre-patterned substrates worked really well with Nd-Fe-B, while poor filling resulted from the deposition of SmCo into the trenches. More importantly the work showed that the topographical pattern releases part of the stress induced by the fabrication and so improved mechanical behaviour of the films.

Very recently our group reported on the fabrication of very thick (50 µm)

Nd-Fe-B films by triode sputtering onto topographically patterned Si substrates [START_REF] Keller | Batch fabrication of 50 lm thick anisotropic Nd-Fe-B micromagnets[END_REF]. In fact deposition of films thicker than 10 µm on non-patterned Si substrates leads to film fractured and peeled from the substrate. Trenches of depth 55 µm were etched in the Si substrate by DRIE. Both the 1-step process (high temperature deposition) and the 2-step process (deposition + post deposition annealing) were used to fabricate micro-magnets with excellent magnetic properties (out-of-plane-texture and large coercivity). The plasma is confined between the anode and the filament, but when a negative bias is applied the Ar + ions are accelerated toward the target. The target is sputtered by the highly energetic ions and their atoms deposited on the entire chamber and in particular on the substrate placed in front of the target.

The deposition rate depends on: the material and size of the target, the target-substrate distance and the voltage applied on the target. In Table 2.1 are reported the specifications used. In the system used, up to four different targets can be mounted inside the chamber (Fig. 2.1), and during deposition it is possible to change them rotating the target holder. The substrate can rotate during the fabrication, allowing to homogenize both the composition and the temperature. The deposition can be carried out at room temperature (RT) or on a heated substrate (up to 800°C). For deposition at RT the sample holder is cooled by flux of water at high pressure, the Active Cooling (AC) system preventing the substrate to increase its temperature because of heating of the plasma and the filament.

Annealing system

Annealing is a heat thermal treatment that allows changing the physical or chemical properties of a material by altering its micro-structure. The sample is heated up to a specific temperature at which phenomena of diffusion, crystallization or precipitation occurs, then is kept in this state for a given time and finally cooled down to room temperature. In this work annealing processes were used for the crystallization of Nd-Fe-B micro-magnets and La-Fe-Si compositionally graded films.

The Nd-Fe-B micromagnets were annealed in a Mo resistance tube furnace. The system can reach up to 1050°C and it operates at high vacuum 10 -8 mbar. The system has two chambers: the furnace can be pre-heated to the desired temperature and then we can slide the samples in when high-vacuum is achieved in the antechamber. The sample holder consist of a quartz paddle of about 11 x 5 cm 2 .

Thermal treatment of a full 10 cm wafer can be performed using the JetFirst 100 Rapid

Thermal Annealing (RTA) system by Jipelec. The sample is installed in a chamber where a vacuum up to ∼ 10 -6 mbar can be achieved (Fig. 2.2). On the top side of the process chamber, the infra-red halogen lamp heats the substrate to a maximum of 1300°C. The temperature is controlled by a thermocouple in contact with the backside of the wafer. 

Microfabrication

Photolithography was employed in combination with Deep Reactive Ion Etching (DRIE) to pattern the Si substrate, used for deposition of Nd-Fe-B films and as mold for the fabrication of anisotropic bonded magnets.

Photolithography

Photolithography is the technique by which the patterns of a mask are transferred using UV-light on a substrate. The process is based on four steps: cleaning, spincoating, exposure and development. Before any processing, the substrate is cleaned from any impurities, then it is washed in an ultrasound bath of acetone (about 5 minutes), next of isopropanol (about 5 minutes) and then it is dried on a hot plate at around 180°for 5-10 minutes. After cleaning, the substrate is coated with the photo-resist, a polymeric light sensitive material. In a spin coater, a few ml of liquid photo-resist are dropped on the substrate, and the substrate is rotated at high speed (3000-4000 rpm) to spread the liquid in a uniform layer. After, to evaporate the solvent, the substrate is baked on a hot plate at 90-115°C for 60-90s. photo-resist the light induces cross-linking of the polymer chains that become less soluble. After the exposure, the substrate is developed in a developer solution and reveals the transferred pattern from the mask.

The photomask pattern was designed using Klayout software and the mask was fabricated by laser lithography at Nanofab the clean room in Institut Néel, where the laser lithography is only operated by the Nanofab staff. The photolithography and the deep reactive ion etching were carried out at the Plateforme Technologique Amont (PTA) cleanroom facility in Minatec. In Table 2.2 are listed all the parameters used for the spin coating and the exposure.

Deep Reactive Ion Etching (DRIE)

Deep Reactive Ion Etching (DRIE) is a technique of dry etching that exploits ionized gas to remove selective areas of bulk material or sacrificial layer and create deep cavities with a very high aspect ratio. In this work, an inductively coupled plasma (ICP) etcher was used to etch 10 cm Si wafers previously patterned by photolithography.

The DRIE machine used was a SPTS SPX HRM 180 from the Plateforme Technologique Amont (PTA) cleanroom facility. The substrate is installed in a load lock system, mechanically clamped and automatically transferred to the plasma chamber (Fig. 2.4).

To process the substrate the gases (SF 6 , C 4 F 8 , O 2 , Ar) are injected from the top of the inductive coils and the plasma is generated using two RF-power generators. The top one, connected to the coil, sustains the discharge generating an opposite current in the plasma, while the bottom one, connected to the the wafer chuck, is responsible for acceleration of the ions. The Bosch process was used to etch the pattern in Si substrate of 525 µm thickness. As shown in Fig. 2.5, it consists of alternating steps of etching and passivation. During the etching, SF 6 gas is used to generate a plasma that is accelerated nearly vertically on the substrate, where the regions not protected by photoresist are etched. After, a protective layer is deposited on the entire exposed surface (sidewall and horizontal surface) using C 4 F 8 as gas source. When the etching step is repeated the protective layer deposited in the bottom of the trenches is rapidly removed by the bombardment, while the sidewall film is preserved, as a consequence playing with the ratio of the two modes is possible to control precisely the sidewall angles. In this work we used a cycle of 1.8 s of deposition time and 5 s of etching time, the cycles were repeated depending on the desired depth.

Characterization methods

X-ray diffraction (XRD)

The crystallographic characterization was carried out by x-ray diffraction (XRD). In the crystals the atoms are organized in a regular arrangement with precise lattice parameters. Because x-rays have a wavelength of the same order of the interatomic distance they can be used to extract the crystal structure and lattice parameters.

When the samples are irradiated by x-rays, the elastic scattering between x-rays and the atoms of the crystal gives reflections for precise angles. The angles for which the reflection occurs are given by the Bragg law:

𝑛𝜆 2𝑑 = sin(𝜃) (2.1)
where 𝜆 is the x-ray beam wavelength, 𝜃 angle of incidence and 𝑑 is the distance between the atomic planes.

The Bragg law express the fact that constructive interference occurs when the difference in the travel path is an integer multiple of the wavelength. The collection of the constructive interferences gives rise to a diffraction pattern characteristic of the material and its structure. In this work we used two configuration of x-ray diffraction:

the θ-2θ measurements and texture analysis by pole figures.

𝜃 -2𝜃 measurements

The θ-2θ measurements are used to determine the crystal structure of the material and they can give an indication of the preferential orientation of its grains.

Moreover it can be used to estimate grain size and microstrain. In the θ-2θ diffractometer, both the x-ray source and the detector move, while the sample is fixed. θ is defined as the angle between the incident beam and the sample surface and 2θ between the source and the detector ( Fig. 2.6). For this work the θ-2θ measurements were carried out using the D8 ENDEAVOR by Bruker. The system is equipped of a Cu source and a goniometer, a Cu source and collimating multilayer optics (XENOCS FOX2D). The size of the beam on the sample is of the order of 1.2×1.2mm 2 .

Microscopy

Scanning electron microscopy (SEM)

The scanning electron microscope is a type of microscope that uses an electron beam for imaging a sample. In the Scanning Electron Microscopy (SEM) the electron beam is generated by the electron gun and then accelerated by the anode.

Adjusting the accelerating voltage we can modify the penetration depth of the electrons within the sample, which will affect the resolution, the contrast and the charging effect of the material. After being accelerated in the microscope tube, the beam is focused on the sample by an electromagnetic lens. Under the electron beam, the material emits different types of signals which are analysed by different types of detectors.

Coming from the surface of the sample we can detect the secondary electrons (SE), generated by the ionization of the material after the inelastic scattering with the incident beam (primary beam). Back scattered electrons BSE is the signal consisting in the electrons of the primary beam, which have been scattered back by the nuclei.

The secondary electrons (SE) detector is used for topographic images of the sample surface, while the back scattered electrons (BSE) are sensitive to the atomic number of the scattering atoms, giving information about the sample composition.

In this work Zeiss Ultra Plus Field Emission Scanning Electron Microscope was used for the imaging of the samples. The images were acquired at accelerating voltage of 3 kV and at working distance of 3-4 mm.

Energy-dispersive x-ray spectroscopy (EDX)

In the SEM, characterization of the composition can be performed by energydispersive x-ray spectroscopy (EDX). The technique is based on the analysis of the wavelength of the x-ray, emitted by the sample under irradiation with highly energetic electrons. When the material is bombarded by an electron beam, an electron from the inner shell can be ejected creating a vacancy. When the vacancy is filled by an Quantification method PhiRho-Z electron coming from an outer shell an x-photon is emitted to balance the energy difference. Because x-ray energy is characteristic of the energy level difference of the scattering atom, the acquired spectra is the fingerprint of the material irradiated. For this work the EDX analysis was performed using the Zeiss Ultra Plus Field Emission Scanning Electron Microscope. In the Table 2.3 are listed the parameters used for the measurements.

Scanning Hall Probe Microscopy (SHPM)

In this work the out-of-plane field component of the stray field produced by micro-magnets (B z ) was quantified using the Scanning Hall Probe Microscope (SHPM)

developed at Institute Néel. The system was developed by Shaw et al. [START_REF] Shaw | A scanning Hall probe microscope for high resolution, large area, variable height magnetic field imaging[END_REF] and several hardware improvements were done by the engineer Simon Le-Denmat. The measurements on the micro-magnets, presented in this work, were carried out by the post-doc Frederico Orlandini Keller.

The sample is installed on a mobile stage, on top of which is placed the hall probe. The hall probe is mounted on a piezoelectric element which is used to regulate the height during the scan. The sample holder is connected to motors, this allows to directly map the z-component of the magnetic field (B z ). The system has a magnetic resolution of 100 µT and can scan areas up to a few mm in-plane (0.1 µm step resolution) and from 2 µm to 35 µm out-of-plane (0.2 µm step resolution). For this thesis we measured the stray field using a Hall probe of 4x4 µm 2 active area and a step size of 4 µm.

Magnetometry

The magnetic moment of the samples can be directly measured using magnetometer systems. In this work we will discuss two types of measurements:

• Isofield measurement M(T) were used to study the phase transition of the magnetocaloric material (thermal hysteresis and Curie temperature T C )

• Isothermal measurements M(H) were used to measure the hysteresis loop of the micromagnets and to characterize the magnetocaloric material (Curie temperature T C and magnetocaloric effect ∆S).

For this work we used three different types of magnetometers available at the Institut Néel. The choice of the instrumentation was based on the measurement requirements (field or temperature), sample size, signal intensity and instrumentation availability.

The specifications of the three systems are shown in Table 2.4. 

Extraction magnetometer

In the extraction magnetometer a long non magnetic rod is used to install the sample at the centre of the detection unit consisting in two pick up coils (Fig. 2.8).

Inside the chamber a uniform magnetic field is generated by superconducting coils.

During the measurement a motor extracts the magnetized sample and the displacement causes a change the magnetic flux which is detected as voltage in a pick up coil. This magnetometer was used to measure both M(H) and M(T) curve of Gd-films. 

Vibrating sample magnetometer (VSM)

The working principle of the Vibrating Sample Magnetometer (VSM) is similar to the previous one, the main difference is that the motion of the sample is not continous but alternating in front of a pick up coil. During the measurement the sample is put in oscillation at a known frequency and the movement induces a current in the pick up coils, which is proportional to the moment of the sample. The VSM is faster and has a higher sensitivity than the extraction magnetometer (Table 2.4).

Because the VSM at the laboratory works just at room temperature, VSM was used only to study the magnetic moment of the micromagnets as function of the field.

VSM-SQUID

This magnetometer combines the rapidity of the conventional VSM system with the sensitivity of a Super Conducting Quantum Interference Device (SQUID) magnetometer. In this system the pick up coils are connected to the SQUID loop, a superconducting ring with one or two insulating layers (Josephson junctions), which act as very sensitive flux to voltage converter. This magnetometer was used for the magnetic characterization of the La-Fe-Si films and to acquire the isothermal measurements for the Gd-films.

Kube system

The displacement of the flexible bonded magnets was performed using the Kube, a system designed at Institut Néel. It consists of three-axis electromagnet mounted on a optical microscope (Figure 2.9 (a)). The sample is installed on a sample holder mounted on a 3-axis motorized stage (1 µm step resolution, 20 µm maximum displacement). The sample is installed at the centre of four pair of independent coils. The electromagnets are used to generate a homogeneous field up to 100 mT in the spatial direction defined by 𝜙 and 𝜃 (Figure 2.9 b). The microscope objective is mounted just on top of the coils and is used for observation and illumination the sample using light. The system is calibrated such that the focus position corresponds to the centre of the maximum field generated by the coils. The focus is adjusted by moving the sample in the microscope. A LabView interface is used to control the stage movement, the acquisition of the image and to control the field direction and intensity.

In this work, to test the micro-magnets displacement, we applied the magnetic field in x, y and z directions.The field was varied between ± 100 mT with a step of 10 mT and for each field a picture of the magnetic structures was acquired. Two sequential images were compared using a python code, which exploits the phase_-cross_correlation function from skimage library to compute the cross correlation between two figures.

Analytical simulations

The stray field generated by the micro-magnets can be analytically simulated using the method described by Engel-Herbert and Hesjedal in [START_REF] Engel-Herbert | Calculation of the magnetic stray field of a uniaxial magnetic domain[END_REF]. The simulations were carried on using a python code, which takes as input the remanence and the geometry of the micro-magnets and gives as output the three components of the stray field. The perpendicular components of the stray field can be calculated using the following equation:

𝐻 𝑧 (𝑥, 𝑦, 𝑧) = - 𝑀 0 4𝜋 𝑙 ∑ 𝑙,𝑘,𝑚=1 (-1) 𝑙+𝑘+𝑚 [𝑧 + (-1) 2 𝑧 𝑏 ][𝑥 + (-1) 𝑘 𝑥 𝑏 ] |𝑧 + (-1) 𝑙 𝑧 𝑏 ||𝑥 + (-1) 𝑏 𝑥 𝑏 | × arctan ( |𝑥 + (-1) 𝑘 𝑥 𝑏 |[𝑧 + (-1) 𝑚 𝑧 𝑏 ] |𝑦 + (-1) 𝑙 𝑦 𝑏 | √ [𝑥 + (-1) 𝑘 𝑥 𝑏 ] 2 + [𝑧 + (-1) 𝑙 ] 2 + [𝑦 + (-1) 𝑚 𝑦 𝑏 ] 2 ) (2.2)
where (𝑥, 𝑦, 𝑧) are the coordinates of the points where we wants to estimate the field, 𝑀 0 is the magnetization chosen along z axis direction and 𝑥 𝑏 , 𝑦 𝑏 and 𝑧 𝑏 are half of the dimensions of a single micro-magnet.

The method assumes that the micro-magnets are parallelepiped with constant magnetization, however the magnetic field generated by more complex structure can be approximated considering the contribution of more bar-shaped magnets.

Chapter 3

Gd films 

Introduction

The characteristics that determine the choices of a magnetocaloric material for integration into a prototype are: the transition temperature, which determines the temperature for which the magnetocaloric effect is maximum, the type of transition which defines the intensity of the magnetocaloric effect and whether or it shows thermal hysteresis, and finally the magnetization which defines the density of magnetic moment of the material. Gd is the only element which exhibits a second-order ferromagnetic-paramagnetic transition close to room temperature (T C ∼ 293 K) and it has a large magnetization (7.6 µ B /atoms) [5].

Gd was used in 1976 by Brown to demonstrate magnetic refrigeration close to room temperature [START_REF] Brown | Magnetic heat pumping near room temperature[END_REF] and is still nowadays used as a testbench material into prototype magnetic refrigeration systems [6]. The magnetic properties of bulk Gd were extensively investigated [5,[START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF], and more recent studies were devoted to other fabrication techniques for the synthesis of films, foils and nanostructures. The studies show that the magnetic properties (T C , M S ) of the material are highly sensitive to the fabrication process and oxidation [5]. Gd ribbons of thickness ranging from 20 to 215 µm were fabricated by melt spinning [START_REF] Dun-Hui | The low-field magnetic entropy change in melt-spun and annealed Gd ribbons[END_REF] and cold rolling [START_REF] Taskaev | Effect of severe plastic deformation on the specific heat and magnetic properties of cold rolled Gd sheets[END_REF][START_REF] Taskaev | Influence of thermal treatment on magnetocaloric properties of Gd cold rolled ribbons[END_REF][START_REF] Taskaev | Magnetocaloric effect in cold rolled foils of Gd100-In (x = 0, 1, 3)[END_REF], showing that plastic deformation can considerably lower the magnetocaloric effect of the material, but it can be recovered by thermal treatment. Gd thin films with thickness ranging from 10 to 750 nm were deposited by magnetron sputtering [START_REF] Kirby | Effects of preparation conditions on the magnetocaloric properties of Gd thin films[END_REF][START_REF] Jiang | Magnetization and finite-size effects in Gd/W multilayers[END_REF][START_REF] Miller | Magnetocaloric effect in Gd/W thin film heterostructures[END_REF][START_REF] Bertelli | Ferromagnetic properties of fcc Gd thin films[END_REF][START_REF] Helmich | Gadolinium thin films as benchmark for magneto-caloric thin films[END_REF]. Both the magnetization and the Curie temperature (T C ) are reduced in thin films because of the finite size effect [START_REF] O'shea | Influence of nanostructure (layers and particles) on the magnetism of rare-earth materials[END_REF] and the formation of paramagnetic Gd fcc-phase. Thick films ranging from 20 to 150 µm were deposited by evaporation onto dimpled Hastelloy substrates [START_REF] Shinde | Fabrication of Gd films by vacuum evaporation and its magnetocaloric properties[END_REF].

More recently, films from 3.5 to 17 µm were made by magnetron sputtering [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF][START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF], in the framework of the ANR project that this thesis is associated with.

This chapter is dedicated to Gd film deposition by triode sputtering for integration into a micro-scaled thermal energy harvesting device. This study aims to synthesize films that could be used for the TMG prototype described in Chapter 1, which required a free-standing film with T C close to room temperature and a magnetocaloric effect (MCE) comparable to bulk Gd. In this work, we studied the influence of deposition temperature on the magnetic and structural properties of Gd films of different thicknesses.

Sample preparation

The Gd films were deposited by triode sputtering on a rotating 10 cm Si substrate both at room temperature (RT), and at 400°C. During RT deposition, the substrate temperature was stabilized by the Active Cooling (AC) system of our triode system. The Gd films have a thickness ranging from 3 to 39 µm and Ta was used both as buffer (100 nm) and capping layer (5-100 nm) to prevent diffusion and oxidation.

Thin Ta capping layer (∼5 nm) were used to enable Magneto Optic Kerr Effect (MOKE) measurements, which require a thin capping layer so that the light can interact with the underlying magnetic layer. However, since for the moment our MOKE system can only operate at RT, this characterization was not so relevant, and many samples were grown with 100 nm capping layer for more efficient protection from oxidation. Two targets were used for the deposition of Gd, one of 3 cm in diameter and the other of 6 cm in diameter, their specifications are reported in Table 3.1. The substrate holder was rotated during deposition and the deposited films present a radially by the size of the target. The thickness is reduced by 40% at the edge compared to the centre using the small target (ST), and about 30% using the big target (BT). It should be noted, that if the substrate was not rotated during deposition, the maximum thickness would be off centre, due to the asymmetry of the plasma in the sputtering system used.

A 10x10 cm 2 target (deposition rate 1.6 nm/s) was used for the Ta deposition, and the thickness of the Ta film was homogeneous on the entire substrate. After each deposition, the substrate was diced in 1x1 cm 2 squares, and individual samples from specific regions of the substrate were characterized, see Fig. 3.1 (b).

The films deposited at 400°C could be easily removed from the Si, resulting in flexible free-standing films, that could be handled with tweezers. In order to peel the film, the Si substrate was first diced by using a diamond pen and a cleaver. Then, the flexible film was cut using a scalpel and, using the same blade, the film was peeled from the substrate, see Fig. 3.2. In the context of applications, like the TMG, the possibility to fabricate free-standing films facilitates their integration into prototypes. The use of Ta is important to enable the peeling of the film from the substrate. Indeed films fabricated in parallel by magnetron sputtering could not be peeled from the substrate when deposited on W substrate at 550°C [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF]. In this work, free-standing films of thickness ranging from 3 to 39 µm were obtained, while by depositing the films by DC magnetron sputtering at 270°C on Ta substrate only films thicker than 5 µm could be peeled [START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF].

In order to identify the samples, we will use the following notation:

RT/400°C 𝑥 µm BT/ST where: first it is specified the deposition temperature, then the measured film thickness and finally the target used (BT for the big target and ST for the small one).

Comparative study on films deposited at room temperature (RT) and at 400°C

This section discusses the differences between the Gd films deposited at room temperature (RT) and at 400°C. We will begin by considering the morphological properties of films, then we will report on the crystallographic characterization, and finally, we will discuss the magnetic properties of films (T C , M S , ∆S).

Morphological characterization

After deposition, the films were examinated by Scanning Electron Microscopy (SEM). Observations on direct fresh fractures were used to measure the film thickness and to observe the heterostructures in cross-section. Plan view images and AFM measurements were used to characterize the morphology and the roughness of the film surfaces.

Cross-section characterization

In order obtain a fresh fractured cross-section, the substrate was scratched with a diamond scriber, and then the substrate was cleaved using pliers. The sample was then quickly mounted in the scanning electron microscope. . Also here we see that the Ta buffer layer creates a barrier between the film and the substrate, preventing the interdiffusion between Si and Gd. If compared with the images of the films deposited at RT (Fig. 3.3), it is evident that the deposition temperature affects the microstructures. As observed for the films deposited at RT, close to the substrate the grains have a width of ∼ 100 nm, but in films deposited at 400°C the higher up grains are arranged in wider columns and grain stacking is less Until now, we looked at Gd films attached on Si substrates; Fig. 3.5 shows SEM cross-section images of a 19.5 µm free-standing film deposited at 400°C. In this relatively thick film, the microstructure growth is similar to those shown in Fig. 3.4 for thinner films. The grains have a width of 100 nm close to the Ta layer interface, and they appear to wider with film thickness. The film peeling did not compromise the attachment of the Gd film to the Ta-buffer layer, see Fig. 3.5 (b). Fracture created voids, known as ductility cusps in the upper half of the film. Ductility cusps and dimples are characteristic of ductile fracture when the material is subjected to plastic deformation and deform prior to cracking [START_REF] Nishida | Failure analysis in engineering applications[END_REF][START_REF] Boyce | The Morphology of Tensile Failure in Tantalum[END_REF].

Plan view characterization

After having addressed the microstructure characterization of the film crosssections, let us turn to the observation of the film surfaces. Differences between film deposited at RT and those deposited at 400°C are evident to the naked eyes. The former have a mirror-like surfaces, while the latter are dull, and the surface opacity increased with the thickness for those films deposited at 400°C. These characteristics could be attributed to the film roughness and therefore atomic force microscopy (AFM) was used to characterize the surface roughness of the films. The AFM measurements were carried out by Aymen Fassatoui, a post doc in our group. We can see that the film of 39 µm thickness has the most rough surface. The roughness is not homogeneous on the film surface, and the root mean square (RMS) roughness estimated with the Gwyddion software is about 95 nm (from the 10 × 10 µm 2 image).

The roughness is more homogeneous on the film of 5 µm deposited at 400°C and the estimated RMS is about 40 nm. The smoothest surface is obtained for the film of 5 µm surface, with grains dimensions of the order of 100 nm, see Fig. 3.7 (c) and (d). In film of 39 µm the grains are similar to those shown in the film of 5 µm but as the the thickness increase the grains become larger and so the surface more rough.

Crystallographic characterization

The crystallographic characterization was carried out by x-ray diffraction (XRD) on samples of 1x1 cm 2 . The aim was to identify the crystalline phases present in the films and to estimate the grain size and preferential orientation of the grains.

The phase identification was used to check that the Gd crystallized with the desired structure, and to determine which secondary phases are present in the films. Indeed additional phases can affect the magnetic properties of the film, and both the crystallographic structure and secondary phases can affect the mechanical properties of the films. Moreover, we will see in the next part (section 3.3.3) that crystallographic orientation of the Gd grains has an impact on the films magnetic behaviour (M(T)).

Measurements at the centre of the substrate

Deposition at RT Fig. 3.8 shows the θ-2θ XRD patterns of films selected from the centre of the substrate with different thicknesses and deposited at RT with different targets. We recall that the difference in the deposition rate is determined by the size of the target (i.e. higher deposition rate for BT, compared to ST, see Table 3.1). The XRD patterns are shown both on logarithmic (a) and linear (b) scales. The logarithmic scale was used for phase identification because it allows visualizing even the weakest diffraction peaks from minority phases. On the other hand, with a linear scale it is easier to compare the relative peak intensity and therefore it was used to discuss preferential grain orientation.

In order to identify the crystalline phases, we compared the peak positions with powder diffraction files (PDF). The strong peak at ∼ 69°is attributed to the (400) peak of the Si substrate (PDF 00-005-0565), and it is visible in each pattern. For what concerns the tantalum used for the capping and buffer layers, we know that Ta can exhibit both a tetragonal (β-phase, PDF 04-011-3914) and cubic (α-phase, PDF 00-004-0788) phases [START_REF] Face | Nucleation of body-centered-cubic tantalum films with a thin niobium underlayer[END_REF][START_REF] Schauer | Rf sputtered β-tantalum and bcc tantalum films[END_REF][START_REF] Lee | Texture, structure and phase transformation in sputter beta tantalum coating[END_REF]. Studies showed that (002) β-Ta is formed in film growth up to ∼ 300°C, while α-Ta is obtained at 750°C [START_REF] Lee | Texture, structure and phase transformation in sputter beta tantalum coating[END_REF]. In our films, the (002) peak of β-Ta is visible at ∼ 33.7°and also the broadened peaks around 38°are attributed to a collection of peaks expected for β-Ta. It should be noted that the Ta peaks are not visible in the films deposited using the ST because they were covered by only ∼ 5 nm of Ta.

In each of the measured patterns, we identify as main phase the hexagonal close pack (hcp) Gd, which is the main phase reported for bulk Gd. In addition, in some of the measurements, we also observe the presence of the face centre cubic (fcc) Gd as minority phase. In literature, the Gd fcc-phase was reported in nanostructures [START_REF] Michels | Grain-size-dependent Curie transition in nanocrystalline Gd: the influence of interface stress[END_REF][START_REF] Hsu | Magnetic anisotropy in nanostructured gadolinium[END_REF], as a seed layer of thin films [START_REF] Bertelli | Ferromagnetic properties of fcc Gd thin films[END_REF][START_REF] Scheunert | Magnetization of 2.6 T in gadolinium thin films[END_REF][START_REF] Scheunert | Influence of strain and polycrystalline ordering on magnetic properties of high moment rare earth metals and alloys[END_REF], and was obtained in bulk material under hydrostatic pressure [START_REF] Errandonea | Structural studies of gadolinium at high pressure and temperature[END_REF][START_REF] Sarvestani | The effect of pressureinduced structural transition on exchange interaction function and electronic structure in Gd-element[END_REF]. In the measured patterns the position of the peaks of both hexagonal and cubic phases of Gd are marked using respectively red and blue dotted lines. In Fig. 3.8 (a), the main peak [START_REF] Fujita | Influence of pressure on itinerant electron metamagnetic transition in La(FexSi1-x)13 compounds[END_REF] of the fcc-phase is visible at ∼ 28°. For the films deposited at a high deposition rate (BT) the peak is visible in the measured pattern of the 3.3 µm film, but not in the one of the 5 µm film, suggesting that for the film deposited at high deposition rate the fcc-phase is synthesized just in the early stage of deposition which is hardly probed by the x-rays. On the contrary, for the films deposited at a low deposition rate (ST), the fcc-phase is clearly visible both in the film of 5.5 µm and 10.5 µm thickness, suggesting that the fcc phase is formed over the entire film thickness.

Gd can easily oxidise therefore, it is important to check for the presence of crystalline phases of Gd oxides (Gd 2 O 3 ). Gd 2 O 3 can exhibit cubic, monoclinic or hexagonal structures: the cubic phase is stable at RT, while the cubic-monoclinic transformation and the monoclinic-hexagonal phase transformation occur at high temperature around ∼ 1425°C and ∼ 2443°C respectively [START_REF] Adachi | The Binary Rare Earth Oxides[END_REF][START_REF] Zinkevich | Thermodynamics of rare earth sesquioxides[END_REF]. Therefore, in both values are larger than the one reported in literature (a= 5.510 Å). Indeed, in our measurements, the fcc peak is shifted toward lower angle values, indicating that the fcc phase is subjected to tensile strain. The values estimated are in contrast with the lattice constant measured for thin films in literature, where usually the fcc-phase has smaller lattice constant [START_REF] Bertelli | Ferromagnetic properties of fcc Gd thin films[END_REF][START_REF] Scheunert | Magnetization of 2.6 T in gadolinium thin films[END_REF] on Si and SiO 2 substrate.

We used the linear plot (Fig. 3.8 (b)) to try to estimate the preferential crystal orientation of the grains of the hcp-phase. When a film is isotropic, its grains are randomly oriented, and the relative peak intensities correspond to the powder diffraction pattern. On the contrary, when a film is textured, the majority of its grains are oriented in a specific direction, and the condition for diffraction will be satisfied just for certain directions (i.e. certain peaks will be very intense). In our case, we observe different behaviour for the films deposited at a higher deposition rate (BT), and those deposited at a lower deposition rate (ST). In the of 3.3 µm thick film deposited at the higher deposition rate the main diffraction peak is (100), while in the 5 µm film the main peak is [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF]. The relative intensity of different peaks suggests that as the films grows, the preferential orientation of the grains goes from (100) to (110) direction.

On the contrary, the measured pattern of the film of 5.5 µm thickness deposited at a slower deposition rate is closer to the reference powder diffraction pattern, and so no preferential orientation can be deduced. For the film deposited at slow rate, the intensity of the (110) peak becomes predominant in the film of 10.5 µm thickness.

Deposition at 400°C

The x-ray crystallographic characterisation was also performed on Gd films deposited at 400°C, see in Fig. 3.9. The graph shows the resulting measurements of the Gd films of 3 and 5 µm deposited with the big target (BT), i.e. higher deposition rate, and a Gd film of 5.5 µm deposited using the small target (ST) , i.e. lower deposition rate. As we have seen before, the peak at 69°is attributed to (400) Si peak, while the peak at 33.7°are attributed to (002) β-Ta peaks and the broad peak around 38°t o a collection of peaks expected for β-Ta. Again the Ta peaks are not visible in the As we observe for the films synthesized at RT, we report as the main phase the Gd-hcp phase. Moreover, from the absence of fcc peaks, we can deduce that the deposition at 400°C promotes the hcp phase (Gd most stable structure), at the expense of the fcc phase (Gd metastable phase). Considering the Gd 2 O 3 powder diffraction pattern, it is hard to deduce its presence from the XRD measurements because the (222) main peak reported in the powder diffraction overlaps with the (100) peak of hcp Gd phase. In our measurements, we attributed to Gd 2 O 3 the peak at 47.4°in the film deposited with the BT (i.e. higher rate). In the logarithm plot for the Gd film of 5.5 µm are visible two minor peaks at ∼ 48.6°and ∼ 52.1°, that cannot be clearly identified, they are tentatively attributed to minor peaks of Gd 2 O 3 phase or α-phase of Ta.

Table 3.2 reports the values of the lattice parameters calculated from the position of the peaks of Fig. 3.9 (a). Due to the shift of the peaks toward higher angle values, the lattice parameters estimated are lower than the values reported for bulk Gd.

This suggests that films deposited at 400°C are under compressive strain.

In order to discuss the crystal orientation, it can be helpful to consider the linear plot shown in Fig. 3.9 (b). In the measurements of the film deposited at high deposition rate (BT), [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] is the main peak for the film of 5 µm and the film of 3 µm. However, in the 3 µm thick film the relative intensities of the (002) and ( 004) peaks indicate that some grains are arranged also in the (00l) direction. Because the (002) and (004) peaks are reduced in the 5 µm thick film, it appears that as the film grows, [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] orientation is favoured over (00l). For films of 5.5 µm deposited at a low deposition rate (ST), the (110) peak is almost suppressed and ( 103) is the main peak.

In the measured pattern, we also observe the presence of the (102) and the (104) peaks.

Measurements at the edge of the substrate

Deposition at RT

In the discussion above, we dealt with films selected from the centre of the substrate. Now, we consider characterization of a single film, and we want to assess if the crystallographic properties are uniform from the centre to the edge of the substrate.

We know that between the centre and the edge of the substrate, there is a reduction of the sputtering rate, and in addition, the angle of the incident atoms is different. These two aspects can influence the final grain arrangement, which in turn can affect the magnetic properties of the film, as we will discuss in the next section. In Fig. 3.10 are reported θ-2θ XRD measurements for the Gd film deposited at RT, with a thickness of 5 µm at the centre and 3.5 µm at the edge of the film. In both films, the material crystallises mostly in hcp structure while the fcc phase is identified by the (111) peak around 28°. In the XRD pattern of the film selected from the edge of the substrate the main peak is (101), while for the film taken from the centre of the substrate, we can see that ( 102), ( 103), ( 104) and ( 110) peaks have higher intensities, suggesting a series of preferential orientations.

Deposition at 400°C

In Fig. 3.11 are displayed the θ-2θ measurements of the centre and edge of the substrate of a film deposited at 400°C. The first pattern is the measurement of a film selected at the edge of the substrate, where the actual thickness is 3.5 µm, and the second measurement belongs to a film chosen at the centre of the substrate with a thickness of 5.5 µm. The two diffraction patterns are drastically different. From the logarithmic plot of the film at the edge, Fig. 3.11 (a), we notice that at low angles, there is a hump, whose main peak is attributed to the (002) peak of the hcp Gd phase. We can see that the collection of peaks in the range between 28°and 32°is characteristic of the Gd 2 O 3 monoclinic phase (PDF 00-042-1465) and not of the cubic phase (PDF 01-080-4108), which is the stable phase for low temperature. The oxide peaks are absent in the measurements at the centre of the film. Since the Gd oxide peaks are just observed at the edge and not at the centre of the film, nor in the 3 µm film deposited with the big target (Fig. 3.9), we can deduce that a higher deposition rate reduces oxidation. However, we need to be careful because we cannot assume that oxidation is zero, just because the oxide phases are not visible in the x-ray spectra; indeed oxides can be amorphous or nanocrystalline and not detected by x-ray diffraction.

In the pattern of the edge of the film, the peak at ∼ 28°indicates the presence of the Gd fcc phase, which was not visible in the logarithmic plot of the film of 3 µm thickness deposited with the BT taken from the centre (Fig. 3.9). Since we know that there is a reduction of the deposition rate between the centre and edge of the film, we deduce that a low deposition rate promotes the fcc phase. Since the fcc phase is observed just in the 3.5 µm film, we can deduce that it is obtained in the first stage of deposition.

Let us examine the linear plot of Fig. 3.11 (b). From the centre to the edge of the substrate, the crystal orientation varies considerably. As we mentioned previously, there is no clear crystallographic texture of the grains at the centre of the film, though the samples are not isotropic. On the contrary, the high intensity of the (002) and

(004) peaks in the measured pattern of the edge sample, suggests that it is highly (00l) textured. Considering the previous x-ray measurements, it looks like the (00l) texture is thickness dependent; it was partially detected in the film of 3 µm (Fig. 3.9).

Measurements on a free standing film

Since the x-ray measurements analysed so far suggested an evolution in the crystallographic texture with thickness, we used the free-standing film to characterize the top and bottom surfaces of films deposited at 400°C. Indeed the free-standing films can be measured on both sides: first from the top (as standard) and then from the bottom, by flipping the film. Because x-ray penetration is limited to a few µm, it is possible to probe by x-ray in the first and final stages of deposition. For this purpose, we selected pieces of 1×1 cm 2 in films of 39 µm thickness; then, we glued them on a Si support to have a flat base during the measurement. For the measurement, we could not use exactly the same film to measure the film top and the bottom because once attached with glue, the film could not be removed, but for the measurements, we used neighbour pieces. Fig. 3.12 reports the measurement of the top region of the film, which corresponds to the region close to the surface (top) and the measurement of the bottom part of the film, which corresponds to the first stage of deposition (bottom). As in the previous analysis, we reported the same plots in linear (a) and logarithmic (b)

scales.

Let us consider first the difference between the top and bottom surfaces by comparing the logarithmic plots, see Fig. 3.12 (a). It should be noted that the film was protected by 100 nm of Ta capping and buffer layer, as indicated by the peak at 33.7°a nd 38°in the measurements. Moreover, the films were attached to a Si chip during the measurement, the reason why we measured the characteristic peak of Si at 69°even if the film were released from the substrate. As expected, the main phase is hcp Gd in both cases. Moreover, we can notice that fcc Gd, which has the (111) peak around 28°, is only visible in the measurements of the bottom surface, which is confirmed by the presence of the (222) peak at ∼ 57.5°, indicating that the fcc phase of Gd grows with (111) preferential orientation. These results obtained for the free standing film agree with the deduction that the fcc phase is obtained in the initial layer of the films deposited at 400°C.

In the logarithmic plot of the bottom part of the free-standing film we notice a hump around 30°. There, the main peak is attributed to the (002) peak of the hcp phase (∼ 30.6°) and the broadening is due to a overlapping collection of peaks. Similar behaviour was observed in the film selected from the edge of the film (Fig. 3.11) and was attributed to the Gd 2 O 3 monoclinic phase.

By looking at the linear plot of Fig. 3.12 b, we can clearly see the difference in the relative peak intensity. In the measurements of the top surface the main peaks are ( 103), ( 102) and [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF], which correspond to non parallel planes, and therefore no unique orientation can be deduced. On the other hand, the film can neither be considered isotropic because the measured diffraction pattern does not respect the relative peak intensity reported in the reference powder diffraction pattern of the hcp phase. On the contrary, the bottom surface looks to be (00l) textured, because (002) is the most intense peak of the measured spectra, and also the (004) diffraction peak is visible. The measurements demonstrate that the grains are (00l) textured at the first stage of deposition, but as the film grows thicker, this preferential orientation is lost. To summarize, all films have hcp Gd as the main phase, and preferential orientation of the hcp grains depends on both the deposition temperature and deposition rate and evolves as the films grow in thickness (Table 3.3). We recall that for any given XRD measurement, only the top few µm of the sample are probed. In films deposited at RT at the maximum deposition rate studied (2.1 nm/s), texture evolves from (100) in 3 µm thick films to (110) in 5 µm thick films. Films deposited at the same temperature but at a lower rate (0.9 nm/s) have mixed preferential orientations in a 5.5 µm thick film, while a dominant [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] texture remerges in the 10.5 µm thick film. A 3.5 µm thick film deposited as RT and at the lowest deposition rate used (0.5 nm/s) showed (101) texture. Analysis of texture data for films deposited at 400°C and at the maximum deposition rate, including data from the bottom surface of a free-standing film, indicates that grains grown at elevated temperature are initially (00l) textured, then [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] textured and finally mixed preferential orientations emerge, with [START_REF] Fujita | Itinerant-electron metamagnetic transition and large magnetocaloric effects in La ( Fe x Si 1 -x ) 13 compounds and their hydrides[END_REF] being the dominant one. Reducing the deposition rate at elevated temperate again affects texture for a given film thickness, and almost pure (00l) texture is identified in the 3.5 µm film sputtered at the lowest deposited rate used. A similar overall trend in texture evolution with deposition temperature and film thickness was observed for Gd films prepared by magnetron sputtering, using W and Ta underlayers, in the framework of the same ANR [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF][START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF]. The above θ-2θ measurements are not sufficient to directly confirm the crystallographic orientation of grains, and therefore texture was confirmed in a specific sample by pole figure measurements. For this purpose we selected a sample which appeared to have a strong (00l) texture in the XRD θ-2θ measurements. Fig. 3.13 shows pole figures of the film selected from the edge of the substrate, whose θ-2θ measurements were reported in Fig. 3.11. Diffraction at specific crystallographic planes was measured to characterize the grain orientation distribution. The film was rotated around two axes for each specific diffraction peak to identify the distribution of orientations.

Summary

Texture confirmation with pole-figure measurements

In measurements at the (002) and (004) planes, the distribution is concentrated at the centre of the pole figure, demonstrating that there is a (00l) preferential orientation of the grains. While in the measurement at (103) plane, we observe a ring distribution at angle 31.5°, which is precisely the angle formed between ( 103) and (00l) planes. These measurements confirm the strong (00l) texture in the first stage of deposition for films grown at 400°C. To conclude the crystallographic characterization, we will try to evaluate the differences in the grains size and strain across the 10 cm substrate (centre vs edge).

Grain size and strain estimation

Both the crystalline size and the micro-strain can be estimated by analysing the peak widths of the θ-2θ measurements. For this purpose, we can consider the measurements reported in Fig. 3.10 that we have already discussed previously. The film was deposited at RT and samples were selected from the centre and from the edge of the substrate. This characterization was limited to the film deposited at room temperature, because the method we are going to discuss cannot be applied to highly textured films, where only a few peaks are visible.

In the analysis, we define as 𝛽 the broadening of the peak at angle 𝜃 , which we measured from the Full Width at Half Maximum (FWHM) of the Gaussian fit.

In the absence of strain, the 𝛽 cos(𝜃) product should be independent of 2𝜃 and the crystalline size that can be calculated using the Scherrer equation:

𝐷 𝑆𝑐ℎ𝑒𝑟𝑟𝑒𝑟 = 𝑘𝜆 𝛽 cos(𝜃) (3.1)
where 𝑘 is a constant equal to 0.9, 𝜆 is the x-ray wavelength.

However, in our case, the plots of the 𝛽 cos(𝜃) versus 2𝜃 show a linear dependency in both the edge (Fig. 3.14 (a)) and the centre (Fig. 3.15 (a)) films. It follows that using the Scherrer equation, the estimated crystalline size looks to be dependent on 2𝜃, which has no physical meaning, see Fig. 3.14 (b) and 3.15 (b). The results suggest that strain is not negligible, and we have to take it into account for average grains size calculation.

In general, we can assume that the broadening of a peak at angle 𝜃 is given by two contributions: the crystalline β crys and the strain β strain broadening, which are defined by the following equations:

𝛽 𝑡𝑜𝑡 = 𝛽 𝑐𝑟𝑦𝑠 + 𝛽 𝑠𝑡𝑟𝑎𝑖𝑛 (3.2) 𝛽 𝑐𝑟𝑦𝑠 = 𝑘𝜆 𝐷 𝑐𝑟𝑦𝑠 cos 𝜃 (3.3) 𝛽 𝑠𝑡𝑟𝑎𝑖𝑛 = 4𝜖 tan(𝜃) (3.4)
where 𝜖 is the strain and 𝐷 𝑐𝑟𝑦𝑠 is the crystalline size. 

Magnetic characterization

The influence of the crystallographic texture on the magnetic properties of Gd films

In the previous part we have shown that depending on the thickness, deposition rate and the deposition temperature, Gd grains can have various preferential orientations. Now we want to see how the crystallographic orientation affects the magnetic behaviour of the films. The magnetic measurements discussed in this part were carried out using an extraction magnetometer. In Fig. 3.16 (a) we can see that increasing the temperature, the material goes through a magnetic phase transition, which we attribute to Gd passing from a ferro- magnetic state to a paramagnetic state. The transition is relatively sharp at low fields (50 mT) and become more smooth increasing the field because when a strong magnetic field is applied (1T), thermal fluctuations induce non negligible magnetization in the paramagnetic state just above the Curie temperature.

For each film the transition occurs at a similar temperature, about 290 K, but at low field the shapes of the curves are different. The plots of the normalized magnetization as a function of temperature can be helpful to visualize more easily the differences in the magnetic behaviour, see Fig. 3.16 (b) and (c). For a typical ferromagnetic sample, when the material is cooled down below the Curie temperature, its magnetization increases until saturation, because decreasing the temperature, the thermal energy is reduced and therefore the magnetic field can orient more easily the magnetic moments of the material. The behaviour just described is the one observed for the film of 5.5 µm deposited at RT. However, for the film of 10.5 µm a concave bending of the curve occurs, and for the film of 3.5 µm we notice a bump in the M(T) measurements under 50 mT. The key to understanding this unexpected magnetic behaviour is to remember the magnetic properties of Gd described in Chapter 1. In the introduction we have seen that Gd exhibits a spin reorientation effect at temperature T SR ∼ 240K. Because of the spin reorientation effect, the easy axis of magnetization depends on temperature: in the temperature range between T C and T SR the Gd easy axis of magnetization corresponds to the crystallographic c-axis of the hcp structure (easy axis parallel to the c-axis), then for T < T SR the easy axis deviates from the c axis in an easy cone, at 180 K reaches the maximum deviation (∼ 60°) and finally at very low temperatures the easy axis returns close to the c-axis with a deviation of ∼ 20°f rom the c axis. Having refreshed our memory about the Gd properties we can try to explain Fig. 3.16.

When the film is almost isotropic, like the film of 5.5 µm deposited at RT, the M(T) curve is not affected by the deviation of the easy axis, because the grains are randomly oriented in all directions so the spin-reorientation effect is "hidden". On the contrary, the spin reorientation effect is clearly revealed in the films where the grains have a preferential orientation. We have seen that the film of 10.5 µm thickness has [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] preferentially oriented grains, which means that the crystallographic c-axes are parallel to the film surface, but randomly distributed in the plane, see Fig. 3.17 (a). For weak fields, the increase of magnetization induced by the decreasing temperature competes with a decrease of magnetization due to magnetocrystalline anisotropy.

When the field is applied parallel to the film surface, the magnetization decreases with temperature as the easy axes deviate from in-plane to out-of-plane in an easy cone, and increases at low temperature when the easy axes return close to the c axes.

The opposite situation is obtained for the film of 3.5 µm deposited at 400°C. In this case, the grains are oriented with the c-axes out of plane ((00l) texture) and therefore the crystallographic c-axes are orthogonal to the surface of the film, see Fig. 3.17 The spin reorientation effect is weak at higher fields because when the field is strong, the Zeeman energy dominates the magnetocrystalline anisotropy energy. As evidence, the differences in the shapes of the M(T) curves are suppressed in the measurement at 1T reported in Fig. 3.16 (c).

In the discussion above we considered the film of 3.5 µm deposited at 400°C, because it is the most (00l) textured film we fabricated, but we have seen that for any films fabricated at 400°C the first stage of deposition have grains which are (00l) textured. Therefore, we want to see if the spin reorientation effect is still visible as the films get thicker. For this purpose, Fig. 3.18 shows plots of the normalized magnetization as a function of the temperature under 50 mT (a) and 1 T (b) for films with different thicknesses deposited at 400°C. In the measurements under 50 mT (Fig. 3.18 (a)) the biggest bump is observed for the thinner film of 3.5 µm. The bump is less evident, but still present in the film of 5.5 µm and reduced even more in the film of 39 µm. These reductions suggest that even if the thick film has most of its grains which are not preferentially oriented in the (00l) direction, the magnetocrystalline anisotropy contribution due to the initial layer of deposition is strong enough to influence the M(T) behaviour at low field. In addition, we saw that in the θ-2θ XRD measurements of the top surface (Fig. 3.12 ) of the 39 µm thick film the main peaks were ( 103), [START_REF] Fujita | Itinerantelectron metamagnetic transition and large magnetovolume effects in La ( Fe x Si 1 -x ) 13 compounds[END_REF] and [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF], and therefore we cannot exclude that some of the grains are preferentially oriented in the (110) direction, which would contribute to the spin reorientation effect in the opposite way (i.e. reduction of the magnetization as the easy axes deviate from the crystallographic c-axes). The differences reported for the measurements at 50 mT are suppressed upon increasing the field to 1T (Fig. 3.18 (b)), which confirms that the peculiar behaviour is due to the spin reorientation effect visible at low fields.

Characterization of the magnetic saturation, Curie temperature and the magnetocaloric effect

In order to verify if there are differences in the magnetic saturation value, depending on the deposition temperature used, we measured the magnetization as a function of the applied magnetic field at very low temperature using an extraction magnetometer. 3.4 and were estimated using two methods. First, we can consider as M S the magnetization value measured at high field (10 T). Secondly, to avoid possible errors due to the wrong estimation of the volume, the M S value can be read at the field value of the interception between the in-plane curve and linear interpolation of the out-of-plane measurements (assuming Table 3.4: Summary of the the magnetic saturation value (M S ) estimated for the film of 5.5 µm deposited at RT and the film of 3.5 µm deposited at 400°C from Fig. 3.19.

"M S @ 10 T" is the values of magnetization measured at 10 T, while "M S extrapolated" is the value read at intercepts between the interpolating line of the OOP measurement and the IP measurement. We now consider the Curie temperature (T C ) and the magneto-caloric effect (MCE), defined as the variation of entropy (-∆S). Both properties were determined through isothermal measurements with an in-plane field carried out using a VSM-SQUID. As an example, Fig. 3.20 shows the measurements for the Gd film of 5.5 µm deposited at RT.

For the Curie temperature calculation the isotherms were used to derive the Arrott plot, where 𝑀 2 is plotted as a function of 𝐻∕𝑀 (Fig. 3.20 top right).

The method comes from the minimization of the Landau free energy of a ferromagnet of magnetization 𝑀 as a function of external field 𝐻 and temperature 𝑇, resulting in the following equation:

𝑀 2 = 𝜇 0 4𝐵 𝐻∕𝑀 - 𝑎 2𝐵 (𝑇 -𝑇 𝐴𝑟𝑟𝑜𝑡𝑡 𝐶 ) (3.6)
where 𝐵 and 𝑎 are constants and 𝑇 𝐴𝑟𝑟𝑜𝑡𝑡 𝐶 is the Curie temperature [START_REF] Coey | Magnetism and magnetic materials[END_REF].

Thanks to relation 3.6, the Curie temperature 𝑇 𝐴𝑟𝑟𝑜𝑡𝑡 𝐶 is precisely determined by the isotherm of the Arrott plot which extrapolates to zero (Fig. 3.20 bottom right).

The values of the Curie temperature estimated with this method 𝑇 𝐴𝑟𝑟𝑜𝑡𝑡 𝐶 are reported in Table 3.5 for almost isotropic Gd films of 5 µm deposited at RT, (00l)

textured film deposited at 400°C with 3.5 µm thickness and partially (00l) textured film deposited at 400°C of 5.5 µm thickness. The values agree well with the one reported for bulk Gd ∼ 293K. The Curie temperature values for films deposited at RT is slightly lower than the film deposited at 400°C. A larger reduction of the Curie temperature was reported in the films fabricated in parallel by DC magnetron sputtering [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF] on W substrate, T C = 284 K for a film deposited at RT and 295 K for a film deposited at 550 °C. . RT 5.5 µm ST (centre) 400°C 5.5 µm ST (centre) 400°C 3.5 µm ST (edge)

𝑇 𝐴𝑟𝑟𝑜𝑡𝑡 𝐶 292 K 293 K 293 K 𝑇 -∆𝑆 𝐶 290 K 293 K 293 K
From the same M(H) isothermal measurements (like those shown in Fig. 3.20) the magneto-caloric effect (MCE) as variation of entropy was calculated using the following Maxwell equation:

∆𝑆 𝑚 (𝑇 𝑎𝑣𝑔 , 𝐻 𝑓 ) = 𝜇 0 𝑇 𝑖+1 -𝑇 𝑖 ∫ 𝐻 𝑓 0 𝑀(𝑇 𝑖+1 , 𝐻) -𝑀(𝑇 𝑖 , 𝐻)𝑑𝐻 (3.7)
where 𝑇 𝑎𝑣𝑔 is the average temperature between two isotherms .

For the three films mentioned above, Fig. for the films deposited at 400°C. In Table 3.6 we summarize the values obtained in the field range 0-5 T for the films discussed in this work and reported in literature. A larger ∆S value is obtained for film deposited at 400°C, but it could be overestimated in the case of the films deposited at 400°C because of the error on volume due to film roughness. The ∆S values of our films are larger than the ones obtained in films fabricated in parallel by DC magnetron sputtering [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF][START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF] and comparable with the ∆S value of Gd films of 120 µm deposited by vacuum induction evaporation on Hastelloy substrate [START_REF] Shinde | Fabrication of Gd films by vacuum evaporation and its magnetocaloric properties[END_REF]. Evaporated Gd film 120 µm on Hastelloy 76 [START_REF] Shinde | Fabrication of Gd films by vacuum evaporation and its magnetocaloric properties[END_REF] Commercial Gd 500 µm sheet 72 [START_REF] Shinde | Fabrication of Gd films by vacuum evaporation and its magnetocaloric properties[END_REF] Gd film 17 µm on Ta @270°C by magnetron 65 [START_REF] Nguyen Ba | Magnetocaloric Effect in Flexible, Free-Standing Gadolinium Thick Films for Energy Conversion Applications[END_REF] Gd film 3 µm on W @ 550°C by magnetron 70 [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF] Gd film 3 µm on W @ RT by magnetron 54 [START_REF] Nguyen Ba | Magnetocaloric Gadolinium thick films for energy harvesting applications[END_REF] 

Conclusions

This chapter discussed the fabrication and characterization of Gd films destined for integration into an energy-harvesting prototype. The study considered the differences between the films deposited at room temperature (RT) and those deposited at 400°C. We fabricated Gd films with thickness ranging from 3 to 10.5 µm at RT and from 3 to 39 µm at 400°C. The films deposited at 400°C can be easily peeled from the substrate, the resulting free standing films are flexible and can be handled with tweezers. These properties facilitate their integration into devices.

Using AFM measurements, cross-checked with SEM observations, we could demonstrate that the roughness of the film surface depends on the deposition temperature and thickness. In the comparison between films with similar thicknesses, the roughness is drastically reduced in films deposited at RT compared to those deposited at 400°C. In addition we showed that the surface roughness increased with the thickness in film synthesized at 400°C.

With crystallographic characterization we showed that Gd crystallizes in the hcp structure, which is the main phase reported for bulk Gd. However, in the θ-2θ measurements we saw some peaks which are a signature of the fcc phase, which is a metastable phase of Gd. In Gd films deposited at room temperature the fcc phase is promoted by low deposition rate and, in some cases, in the first stage of deposition (film deposited at RT with the big target and films deposited at 400°C ).

We demonstrated that for hcp Gd, which is the main phase, the grains preferential orientation is dependent on the deposition temperature, deposition rate and the film thickness. For the films deposited at RT, as the thickness increases the Gd grains are preferentially oriented in [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] direction. The [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] orientation is obtained in films of ∼5 µm when the film is deposited at a high deposition rate (BT), and is reached for thicker films deposited at low deposition rate (ST). For films deposited at 400°C we demonstrated that in the first stage of growth, the grains are (00l) textured but as the thickness increases the preferential orientation is lost.

Introduction

In the previous chapter, we discussed the fabrication and characterization of Gd films, that were chosen as testbench material for the (TMG) prototype. However, Gd is not the ideal material for mass production technology, because it has a secondorder transition, leading to a limited magnetocaloric effect and besides, being a rare earth, it is expensive and susceptible to price fluctuations [4]. As an alternative, this chapter is dedicated to the study La-Fe-Si films and in particular the La(Fe, Si) 13 phase.

In Chapter 1, we discussed the properties of La(Fe, Si) [START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF] based alloys, which are considered one of the most promising materials for magnetic refrigeration technology [4,6,[START_REF] Shen | Recent Progress in Exploring Magnetocaloric Materials[END_REF]. Among the magnetocaloric materials developed in the last years, La(Fe, Si) 13

has the advantage of a large magnetocaloric effect in a broad range of temperatures and magnetic properties tunable with composition [START_REF] Hu | Influence of negative lattice expansion and metamagnetic transition on magnetic entropy change in the compound LaFe11.4Si1.6[END_REF]. By simply changing the Si content in the phase, it is possible to tune the T C (198-260 K), modulate the magnetization, and even modify the type of transition [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF][START_REF] Fujieda | Large magnetocaloric effect in La(FexSi1-x)13 itinerant-electron metamagnetic compounds[END_REF]. Moreover,the low RE content in the 1:13 phase (La: ∼ 7 at.%) is also a distinct advantage over pure Gd.

In literature, most studies about La(Fe, Si) 13 focus on bulk alloys fabricated by arch melting [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF][START_REF] Jia | Influence of interstitial and substitutional atoms on the crystal structure of La(FeSi)13[END_REF] and, more recently, by melt spunning and strip casting of ribbons [START_REF] Zhang | Large entropy change, adiabatic temperature change, and small hysteresis in La(Fe,Mn)11.6Si1.4 strip-cast flakes[END_REF][START_REF] Hirosawa | Rapidly solidified La(Fe1 -xSix)13 alloys and their magnetocaloric properties[END_REF][START_REF] Gutfleisch | Large magnetocaloric effect in meltspun LaFe13-xSix[END_REF]. In 2020, our group reported for the first time the possibility to synthesize La(Fe, Si) 13 films in thickness ranging from 2 to 5.3 µm by triode sputtering [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF]. Nevertheless, the synthesis of films with only the 1:13 phase is not straightforward because of low diffusity [START_REF] Niitsu | Phase equilibria in the Fe-La-Si ternary system[END_REF][START_REF] Liu | Structure and magnetic properties of shortly high temperature annealing LaFe11.6Si1.4 compound[END_REF][START_REF] Liu | Systematic study of the microstructure, entropy change and adiabatic temperature change in optimized La-Fe-Si alloys[END_REF] and because the fabrication and the annealing induce stress in the films, resulting in cracks [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF]. Indeed, despite much effort, films of La(Fe,Si) 13 could not be reproduced using the same nominal conditions. In the application framework, a macro scale prototype of a TMG device was designed using commercial bulk LaFeSi as the active material [START_REF] Ahmim | A Thermal Energy Harvester Using LaFeSi Magnetocaloric Materials[END_REF]; the fabrication of µm-films would open prospects for microscale applications.

In this context, this chapter aims to shed light on the critical factors which limits the La(Fe, Si) 13 films fabrication, by studying the effect of composition on the film properties. For this purpose, the films were fabricated using a combinatorial approach, that allows a continuous gradient in composition. The films were fabricated by triode sputtering using a triple target and annealed ex-situ. The technique improves the chance of producing the 1:13 phase because many samples with different La, Fe, Si content are obtained with a single deposition and single annealing procedure.

Experimental details

Films with a continuous gradient in composition are known as compositionally graded films. In this work, they were fabricated by triode sputtering. In the most straightforward case of deposition, we use a single target made of a single element or alloy. However, when we want to produce a composition gradient it can be helpful to co-sputter the elements using multiple targets. The films were deposited at room temperature. Thermally oxidized 10 cm Si wafers were used as substrates. The substrate did not rotate during the deposition in order to induce the composition gradient. The films were protected from diffusion and oxidation by 100 nm of Ta-buffer layer and by 5 nm of Ta-capping layer. The capping layer was limited to a few nm to allow Magneto Optic Kerr Effect (MOKE) measurements.

Moreover, a too thick Ta capping layer would interfere with the film composition measurements, because Ta and Si have peaks which overlap at the same energy in EDX spectroscopy.

The composition of as-deposited films was characterized by EDX analysis using a

Zeiss Ultra Plus SEM. Films were then annealed ex-situ in a RTA oven at high temperature (800-900 °C) for 5 minutes. Following this, films were diced into pieces, and specific samples were characterized: M(T) and M(H) measurements using the VSM-SQUID magnetometer and XRD analysis by Brucker D8 Endeavor diffractometer.

The microstructures were observed using the SEM microscope.

Study on the fabrication of 5µm La-Fe-Si compositionally graded films

We start the discussion considering a compositionally graded film of La-Fe-Si fabricated with similar conditions (film thickness, annealing temperature and Ta buffer layer 100 nm) reported in the previous study [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF]. Then, in the following part we will consider the comparison of films fabricated with different conditions. The goal of this study were twofold: first to obtain the La(Fe, Si) 13 phase using the triple target instead of a single alloy target, and second to characterize the phases, the structural and the magnetic properties as the composition varies. The film was deposited on a non-heated substrate; nevertheless, during deposition the temperature can locally increase up to 80°C at the Mo heating block of the substrate holder, due to the heat generated by the plasma, and the temperature on the film is even higher. The film had a measured nominal thickness of 5 µm in the center, but since the substrate was stationary, the thickness is not homogeneous, nor was the drop off in thickness symmetric. The maximum thickness drop-off was 40% measured in the north part of the wafer. The film was annealed at 900°C for 5 minutes and cooled down in the oven with a rate of 60°C/min. We define the film described in this part as "Film n°1"; later, in section 4.4,

Composition and morphological characterization

EDX analysis on the entire 4-inch wafer was used to estimate the composition of the as-deposited film and check where is the 1:13 phase susceptible to appear.

For this type of characterization, the acquired spectra requires a correction that takes into account three factor which may affect the signal generated by the sample: the atomic number, absorption, and fluorescence. Firstly, depending on the atomic number (Z), the ability of atoms to get ionized changes; in general, low ionization potential is characteristic of light elements. In addition, at increasing Z values, the material generates more and more backscattered electrons, that leave the sample without contributing to the signal. Secondly, depending on the actual composition of the specimen, part of the radiation generated can be reabsorbed by the sample. Thirdly, the x-ray intensity can be overestimated considering the probability that, atoms can emit a secondary x-ray due to the absorption of a primary x-ray, produced by the interaction of the sample with the electron beam [START_REF] Ul-Hamid | A Beginners' Guide to Scanning Electron Microscopy[END_REF].

For this work, we used as a correction method the Phi-Rho-Z model, which is a model developed to estimate the x-ray intensity as a function of the depth distribution and the self-absorption. This method was chosen because it is reported to have best accuracy on quantification [START_REF] Ul-Hamid | A Beginners' Guide to Scanning Electron Microscopy[END_REF]. Considering the La, Fe and Si contents expected in the La(Fe, Si) 13 stoichiometric phase, we can identify the area where we have the highest chance to obtain the desired phase. In the 1:13 phase, the amount of La is fixed at 7.14 at. % and the Si (Fe) content varies in the range 10-35.7 at.% (82.9-57.2 at. %). It follows that, the most promising region of the film is the north part, where the content of La is the lowest.

There, the estimated amount of La (∼ 8 %) is higher than the one expected for the La(Fe, Si) 13 stoichiometric phase, however this can be helpful for fabrication. Studies about off-stoichiometric La-Fe-Si alloys reported advantages in synthesising La(Fe, Si) 13 alloys using excess of La [START_REF] He | Anomalous microstructure and magnetocaloric properties in off-stoichiometric La-Fe-Si and its hydride[END_REF][START_REF] Liu | A systematic study of the microstructure, phase formation and magnetocaloric properties in off-stoichiometric La-Fe-Si alloys[END_REF][START_REF] Wang | Enhanced magnetocaloric properties in off-stoichiometric La Fe11.5Si1.5 alloys[END_REF][START_REF] Hu | Effect of excess lanthanum on corrosion and magnetocaloric property of LaFe11.5Si1.5 compounds[END_REF][START_REF] Xue | Corrosion Behavior of Nonstoichiometric La(Fe,Si) 13 -Based Alloys[END_REF][START_REF] Wang | Hydrogenation and magnetocaloric effect in La-excessive La Fe11.5Si1.5 H alloys[END_REF]. Liu et al. [START_REF] Liu | A systematic study of the microstructure, phase formation and magnetocaloric properties in off-stoichiometric La-Fe-Si alloys[END_REF] observed that in bulk alloys, an excess of La promotes the 1:13 phase due to the formation of LaFeSi (i.e. 1:1:1) phase, which accelerates diffusion with the iron. Moreover, Hu et al. [START_REF] Hu | Effect of excess lanthanum on corrosion and magnetocaloric property of LaFe11.5Si1.5 compounds[END_REF] showed that excess La reduces oxidation and the formation of α-Fe secondary phase, and enhances the magnetocaloric effect. From the north part of the film we selected samples and evaluated the effect of the composition on their properties. For the following analysis we will consider four samples (A, B, C and D) of 4 x 4 mm 2 , that were taken from the locations identified in Fig. 4.2.

In Table 4.1 are reported the values of the composition for each piece. The values estimated using the Phi-Rho-Z model are compared with the ones obtained using the ZAF method, an alternative correction method for the EDX signal, which considers the ratio between the specimens with the unknown composition and standard references of 100 % pure material. In the comparison, the biggest difference is in the quantification of La and Si content (about 3.5 %). The difference prompts us to reflect on the actual reliability of the EDX quantification. In our study, the evaluation performed with the EDX analysis will be considered as an estimation of the average film composition at a given position on the substrate.

The as-deposited film presents a mirror-like surface and no noticeable difference in the surface morphology, while fractures were observed after annealing (900°C for 5 minutes), see Fig. 4.3. After annealing, the film shows different degree of damage and surface reflectivity depending on the position and thus the composition observed in the EDX map (Fig. 4.2). The region with the highest degree of damage is the area with the highest content of Si; there, the films peel completely from the substrate in small flakes ripping pieces of the underlying substrate. In contrast, the La-rich region is less fractured, and shows a milky and dull surface. In general we know that fractures are caused by the build up of stress due to deposition and annealing (difference in thermal expansion/contraction of film with substrate, or crystallization). Fragile mechanical behaviour is reported for La(Fe, Si) 13 bulk alloys, and it is one of the main drawbacks that makes the material challenging to shape and integrate into devices [START_REF] Liu | Exploring La(Fe,Si)13-based magnetic refrigerants towards application[END_REF][START_REF] Glushko | Mechanical properties of the magnetocaloric intermetallic LaFe11.2Si1.8 alloy at different length scales[END_REF].

Glushko et al. [START_REF] Glushko | Mechanical properties of the magnetocaloric intermetallic LaFe11.2Si1.8 alloy at different length scales[END_REF] discussed the mechanical properties of arc-melted La(Fe, Si) [START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF] samples. The LaFeSi (1:1:1) and the 1:13 phases are reported to be brittle phases, that may act as fracture initiators. On the contrary, Fe is known to be ductile and can act as a fracture stopper and can be used to improve the mechanical properties of La-Fe-Si alloys [START_REF] Glushko | Mechanical properties of the magnetocaloric intermetallic LaFe11.2Si1.8 alloy at different length scales[END_REF][START_REF] Wang | Balancing negative and positive thermal expansion effect in dual-phase La(Fe,Si)13/α-Fe in-situ composite with improved compressive strength[END_REF][START_REF] Ouyang | Plastically deformed La-Fe-Si: Microstructural evolution, magnetocaloric effect and anisotropic thermal conductivity[END_REF][START_REF] Shao | High-performance solid-state cooling materials: Balancing magnetocaloric and non-magnetic properties in dual phase La-Fe-Si[END_REF]. We can suppose that the high Fe-content can explain why the north part of the wafer was less damaged. The first suggest that the film was subjected to a tensile stress, while the second could indicate a compressive stress.

The Si substrate was cleaved using a diamond pen, and once diced, fresh fractures cross-section of the samples were observed in the scanning electron microscope.

A granular structure can be observed after annealing, showing that crystallization has occurred (Fig. 4.5). It should be noted that in as deposited films, we could not see grains, indicating that the films were amorphous (images not shown). Even if the nominal thickness of the film was 5 µm at the centre of the substrate, the samples we are considering are thinner. The measured thicknesses were listed in table 4.1. The The interface between the film and the substrate is sharp for A, C and D. On the other hand, for B we notice that the film is peeling and the Ta layer is partially deformed. In Chapter 1, we already discussed that in the ternary phases, Si is used to stabilize La-Fe phases, which do not exist due to the positive enthalpy of formation.

For LaFe 13-x Si x phase depending on the Fe/Si ratio, the alloy can have a cubic (τ 1 ) or tetragonal (τ 2 ) structure. The cubic structure (τ 1 ) has been obtained for Si in the range 10-18.6 at. %, and the tetragonal structure has been obtained for higher Si content.

Between the two phases we are more interested in the cubic one because it is reported to have a larger magnetocaloric effect and first-order transition ( giant magnetocaloric effect for Si < 11 at. %) [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF][START_REF] Fujita | Itinerantelectron metamagnetic transition and large magnetovolume effects in La ( Fe x Si 1 -x ) 13 compounds[END_REF][START_REF] Fujita | Itinerant-electron metamagnetic transition and large magnetocaloric effects in La ( Fe x Si 1 -x ) 13 compounds and their hydrides[END_REF].

From Fig. 4.7, we notice that each sample is in a position where the τ 1 phase can be obtained. In addition, we should expect the presence of LaFe 2 Si 2 (τ 3 ) in all samples, and in case of A, B and D the LaFeSi (τ 5 ) phase and eventually the tetragonal (τ 2 )

phase in C sample.

Since we know that for La(Fe, Si) 13 based alloys the magnetic properties (magnetization and T C ) are dependent on the composition, measurement of the magnetization as a function of temperature was used to verify the presence of the 1:13 phase and other magnetic phases. Fig. 4.8 shows M (T) curves acquired under a field of 50 mT applied parallel to the surface of the samples (in-plane). For A, C and D, a magnetic transition occurs in the range of 150-260 K, which we attribute to the ferromagneticparamagnetic transition of cubic La(Fe, Si) 13 . On the contrary, sample B exhibits lower magnetization and two phase transitions: around 240K and <100 K. Knowing that the 1:13 tetragonal phase has T C in the range of 50-100 K and magnetization 3.5 times lower that the 1:13 cubic phase, we can assume that in B there is a mixture of cubic (Table 4.3). In Fig. 4.9 the red dashed lines highlight the position of the cubic La(Fe, Si) 13 phase ( τ 1 ), which is the phase we are interested in. In agreement with the magnetic measurements, in the diffraction pattern of A, C and D we observe the characteristic peaks expected for the cubic La(Fe, Si) 13 phase ( τ 1 ). On the other hand, for the B sample, we notice the splitting of the cubic peaks, which is an indication of the transition from cubic (τ 1 ) to tetragonal (τ 2 ) structure [START_REF] Niitsu | Effect of Microalloying Elements on Solidification Microstructure of the La(Fe 0.89 Si 0.11 ) 13 Alloy[END_REF][START_REF] Han | An Application of the "Coloring Problem": Structure-Composition-Bonding Relationships in the Magnetocaloric Materials LaFe 13x Si x[END_REF]. It should be noted that the peaks attributed to the τ 2 phase in B are shifted to the right with respect to the reference, this is attributed to the content of Si in the 1:13 phase which affects the lattice constant (i.e.

for higher content of Si the lattice constant decreases).

Additional peaks in the spectra reveal the presence of other phases. The La 2 O 3 phase is present in all samples. For A and D, we evidence the presence LaFeSi phase (τ 5 ), with relatively high intensity in D. The main peak of the τ 5 from the isotropic powder in the reference would be the (101) at 25°, however for D, the main peak measured is the (003) at ∼ 38°, suggesting a preferential orientation of the grains in our film. For the B sample, we observe the presence of the LaFe 2 Si 2 (τ 3 ), which is a phase usually reported with the tetragonal La(Fe, Si) 13 phase in bulk samples [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF]. To our surprise, in B sample we do not observe peaks of αFe, despite the high magnetic signal measured at high temperature (Fig. 4.8). The characteristic peak of αFe phase (∼ 44.6°, PDF 00-006-0696) is visible only for C-sample, whose high temperature magnetic signal was already pointed out by the M(T) curve (Fig. 4.8). No peaks of Ta were visible in any of the samples, which is attributed to the low thickness of the Ta capping layer (5 nm).

After having shown that cubic La(Fe, Si) 13 was synthesized in the annealed films, our goal is to characterize more in detail the properties of the 1:13 phase as the composition varies. For this purpose, in the following analysis, we will consider only A, C and D samples that present the cubic La(Fe, Si) 13 phase.

From the position of the peaks of x-ray spectra shown in Fig. 4.9, we estimated the lattice constant for the cubic 1:13 phase formed in our films. In general the shift of the peaks in the XRD patterns is due to changes of the lattice unit cell parameters. In our case, the largest shift is observed for C, where the peaks are shifted toward higher values of angles, indicating a contraction of the crystal structure. The values of the a lattice constant, estimated for A, C and D are reported in Table 4.3 Only the value for D fall within the range reported in literature for cubic La(Fe, Si) 13 (1.1441-1.1465 nm). It should be noted that the difference in the lattice parameters can be due to the compressive stress induced in the film or to the incorporation of Si, which leads to a reduction of the crystal unit cell size. At this stage we cannot differentiate between the two. In the following analysis we will try to estimate the content of Si in the phase

Magnetic characterization of the cubic La(Fe, Si) 13 phase

In the previous discussion, we already presented M(T) magnetic measurements (Fig. 4.8), which were used to identify different magnetic phases present and in particular the 1:13 phases. Now, we want to investigate more in detail the magnetic properties of the 1:13 cubic phase. We will try to understand which type of transition we have and how the Curie temperature (T C ), the magnetization (M S ) and the magnetocaloric effect (-∆S) vary in the samples selected.

Depending on the content of Si in the phase, the cubic La(Fe, Si) 13 based compounds can exhibit either a first or a second-order phase transition, in general a first order transition is reported for Si < 11 at. %. First order phase transition materials are characterized by thermal hysteresis, which is observed when the magnetic transition does not occur at the same temperature when cooling and heating. This characteristic has to be minimized because it induces energy loss in the magnetizationdemagnetization process of a thermodynamic cycle. To probe for thermal hysteresis, we have to measure magnetization as a function of temperature in a loop.

Fig. 4.12 shows M(T) loops at 50 mT measured with the following procedure.

The samples were cooled under zero field down to 4.5 K and then a field of 50 mT was applied parallel to the surface of the film (in-plane). The magnetic moment was measured at a fixed field value as the temperature increased up to 400°C (zero-field cooling, ZFC, in red) and as the temperature decreased back to 4.5K (field cooling, FC, in blue). The inset of Fig. 4.12 shows a zoom on the temperature range where the magnetic transition occurs, demonstrating that the process is reversible and no thermal hysteresis is visible.

For sample D, we see that the ZFC-FC curves do not overlap at low temperature. We attribute this effect to the presence of superparamagnetic grains in the sample.

Superparamagnetism can occur in nanometric grains of ferromagnetic material, when the thermal energy is high enough to allow the flipping of magnetization. When superparamagnetic grains are cooled down in the absence of magnetic field, their magnetization is frozen along an easy axis, but pointing in a random direction, resulting in a low average magnetization. As we apply a weak magnetic field and heat up the sample, the grains will get enough thermal energy to align their magnetization with the applied field, resulting in an increase in the average magnetization. The critical temperature at which the grain magnetization can align with the magnetic field is called the blocking temperature and noted T B . Still increasing the temperature between T B and T C , the magnetization will decrease according to what usually happens close to Curie temperature for ferromagnetic materials. When cooling down the sample under the same weak applied field, the grain magnetization get freeze again below T B , but in the same direction as the applied field. Therefore, the magnetization is higher for FC than for ZFC. As can be seen in Fig. 4.13, the superparamagnetic behaviour cannot be seen under a strong magnetic field (500 ∼ mT) which is also expected since the energy barrier is much smaller than thermal energy. It has to be noted that the splitting between ZFC and FC is small, indicating that the superparamagnetic contribution represents a small fraction of the magnetic signal.

For samples A and C, we can observe that ZFC is slightly higher than FC. This discrepancy is a very minor effect. We don't have yet a clear explanation for the origin of this effect, but it could be related to substrate-mediated stress in the film [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF].

In the previous analysis, we did not discuss the difference in T C for the three samples. Indeed T C is one of the most important properties of the material, because it defines the working point for the film. In order to precisely estimate the T C , we measured isothermal curves, M(H), in the range of temperature of the transition, and from those measurements we derived Arrott plots. As an example in Fig. 4.4.

The magnetic properties of cubic La(Fe, Si) 13 compounds are highly dependent on the amount of Si incorporated, the transition temperature increases with the increase of the Si content. In our films, the highest T C (267 K) was measured for C, which is taken from a Si-rich region (Si: 21.5 at. %). However, a similar Si content (21. at%) was also measured for D, which on the contrary, displays the lowest measured T C value (216 K).

If we assume that the Curie temperatures are determined by the composition and not strain, we can extrapolate the content of Si (x) in the LaFe 13-x Si x phase using the data reported for bulk alloys, see Fig. 4.15. For the A, C and D samples the composition of the cubic 1:13 phase was derived from the intersection of the linear fit of T C (x) curve and the T C values estimated using the Arrott plot. The results are reported in Table 4.4. For A and C the Si content estimated from T C is comparable with the average Si concentration of the films, measured by EDX, while for D, the Si content indicated from T C is much lower than the values measured by EDX. The discrepancy in Si content can be explained considering that other phases are present in the samples. Indeed, for D we reported the presence of the LaFeSi (1:1:1) phase on the XRD pattern (Fig. 4.

3).

This means that in D the amount of Si present in the material was used not only for the 1:13 cubic phase, but for the 1:1:1 phase too. From the M(H) curve at 4.5 K, reported in Fig. 4.14, we estimated the magnetic moment per unit of volume of the films at 7 T (M @4.5K, 7T ). The resulting M @4.5K, 7T

values are reported in Table 4.5. Due to the presence of non magnetic phases (La 2 O 3 , LaFe 2 Si 2 and LaFeSi) in the films, the magnetization is reduced with respect to the cu- 4.5 the values of magnetic saturation (M S ) expected for the pure cubic 1:13 phase from literature, as a function of Si content, and from the comparison with the M @4.5K, 7T values measured we estimated the amount of cubic 1:13 phase in each film. It should be noted that in this estimation we considered the cubic 1:13 phase as the only magnetic phase and we did not subtract the contribution of αFe. As a consequence the values could be slightly overestimated especially in the sample C, because in the M(T) measurements we see a ferromagnetic signal above the Curie temperature of the 1:13 cubic phase.The lowest volume fraction of 1:13 cubic phase is in sample D, which also contain the 1:1:1 phase. After having investigated the T C and M S , we still need to discuss the variation of entropy (-∆S), which defines the magneto-caloric effect (MCE) of the material. ∆S values for different field ranges H=0-H i (µ 0 H i =1,2,3,4,5,6,7 T). It should be noted that the values reported in the graph were not corrected with respect to our content of 1:13 cubic phase estimated in table 4.5, and therefore the ∆S values we are considering is characteristic of the overall film. The maximum entropy change occurs close to T C . The lowest entropy change is obtained in C, while the largest variation of entropy is obtained in D. The difference is attributed not to the difference in magnetization, because as we can see, C has higher magnetization than D, but is due to the difference in the shape of the M(H) curves (Fig. 4.14). Indeed, when we estimate the entropy change we consider the difference in area between two subsequent isotherms, and we see the M(H) measurements in C are really close to each other, while in D the separation between two curves is wider. If we consider the effect of Si incorporation on the values of entropy change, we expect that the ∆S should decrease with increasing Si content. The values reported here follow this trend: the largest ∆S value is obtained for sample D, where we estimated the lowest Si content in the cubic 1:13 phase (x=1.9) estimated in each sample looks reasonable. Moreover the corrected -∆S values fit even better the behaviour reported in literature. However, considering that only Si incorporation affect the T C is a big assumption, because the strain also could play a role, and in the following section 4.4.2 we will come back to this issue, considering the results obtained for different films.

Film deposition on actively cooled substrates

For film n°1 (discussed so far) the deposition was performed on a non-heated substrate. However, during sputtering, the temperature increases due to heating by the plasma. The temperature measured at the thermocouple in the Mo-block of the substrate holder was close to 80°C, and we can assume that the temperature was even higher on the surface of the substrate, because we know that there is not a perfect thermal contact between the substrate and the sample holder. Since we do not control the heating of the substrate, the deposition condition can vary across the substrate and in time.

In the sputtering system used, the temperature can be stabilized by an active cooling system (AC), which cools down the substrate holder using high pressure water.

Therefore, we fabricated a new film on an actively cooled substrate. The stability of deposition temperature should not have a strong impact on the properties of the film, because the as deposited films are amorphous. However, we used this experiment to obtain a more reproducible process. In order to study the effect of the stability of deposition temperature on the film properties, for the annealing we used the same condition used for Film n°1 (900°C for 5 minutes).

Film characterization

As in the previous film, the as deposited film deposited with the AC was mirror-like with no fractures visible and cracks and peeling were observed after annealing. Moreover, by visual inspection the surface morphology and the fractures over the 4-inch wafer were comparable to that observed in Film n°1, suggesting that the process was reproducible. At the optical microscope, the surface of A, B C and D samples, selected from the same regions we specified in Fig. 4.2, were similar to those reported in the film deposited without the AC. A, C and D have fractured, reflective surfaces. In order to verify if the cubic La(Fe, Si) 13 phase was obtained in the film deposited with AC, we measured the magnetization as a function of the temperature. measured, which is attributed to the presence of cubic and tetragonal La(Fe, Si) 13 and αFe. For A, C and D, the M(T) curves suggest the presence of cubic La(Fe, Si) 13 phase.

The T C values shifted toward lower temperature values for the film deposited with AC. Moreover, we observe a stronger magnetic signal above T C for D and a reduced high-temperature magnetic signal for C. The measurement allowed us to prove that the use of the AC does not have a strong impact on the synthesis of the 1:13 cubic phase and we can consider that the process is reproducible. The observed small changes can be attributed to the error on selecting of position of the samples. Indeed, even if we tried our best to select precisely the samples from the same regions, measurements of neighbouring pieces showed that T C could easily change in samples positioned a few mm apart.

Study of the fabrication process parameters

In the previous part, we demonstrated that it is possible to synthesize the cubic La(Fe, Si) 13 phase in film form and from the same deposition, we could select different samples with different magnetic properties (T C , magnetization and ∆S). Because the film fracture is particularly detrimental for the integration of the films, we studied the influence of process parameters such as cooling rate after annealing and thickness on the integrity of the film and on the structural and magnetic properties.

We report in Table 4.6 the parameters used to fabricate Film n°1, n°2 and n°3, and in Fig. 4.22 is shown the comparison between the three films. In the following part we will discuss in detail the reason why we choose to investigate these parameters and which are the differences found in the selected samples. It should be noted that Film n°1 was the film we discussed in the previous section 4.3 (film deposited without AC). We mentioned several times that film fracture was observed after annealing and in particular, we assume that cracks were formed when the film cooled from high-temperature annealing. Indeed, the way we cool down the film can affect both the microstructure evolution and diffusion in the film, which determine the film's mechanical and magnetic properties. Many studies showed that the volume fraction of the cubic La(Fe, Si) 13 phase strongly depends on the temperature gradient [START_REF] Yang | Reduced Annealing Time and Enhanced Magnetocaloric Effect of La(Fe, Al)13 Alloy by La-nonstoichiometry and Si-doping[END_REF][START_REF] Ouyang | A high-throughput study of magnetocaloric materials_ Gradient solidification applied to La-Fe-Si[END_REF][START_REF] Zhang | Direct formation of NaZn 13 -structure La(Fe,Si) 13 phase by directional solidification[END_REF][START_REF] Yang | Peritectic Solidification Path of the La(Fe,Si)13 Phase in Dual-Phase Directionally Solidified La-Fe-Si Magnetocaloric Alloys[END_REF].

Direct formation of the cubic La(Fe, Si) 13 phase was observed for molten alloy cooled slowly by directional solidification techniques [START_REF] Zhang | Direct formation of NaZn 13 -structure La(Fe,Si) 13 phase by directional solidification[END_REF][START_REF] Yang | Peritectic Solidification Path of the La(Fe,Si)13 Phase in Dual-Phase Directionally Solidified La-Fe-Si Magnetocaloric Alloys[END_REF]. Yang et al. [START_REF] Yang | Reduced Annealing Time and Enhanced Magnetocaloric Effect of La(Fe, Al)13 Alloy by La-nonstoichiometry and Si-doping[END_REF] demonstrated that for La-Fe-Si bulk alloys, a short-time continuous descending temperature anneal promotes the formation of a large volume fraction of cubic La(Fe, Si) 13 phase. On the other hand, a high cooling rate is used to fabricate La(Fe, Si) 13 ribbons by strip casting and melt spinning techniques [START_REF] Zhang | Large entropy change, adiabatic temperature change, and small hysteresis in La(Fe,Mn)11.6Si1.4 strip-cast flakes[END_REF][START_REF] Hirosawa | Rapidly solidified La(Fe1 -xSix)13 alloys and their magnetocaloric properties[END_REF][START_REF] Gutfleisch | Large magnetocaloric effect in meltspun LaFe13-xSix[END_REF].

In case of Film n°1, after the thermal process, the film was slowly cooled down to room temperature at a rate of 60°C /min. On the contrary, Film n°2 was fast cooled after annealing, by switching the halogen lamp off immediately after annealing so that the film cooled down at the natural rate of the annealing system. The motivations for the fabrication and characterization of Film n°3 (film of 1 µm thickness in the centre) were twofold. First we wanted to test the fabrication of a thinner film because the mechanical response of films to stress is thickness dependent, and in general, thinner films are less likely to fracture or peel off. Therefore, the fabrication of thinner films could improve the mechanical stability of the films. Secondly, we wanted to verify if the cubic La(Fe,Si) 13 phase could be synthesized in thinner films, because in a previous study, the phase was not established in films thinner than 2 µm [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF]. It should be noted that Film n°3 was fast cooled after annealing, because from previous experiments we observed that in such a way the surface damage was reduced.

However similar results were obtained also for films of 1 µm nominal thickness slow cooled after annealing (not shown).

By visual inspection of Film n°2 in comparison with Film n°1 (Fig. 4. [START_REF] Helmich | Gadolinium thin films as benchmark for magneto-caloric thin films[END_REF] we could see that even if fractures were still present, the degree of peeling was reduced on the whole film scale for Film n°2. From the photo of the full wafer after annealing (Fig. 4. [START_REF] Helmich | Gadolinium thin films as benchmark for magneto-caloric thin films[END_REF], we see that Film n°3 was almost entirely preserved on the substrate. As observed for thicker films, the change in surface morphology follows the gradient in composition.

The right part of the film ( Si-rich area) is mirror-like, and without fractures visible to the naked eye. While the film is duller and "milky" on the left side (La rich area) because the surface is more rough.

In Fig. 4.22, we show the M(T) curves measured at 50 mT with the field applied parallel to the film surface (in plane). In the same figure are listed the phases identified in the XRD θ-2θ measurements (Appendix A), in the lists we marked in bold the main phases detected in XRD patterns. In addition we marked with an asterisk the samples in which we observed interdiffusion between the film and the substrate; for these samples we need to consider that the volume estimation has a large error, we will discussed this problem in the following subsection 4.4.1.

In the comparison we see 1:13 cubic phase was not stabilized in any of the B samples.

For Film n°1 we identified 1:13 tetragonal phase both in the XRD and in the M(T)

measurement, but we see that for Film n°2 and n°3 the magnetic signal looks drastically reduced almost to zero due to the presence of non magnetic phases (i.e. LaSi, La 3 O 2 and La 3 Si 2 ). Therefore we could conclude that in the B region there is not the right condition on composition to obtain the desired phase, indeed in this area we measured the highest content of Fe and the lowest of Si.

On the contrary, in D samples the 1:13 cubic phase was always stabilized, but some differences are present in the three films. Comparing D in Film n°1 and n°2, we see that the magnetization is reduced in Film n°2. The phases identified in the XRD ). We marked with an asterisk the samples with interdiffusion between the film and the substrate.

Film-substrate interdiffusion

From Fig. 4.22 we could notice that in samples where the inter-diffusion occurred the 1:13 cubic phase was not stabilized. In the previous section 4.3, we reported interdiffusion for sample B of Film n°1 (Fig. 4.6). In particular, we observed cavities in the Si substrate and we could also notice that the interface between the Ta and Si was present, but it is no longer straight, as for the other samples where the diffusion did not occur. Also for Film n°2 sample B was characterized by diffusion and more surprisingly also A sample (Fig. 4.23). can diffuse also in SiO 2 layers with a rate that increases exponentially with the temperature [START_REF] Kato | Thermal behavior of metal layers sandwiched by silicon dioxide layers[END_REF][START_REF] Istratov | Iron and its complexes in silicon[END_REF][START_REF] Bearda | Chapter 2 -overview of wafer contamination and defectivity[END_REF][START_REF] Kononchuk | Diffusion of iron in the silicon dioxide layer of silicon-on-insulator structures[END_REF]. The diffusion is composition dependent which can explain why different degrees of diffusion are displayed in different regions of our film.

These observations suggest that fast cooling favours diffusion, which is From the high field values of the M(H) curve measured at 4.5 K at 7 T (Appendix B), we estimated the M @4.5K, 7T value, that correspond to the maximum magnetic moment per unit of volume of the film. Then, we tried to estimate the volume fraction of 1:13 phase present in the samples comparing the M @4.5K, 7T measured and the magnetic saturation we should expect for pure 1:13 cubic phase (M S ). As shown in Fig. 4.27, the M S value was extracted from the trend reported in literature for bulk alloys with the Si content estimated using T C values shown in Table 4.7. It should be noted that in this estimation we considered the 1:13 phase as the only magnetic phase and we did not subtract the contribution of αFe phase. As a consequence the values could be slightly overestimated especially in the sample C ′ because in the M(T) measurements we see a magnetic signal above the Curie temperature of the 1:13 cubic phase.

The M @4.5K, 7T value measured for sample C ′′ (7.6 × 10 5 A/m) is equal to the one measured for C ′ . However, their Curie temperatures are slightly different, and we consequently estimated a slightly different content of Si in the cubic 1:13 phase for the two samples. Considering the M S value expected for 1:13 cubic phase in two cases, the volume percent of 1:13 phase is slightly lower in C ′′ , that can be attributed to the dilution in the 1:1:1 phase identified in the XRD analysis of C ′′ .

Also for D ′ and D ′′′ the M @4.5K, 7T values we measured are similar, but in this case these samples are characterized by very different Curie temperatures. If we assume that the estimation of Si content (x) is correct, we should expect that the magnetizatization is higher in the sample with the lowest amount of Si, which corresponds to D ′ . Nevertheless, since we measured a M @4.5K, 7T value much lower than the M S expected for this phase, we assume that the 1:13 phase was highly diluted in D ′ (∼ 63 vol. %), but not in D ′′′ (∼ 93 vol. %). The estimated dilution is even higher in sample D ′′ (39 vol. %).

Applying the Maxwell equation to the same set of M(H) measurements used for the estimation of the Curie temperature, we estimated the magnetocaloric effect (-∆S) for each samples (Appendix B). Fig. 4.28 shows the variation of entropy, estimated in a field range of 0-5 T, as a function of the content of Si ( x, in the LaFe 13-x Si x ) for bulk alloys [START_REF] Shen | Recent Progress in Exploring Magnetocaloric Materials[END_REF][START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF] and for the samples analysed here. We report data estimated considering both the entire film volume and the vol. % of 1:13 cubic phase. Our data follows better the trend from bulk material when we consider the vol. % of the 1:13 cubic phase.

Until now we did not consider the effect of strain, however since we have already mentioned that it can affect the Curie temperature, it is important to try to evaluate its contribution. For this purpose we report in Fig. between the planes parallel to the surfaces, a compressive out of plane strain could give rise to in plane tensile strain, which could explain the fractures created on the surface of the films. In the case, of Film n°1 the peaks are just slightly shifted, suggesting that extensive cracking in this 5 µm film, observed on the surface of the samples, had significantly released the stress in the film. On the contrary, for the Film n°3 the peaks of the 1:13 phase are significantly shifted (as is the peak of the 1:1:1 phase). These observation suggest that Film n°3 is still subjected to a high strain, as it is much less cracked.

In Fig. 4.30 we plot the Curie temperature as a function of the lattice constant for the 1:13 cubic phase. Note that these are directly measured parameters, and no assumptions are bade in the evaluation. The graph shows the results reported in literature for bulk alloys and the values measured for our samples. In bulk material the incorporation of Si leads initially to a reduction of the lattice constant and an increase of Curie temperature, but further Si incorporation above x = 2.7 leads to the progressive reduction of the cubic structure in favour of the tetragonal phase with lower T C [START_REF] Bo | Structure and magnetic transition of LaFe 13 x Si x compounds[END_REF]. In our case the X-ray measurements confirm that the 1:13 phase is always cubic, however some of the lattice constants we measured are outside the range reported for bulk material. We attribute this to the influence of strain. In bulk material, samples subjected to hydrostatic pressure exhibit a dramatic decrease of the Curie temperature [START_REF] Sun | Pressure enhancement of the giant magnetocaloric effect in LaFe11.6Si1.4[END_REF][START_REF] Valiev | Effect of hydrostatic pressure on the magnetic and lattice properties Bibliography of the ferromagnet La(Fe0.86Si0.14)13[END_REF]. On the contrary, in our case the transition temperature increases under the effect of strain. The difference between the two cases, is due to the type of pressure felt by the samples; indeed, samples compressed by hydrostatic pressure are subjected to isotropic strain, which is not the case in our samples. The cracks induced after annealing suggest mainly a tensile stress occurring in the plane.

Multiples sources of stress may affect the films (for example the strain effect due to sputtering, crystallization or the multiple phases present in the material ) and at the moment we cannot really differentiate among them. Nevertheless in Fig. 4.30 we can see a linear trend for our samples, which has a slope that is significantly different with respect to the tendency reported for bulk samples. The only sample that follows the bulk behaviour is sample D ′′ , if we look back to the properties reported in Table 4.7 we can see that this is the sample with the lowest magnetization (M @4.5K, 7T ), thus the most diluted. If we assume that the 1:13 cubic phase is a minor phase in the D ′′ sample, it is possible also that it is less affected by the strain and its behaviour cannot be easily compared to the other samples.

Annealing at 800°C

This subsection is dedicated to a preliminary study on the annealing temperature. The films we have described up to this point were deposited at room temperature and subsequently heat-treated at 900 °C. However, we wondered if such a high annealing temperature was a necessary condition for the synthesis of the 1:13 phase in films. For this reason we then sputtered two films, the first one with a thickness of 5

µm and a second one of 1 µm thickness. Then, both films were annealed at 800 °C for 10 minutes and cooled slowly (60°C/min).

After annealing the thick film was significantly damaged (Fig. 4.31 (a)). The peeling occurred not only in the Si-rich region but was extended to the region where the 1:13 cubic phase was stabilized in the films annealed at 900°C. On the contrary, for the film of 1 µm thickness, neither fractures nor peeling were observed (Fig. 4.31)

though the La-rich area remains milky due to surface roughness. The 5 µm film was too damaged for any magnetic measurements and as a consequence we could not exclude the possibility that the 1:13 could be obtained also using this annealing condition. at high temperature (above T C of 1:13 phase). In addition the curve at low temperature suggests the presence of superparamagnetic grains. Indeed the measurements reported were acquired with the zero field cooling procedure (film cooled with zero field, field applied at 10 K and measurement made during heating) and therefore we can see that this behaviour is similar to those we observed in the M(T) loop of sample D in Film n°1 (Fig. 4.12).

Conclusions

We fabricated compositionally graded La-Fe-Si films to study the formation of the La(FeSi) 13 phase in films. In the first part of the chapter, we reported a systematic study of the magnetic (transition temperature, magnetization and magnetocaloric effect) and crystallographic properties (crystalline phase and lattice parameter) of La-Fe-Si films of 5 µm thickness deposited on a non heated substrate and annealed at 900°C (5 minutes + slow cooling). Considering samples taken from specific regions of the film, we showed that the 1:13 cubic phase was stabilized in different regions of the film together with other phases (i.e. 1:1:1, 1:2:2 , La 2 O 3 , αFe phases). Moreover in the same deposition the selected samples with cubic La(Fe,Si) 13 phases, showed second order transition (no thermal hysteresis) and they differ in T C values (216-267 K) and magnetocaloric effect (-∆S = 25-47 kJm -3 K -1 ).

In the second part of the chapter we considered different fabrication parameters (cooling rate after annealing and film thickness) to see if we could reduce the fracturing of the films and to investigate the reproducibility of the phase fabrication. We saw that fast cooling slightly reduced the fracturing. Moreover, we did not observe peeling in the thin film of 1 µm thickness and also the level of fracturing was drastically reduced.

However, we could deduce that fast cooling promotes the diffusion of Fe from the film into the substrate and film-substrate interdiffusion is more extensive in the film of 1 µm thickness.

The film-substrate interdiffusion was always present in samples where the 1:13 cubic phase was not stabilized. SEM cross section images showed that interdiffusion occurred locally and for the thinnest films we could observe that material locally penetrated into the substrate, and was then extruded onto the film surface, creating massive bumps. The EDX analysis allow us to show that Fe diffuses into the substrate despite the presence of Ta buffer layer.

We could stabilize 1:13 cubic phase in films with thickness ranging between 0.6-3.5 µm, while in a previous study the phase could only be formed in films of thickness > 2 µm [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF]. We measured Curie temperatures ranging between 216 K and 286 K. First we assumed that the change in the T C value was only due to the Si content so that we could extrapolate the content of Si, x, in the 1:13 cubic phase from the trend of Curie temperature reported in the literature. Then, using this value of x, we tried to analyse multiphase samples, estimating the volume ratio of the 1:13 cubic phase from the maximum magnetization value measured and the saturation magnetization expected for a pure phase. Moreover, we compared the magnetocaloric effect measured with the values reported for bulk alloys to check if they followed the same trend. We then considered also the effect of strain on the Curie temperature. The lattice constants of samples taken from the same region of thick films (5 µm) and of a thin film (1 µm)

indicate that the thinner films are more strained. Indeed, we assume that part of the strain is released by fracturing in the thicker films. Considering the plot of the Curie temperature as a function of the lattice constant we could see that our samples do not follow the trend reported for bulk samples, but they have their own tendency which we attributed to a mixed effect mediated by the Si incorporation and strain induced by the multiple phases and by the fabrication process.

In the last part we reported a preliminary study on the fabrication of compositionally graded films annealed at 800°C (5 minutes + slow cooling). We considered both a film of 5 µm and 1 µm thickness. after annealing the thicker one was too damaged to be characterized. On the contrary, the surface of the thin film was well preserved after annealing. If in the films of 1 µm annealed at 900°C, the 1:13 phase was obtained only in a specific region (D region of 0.6 µm of thickness), in the equivalent film annealed at 800°C the M(T) measurements showed that the 1:13 cubic phase was stabilized in a wider area. and micro-system technologies in diverse application fields (telecommunications, energy management, biotechnology...) [START_REF] Dempsey | Hard Magnetic Materials for MEMS Applications[END_REF][START_REF] Arnold | Permanent Magnets for MEMS[END_REF][START_REF] Cugat | Magnetic micro-actuators and systems (MAGMAS)[END_REF].

In general, high performance micro-magnets have to be thick (> µm), in order to establish a strong field in the µm range, while anisotropic behaviour maximises the energy product (BH max ) [START_REF] Arnold | Permanent Magnets for MEMS[END_REF][START_REF] Cugat | Magnetic micro-actuators and systems (MAGMAS)[END_REF]. The following discussion deals with the fabrication of topographically patterned sputtered micro-magnets and anisotropic bonded micro-magnets.

The topographically patterned micro-magnets are fabricated by depositing a magnetic material on a pre-patterned substrate, and present by high coercivity and remanence values. The bonded magnets are made by mixing a binder and magnetic powder. The bonded magnets have a limited remanence because the hard magnetic phase is diluted in a non-magnetic matrix. Nevertheless, bonded magnets are widely used for the following reasons: first, they are cheaper than sputtered versions in both material and fabrication cost, second, they can be easily manufactured in complex geometries, and finally, the mechanical properties can be tuned according to the choice of the matrix (epoxy resin, PDMS, parylene...).

In the first part of the chapter, we will report on the fabrication of thick Nd 2 Fe 14 B based topographically patterned micro-magnets made for integration into a TMG prototype, that requires a field source able to induce the displacement of a magnetocaloric material between a cold and hot source (See Chapter 1). Since our group already reported the fabrication of thick ( max 50 µm) textured Nd-Fe-B micro-magnets by triode sputtering deposition [START_REF] Keller | Batch fabrication of 50 lm thick anisotropic Nd-Fe-B micromagnets[END_REF], we decided to fabricate the micro-magnets using this technique. We chose to use Nd-Fe-B because it is the best hard magnetic material available for use near room temperature, and we fabricated the micro-magnets with different geometries to optimize the generated stray field according to the specific requirements of the TMG system. In the chapter, we will discuss the analytical calculation used to estimate the stray field generated by the micro-magnets for a defined geometry. These calculations were used to design the array of micro-magnets. The final fabricated structures fabricated were observed both at the optical and the scanning electron microscope and measurements of the magnetization as a function of applied field was carried out using a VSM magnetometer.

The second part of the chapter will present the process we developed to synthesize flexible anisotropic bonded micro-magnets. The novelty of this approach consists in the alignment of the magnetic powders in an external field. Indeed even if various techniques including casting and screen printing combined with photolithography have been used to make polymer bonded micro-magnets, most of the micro-scaled magnets reported are isotropic [START_REF] Cho | Microscale resin-bonded permanent magnets for magnetic micro-electro-mechanical systems applications[END_REF][START_REF] Yang | Fabrication and characterization of parylene-bonded Nd-Fe-B powder micromagnets[END_REF][START_REF] Dumas-Bouchiat | Thermomagnetically patterned micromagnets[END_REF] and higher remanence values are achieved in anisotropic bonded magnets compared to isotropic ones. The micro-magnets were prepared using commercial single-crystalline hard ferrite SrFe 12 O 19 (Dowa OP-71) and Sm 2 Fe 17 N x (Nichia Z12) mixed with polydimethylsiloxane (PDMS). In the discussion we will present the process used to fabricate anisotropic flexible bonded magnets and we will discuss magnetic characterization of the micro-magnets (M(H) behaviour and stray field measurements) and preliminary actuation tests.

Topographically patterned micro-magnets

Experimental details

Nd-Fe-B was deposited on a patterned 10 cm Si substrate by triode sputtering deposition. The Si substrate was patterned using microfabrication processes, involving photolithography through a mask followed by Deep Reactive Ion Etching (DRIE). The process flow used for the patterning is illustrated in Fig. 5.1 and more details about the microfabrication techniques were discussed in Chapter 2. The pattern of the mask was designed using Klayout software and the mask was produced by the Nanofab staff at the Institut Néel, while the photolithography and etching processes were carried out by me at the PTA platform. Triode sputtering deposition was used to fabricate the Si(525 µm)/Ta(100 nm)/Nd-Fe-B (50 µm)/Ta(100 nm) heterostructure illustrated in Fig. 5.2. It should be noted that the schematic shows an ideal case in which the sides of the etched cavities are perfectly clean from any deposition. However, we will see that the material deposits also on the sidewalls, and the deposition inside the trenches is affected by the shadow effect. It will be discussed more in the following part by looking at the SEM cross section images of the final micro-magnets (section 5.2.3).

The Nd-Fe-B deposition was carried out using an alloy target of 10x10 cm 2 and with composition Nd 16.8 Fe 74.7 B 8.5 . During the deposition, the substrate was heated to 700°C and rotated to promote temperature and deposition homogeneity across the substrate.

When Nd-Fe-B is deposited at such a high temperature it directly crystallizes in the Nd 2 Fe 14 B phase (1-step fabrication process) [START_REF] Keller | Batch fabrication of 50 lm thick anisotropic Nd-Fe-B micromagnets[END_REF]. The 1-step process was chosen, because from our experience it reduces the chances of film peeling off and fracturing.

After the deposition, the film was diced in squares of 1.5 × 1.5 cm 2 and annealed at 700°C for 10 minutes in a tube furnace under a high vacuum (10 -7 mbar). Even if the post deposition annealing it is not required using the 1 step fabrication process, we will see later that a high temperature thermal treatment was necessary to redistribute the Nd-rich grain boundary phase and improve the H C .

Analytical calculations

The micro-patterning of the substrate is a crucial aspect for the fabrication of high performance micro-magnets for two reasons. First, discontinuities with lenghtscale comparable with the film thickness are used to relieve the build up of stress, which would arise in thick continuous films (> 10 µm), resulting in cracks or peeling off [START_REF] Keller | Batch fabrication of 50 lm thick anisotropic Nd-Fe-B micromagnets[END_REF]. Second, patterning is necessary to establish a stray field that can be exploited for applications. Indeed, the stray field generated by continuous films is concentrated only at the edges due to the strong demagnetizing field (demagnetizing factor N∼1), but we can obtain multiple field sources by introducing discontinuities.

The stray field generated by the micro-magnets is dependent on their geometries and their remanent magnetization. Therefore, we used analytical calculation to estimate how the stray field profile changes for different patterns. The model used for the analytic calculations was discussed in Chapter 2, the method allows us to estimate the stray field for micro-magnetic arrays of parallelepipeds with constant magnetization.

In the following part, we will describe some examples of calculations we used to design micro-magnets for the TMG prototype. In our case, we assumed out-of-plane remanent magnetization µ 0 M=1.2 T, which is the value measured for Nd-Fe-B continuous film of 5 µm. We report in Fig. 5.3 (a) the analytic calculation obtained for patterning with the "valleys and hills" configuration, which corresponds to the situation where the film is deposited everywhere on the patterned substrate. In particular, we define as "valleys"

the Nd-Fe-B deposition inside the etched trenches and "hills" the magnets deposited on top of the micro-structures. Fig. 5.3 (b) shows the analytic calculation obtained for a pattern with the "valleys only" configuration, that corresponds to the case in which the film outside the trenches is removed by polishing after the deposition. For each pattern are reported the plots of the perpendicular component of the stray field (B z ) calculated at different distances from the surfaces of the micro-magnets. In both cases, the stray field is stronger for scan height close to the surface, and most of the contributions come from the edge of the micro-magnets. By increasing the distance from the surface, the stray field becomes weaker, and the edge effect negligible. Comparing the results for the two patterns, we can see that, in the "valleys only" configuration the stray field is more homogeneous and slightly stronger. Since the valley-only configuration requires one step more in the process of magnets fabrication, we used calculations to understand if a similar field profile could be obtained with modifications of the "valleys and hills" pattern. In the first case, ∆z is equal to 0, i.e. there are no differences in the vertical position of "valleys" and "hills", and therefore the stray field calculated is equivalent to a stray field profile generated by a continuous film. With the increasing value of ∆z, the trenches become deeper, and the stray field from the micro-magnets in the valley is weak at the scan height, so that the stray field produced by the top magnets is comparable to "valleys-only" configuration.

Such calculations show that it is necessary to have a good separation between "valleys" and "hills" to obtain an intense magnetic field. From the comparison of Fig. 5.4, we can see that for an out-of-plane separation distance of 150 µm, the stray field profile is comparable to the one obtained with a "valleys-only" configuration, and therefore there is no need to etch deeper cavities.

However, the magnetic profile is also dependent on the separation distance among the micro-magnets and their planar dimensions. In our specific case the micro-magnets has to be sized for integration into the TMG prototype. Therefore, the result of the calculations discussed above have been used as one of inputs for the modelling of the mechanical thermodynamic behaviour of the device. The numerical modelling performed by Morgan Almanza (SATIE) was used in combination with our calculations to guide the choice of optimal geometries and spatial distribution of micro-magnets. We also observe a rough deposit in the valley: the origin of these spikes is attributed to the growth of the film on top of the so called "black-Si". The black Si are long filaments of silicon that remain as leftover of the etching process. Since our trenches are deep, we assumed that the roughness in the valleys does not affect the stray field of the micro-magnets on top of the hills. Nevertheless, after having tested the performance of the different micro-magnet arrays, it will be possible to optimize the etching process for a specific pattern and get rid of the black Si defects. suggested that the distribution of the Nd-rich grain boundary phase was incomplete after the deposition. This could be explained by poor thermal contact between the substrate and the substrate holder during the deposition. Indeed, even if the deposition temperature and the thickness of the deposited layer are comparable in our work and in one previously reported [START_REF] Keller | Batch fabrication of 50 lm thick anisotropic Nd-Fe-B micromagnets[END_REF], the Si substrate was patterned differently, see Fig. 5.9.

Sample characterization

In particular, in this work, the pillars were fabricated etching all the silicon around the We tried to redistribute the Nd-rich phase by annealing the micro-magnets at 700°C for 10 minutes in a tube furnace. After the annealing we measured again the out-of-plane magnetic moment as a function of the external applied field. In Fig.

5

.8, we can see that the coercivity increased to a value of 0.97 T. The plot, shown in Fig. 5.8, reports the normalized magnetic moment because, it was impossible to calculate precisely the film volume deposited on the patterned substrate. However, if we look at the values of the normalized magnetic moment at 0 T, (m 0 T /m 7.5 T ) we can see that the annealing induces an increment of the magnetic remanence: before the annealing the m 0 T /m 7.5 T value was equal to 0.25 and after the annealing it is 0.78.

This confirms the assumption that the thermal treatment induced a redistribution of Nd-rich phase, therefore improving the decoupling between grains resulting in an increase of coercivity.

Anisotropic bonded micro-magnets

Sample preparation

Anisotropic bonded magnets were fabricated by using a Si-mold to define the size, shape and distribution of individual micro-magnets. The micro-magnets were then transferred to a PDMS base layer. The process for the fabrication of this type of micro-magnets is schematized in Fig. 5.10, and each step will be explained in this section.

The Si-molds were fabricated on a 10 cm Si substrate (525 µm thick), patterned by photolithography followed by DRIE, using the same procedure discussed for the topographically patterned micro-magnets (Fig. 5.1). We fabricated patterns with different geometries (squares and stripes) of width in the range 20-400 µm (the length of the stripes was set at 4 mm) and depth in the range 50-300 µm. After being etched, the Si substrates were diced into mm-size chips. polydimethylsiloxane (PDMS) was chosen as binder. The PDMS is a chemically inert organic polymer, permeable to gases, and thermally stable (T < 150°C), which is widely used for microfluidic and micro-devices for biological applications.

After curing, the material is transparent and a transparent base layer will facilitate the use of the micro-magnets in bio-applications, where imaging is most typically done in transmission mode. Moreover, by changing the base/curing agent ratio for the PDMS preparation, it is possible to modify the crosslink densities in the material and to tune the stiffness of the final cured micro-structures [START_REF] Wang | Crosslinking effect on polydimethylsiloxane elastic modulus measured by custom-built compression instrument[END_REF]. In our study, the binder was minutes at 70°C) is applied. After having removed the glass slide, a PDMS layer is poured on the structure to form a base support for the micro-magnets. The PDMS of the micro-magnets and the base is hard cured (3h at 70°C) and then the structures can be peeled from the Si mold.

prepared with the standard base/curing agent ratio of 1:10 to obtain flexible structures.

After mixing base and curing agent, it was degassed in a desiccator under primary vacuum for 1-2 h. This step allows to remove air bubbles formed by stirring it.

A portion of the polymer prepared was saved to be used as base layer for the transfer, and another portion was used as binder in the magnetic mixture. The magnetic composite was made mixing the PDMS with the magnetic powder at 30 vol. % and then degassing the mixture for 5-10 minutes in a desiccator under vacuum again, to remove bubbles.

It should be noted that the volume was estimated measuring the mass and then considering the following densities ρ PDMS =0.965 g/cm 3 , ρ Sm-Fe-N =7.6 g/cm 3 , ρ Sr-ferrite =5 g/cm 3 .

For the magnetic mixture we chose single crystalline powders that can be aligned under a magnetic field, so as to maximise the remanent magnetization of the bonded magnets made with them. Two types of single crystalline powders were Once the magnetic mixture was prepared, it was spread into the mold cavities using a spatula and we removed the excess material by scraping a sharp blade across the surface of the mold (doctor blade technique).

For the powder alignment we used a bulk magnet (Nd-Fe-B of size 2.4 × 2.4 × 4.8 cm 3 ), producing a stray field of intensity 650 mT at the centre of the surface with cross section 2.4 × 2.4 cm 2 . For the alignment, the micro-magnets were placed on top of the bulk magnet. To prevent particles from moving out of the mold during alignment, a thin lamina of glass (about 0.1 mm thick) was used to cover the filled mold, and the covered samples were baked in an oven at 70°C. The duration of this soft curing step was varied from 30 min to 1 h depending on the dimensions of the structures epoxy matrix and then cut with a scalpel. The particles look relatively homogeneously distributed across the pillar. In Fig. 5.13 (b), we see that powders tend to form filaments with long axis parallel to the direction of the alignment. This is due to dipolar interactions between the magnetic particles. A Vibrating Sample Magnetometer (VSM) with a maximum field of 8 T was used to measure the degree of alignment of the powders, by comparing magnetization measurements made with the applied field parallel and perpendicular to the direction of alignment. Isotropic micro-magnet arrays, prepared without an applied magnetic field, were used as reference samples. As the flexible micro-magnets can be deflected upon application of a magnetic field, magnetization measurements were made just after the hard curing, when the structures were still in the Si mold. Additional measure-ments were made on fully processed samples, which were "frozen" by impregnation in epoxy resin.

In Fig. 5.14 we compare the hysteresis loops measured on non-aligned reference samples and samples aligned using the bulk magnet. The direction of the external applied field is indicated with respect to the plane of the 2-D array of micro-magnets, i.e., "in-plane" is perpendicular to the direction of alignment defined in Fig. 5.10

while "out-of-plane" is parallel to it. For the isotropic samples (a) and (c), there is no difference in the shape of the curves because the easy axis of the particles are randomly oriented. On the contrary, the aligned samples show anisotropic behaviour, with the out-of-plane loops having a noticeably higher m 0 /m max (magnetization in zero applied field divided by magnetization in maximum applied field) than the in-plane loops, three times higher for the ferrite-based sample and twice higher for the Sm-Fe-N based one. Nevertheless, the non-negligible m 0 /m max values measured in-plane suggest that the degree of alignment could be further increased. Hysteresis loops measured with the pillars still in the Si mold are comparable with those measured on pillars fixed in epoxy resin (data not shown).

The out-of-plane component of the stray field produced by the Sm-Fe-N micro-magnets was quantified using a Scanning Hall Probe Microscope (SHPM) [START_REF] Shaw | A scanning Hall probe microscope for high resolution, large area, variable height magnetic field imaging[END_REF].

This system was described in Chapter 2, it has a field resolution of 100 µT and can scan areas up to a few mm in-plane (0.1 µm step resolution). For comparison, we made analytical calculations of the stray field generated by the micro-structures using the method described in Chapter 2. The expected magnetic field profile was calculated based on the micro-magnet geometry, magnetization and volume fraction of magnetic powder.

In We also carried out the same measurements on SmFeN/PDMS isotropic micro-magnets which were not aligned in an external magnetic field before curing.

However in this case, to have a flat plane of measurement, we measured the stray field produced by the magnetic mixture inside the Si mold. In Fig. 5.16 (a) we schematized the SHPM measurements, considering that in this case the micro-magnets are inside the Si mold. The measurement/calculation estimated the stray field produced at constant heights (h) from the surface of the Si. In The maximum stray field estimated for the Sm-Fe-N/PDMS anisotropic bonded magnets (100-150 mT at h=50 µm) is comparable with that measured above 50 µm NdFeB topographically patterned micro-magnets reported in [START_REF] Keller | Batch fabrication of 50 lm thick anisotropic Nd-Fe-B micromagnets[END_REF] (85-108 mT at h=30µm). Due to the poor thermal conductivity of the PDMS these magnets are not suitable for the TMG prototype. However, a metallic coating or the inclusion of metallic nano-particles in the binder could eventually allow the use of such bonded magnets in a TMG device in which the field source is also the hot source and thus need to be thermally conductive.

Actuation test

Since polymer-bonded micro-magnets are flexible and have a preferential direction of magnetization, it should be possible to bend them exploiting the magnetic torque generated through an external applied field. In order to characterize the distortion of the pillars, actuation tests were performed using a three-axis electromagnet mounted on an optical microscope, a system that was described in Chapter 2. The field source allows the application of a homogeneous magnetic field with control over all three spatial components, and the maximum field intensity for the pole gap used here was roughly 100 mT. The motion of the micro-structures under the influence of an applied field was captured by sequential imaging, and the displacement of the top of the micro-magnets was quantified by computing autocorrelations between images. When the field is applied in-plane, i.e., perpendicular to the axis of alignment, the in-plane micro-pillar displacement increases linearly with applied field strength. When a field was applied parallel to the alignment axis (out-of-plane), the focus of the images did not change suggesting there was no out-of-plane displacement. Both observations are consistent with torque-mode actuation in a homogeneous magnetic field. The Sr-ferrite-based pillar moves 0.04 µm/mT (Fig. 5.18 (a)) whereas the Sm-Fe-N-based pillar moves 0.13 µm/mT (Fig. 5.18). The ratio of the displacement (0.13/0.04) matches the ratio of the remanence magnetization of the constituent magnetic powders (1.3/0.4).

The slight in-plane movement with out-of-plane applied field is attributed to a small tilt between magnetization and field direction, while the step-like behaviour visible in displacement in Z-field is due to the function used for the autocorrelation that gives as output an integer number of pixels. These results demonstrate that the micro-magnets fabricated through this approach can be magnetically actuated and thus could be used for mechanical stimulation of cells in mechanobiology studies [START_REF] Dempsey | Magnetism and Biology[END_REF].

Conclusions

In this chapter, we presented two methods for the fabrication of micromagnets: Nd-Fe-B topographically patterned sputtered micro-magnets and the Srferrite and Sm-Fe-N anisotropic polymer bonded micro-magnets.

The topographically patterned micro-magnets were designed to be integrated into a TMG prototype. We used analytical calculations of the stray field to study how the geometry and the distribution of the micro-magnets influence the stray field profile generated by the micro-magnet arrays. We observed that a strong field could be obtained using a "valleys and hills" configuration with deep trenches. In particular, when Nd-Fe-B is deposited on trenches with depth ∼ 150 µm the stray field generated in the "valleys" does not contribute to the stray field measured on top of the micro-magnets, and the stray field generated is comparable with one generated by a "valleys-only" configuration. The in-plane dimensions and the distribution of the micro-magnets were selected based on simulations of the device performance (SATIE). In the study of the TMG behaviour they used input our stray field calculations. Once the geometry of the pattern was chosen, we patterned the Si substrate by photolitography and DRIE, and we deposited 50 µm Nd-Fe-B micro-magnets of at 700°C. Such a high temperature was chosen to directly crystallize the Nd 2 Fe 14 B phase. However, the poor coercivity measured in M(H) loops suggested a non-optimised distribution of Nd-rich phase.

Indeed, because of a poor thermal contact between the substrate and the sample holder the film was subjected to a temperature <700°C during the deposition, and this limited the Nd rich phase distribution around Nd-Fe-B grains. In order to redistribute the Nd rich phase we annealed the film at 700°C, after annealing, both the coercivity, and the remanence increased significantly.

In the second part of the chapter, we reported a process for the fabrication of 

Conclusions

In this thesis we presented the fabrication and characterization of µm-thick magnetocaloric films and micro-magnets destined for integration into energy harvesting prototypes. Following an introduction (Chapter 1) and a description of the various techniques used (Chapter 2), our study of magnetocaloric materials is dealt with in Chapters 3 and 4 while Chapter 5 covers the fabrication of micro-magnets. We will now summarize the main results of Chapters 3-5.

In Chapter 3, we reported on Gd films of thicknesses in the range 3 to 39 µm, deposited by triode sputtering onto Si substrates at room temperature (RT) and at 400°C. We investigated the influence of deposition temperature, deposition rate and film thickness on the morphological, structural and magnetic properties of the films.

When deposited at 400°C, the Gd films could be easily peeled from the substrate. In such a way we could obtain flexible free-standing films, ready for integration into prototypes. All films consisted of hcp Gd, while trace amounts of fcc Gd were detected in XRD spectra of some films. We showed that depending on the deposition temperature and deposition rate, hcp Gd grains may have different preferential orientation, which may evolve through the film thickness. In films deposited at RT at the maximum deposition rate studied, texture (as inferred by comparing the relative intensity of θ-2θ diffraction peaks) evolves from ( 100) to [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] with increasing film thickness. Reducing the deposition rate changes the preferential orientation. Texture also evolves with film thickness when deposition is carried out at 400°C, from (00l) texture in the first stages of deposition, to [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] and then mixed preferential orientations in the upper sections of even thicker films. The spin-reorientation transition that occurs in hcp Gd is revealed in low field M(T) measurements of films with preferential orientations, being most evident in (00l) textured films. The magnetic properties (T C , M S and ∆S) of our Gd films are comparable with those reported for bulk Gd.

In Chapter 4, we presented the combinatorial approach used to deposit compositionally graded La-Fe-Si films onto 10 cm Si substrates at room temperature, which were then annealed. For a specific film of nominal thickness 5 µm, we selected samples from different regions of the substrate and analysed how composition influences the phases formed, as well as their structural and magnetic properties (T C , M S and ∆S).

We succeeded in stabilizing the cubic La(Fe, Si) 13 phase with T C ranging from 216 K to 267 K and ∆S from 25-47 kJm -3 K -1 . Annealing led to film cracking and peeling, the extent of which depended on composition, so we explored the influence of cooling rate and film thickness on mechanical integrity. We observed that increasing the cooling rate and reducing the film thickness improved the overall mechanical integrity of the films, but interdiffusion between the film and the substrate occurred in certain regions.

Cubic La(Fe,Si) 13 with a T C =286 K, which is significantly higher than the maximum T C reported for bulk material (260 K), was formed in a film of nominal thickness 1 µm.

We tentatively attribute this elevated value of T C to substrate mediated strain.

In Chapter 5, we reported on Nd-Fe-B topographically patterned micro-magnets of 50 µm thickness fabricated by triode sputtering onto a pre-patterned Si substrate. These magnets were designed for integration into a TMG prototype. By using analytical cal-culations, we firstly showed how the size and distribution of micro-magnets affects the magnetic stray field profile generated above them. We then reported on the fabrication and characterisation of topographically patterned micro-magnet arrays. We subsequently described an approach we developed to fabricate magnetically anisotropic flexible polymer bonded micro-magnets of thickness in the range 50-300 µm, based on a mixture of PDMS and commercial single crystalline particles of hard magnetic Sr-ferrite or Sm-Fe-N. In both cases the magnetic particles could be aligned (prior to curing) in the stray field produced by a Nd-Fe-B bulk permanent magnet. A scanning

Hall Probe Microscope was used to measure the stray field produced above the polymer bonded micro-magnets, and good agreement was found with simulated field profiles.

Finally, we demonstrated how these flexible micro-magnets can be moved in a controlled fashion using a tunable homogeneous magnetic field source.

In summary, the main aim of this thesis, namely the fabrication and characterization of magnetocaloric films and micro-magnetic arrays, destined for integration into a prototype thermal energy harvester, has been fulfilled. Some details concerning the development of a prototype, within the framework of the HiPerTherMag project, will be discussed below. Beyond this, we have demonstrated that the fabrication of magnetocaloric materials in film form opens interesting opportunities for the study of the materials themselves.

Prospects

TMG prototype

A schematic of the TMG prototype being developed within the framework of the HiPerTherMag project, was shown in Chapter 1 (Fig. 1.1). Arrays of topographically patterned 50 µm thick Nd-Fe-B magnets and free-standing 20 µm thick Gd films fabricated at Institut Néel have been sent to C2N, for integration into prototypes.

The in-plane dimensions of the micro-magnets and the thickness of the Gd film were selected based on simulations of the device performance (SATIE), with input from magnetic characterization results and analytical calculations (NEEL). Free standing Gd films fabricated at INSP were also sent to C2N for test in the prototype. The Gd film was cut into a disc shape and glued to a Si spring designed and fabricated at C2N. As a first step, the performance of the materials is being assessed on a test bench (Fig. 6.1) in which the array of micro-magnets is mounted on a hot-source, and positioned in close proximity to the Si spring + Gd film which is mounted on a cold-source. For a temperature difference of 20°C between the hot and cold sources, the Gd foil oscillates at a frequency of 22 Hz. At the time of writing this manuscript, no measurement of energy harvesting has been performed.

Having demonstrated that thick Gd films can be easily removed from a process wafer and cut into specific shapes at the mm-cm scale, the next step to allow integration of such films into micro-systems will require a study of their in-plane patterning and transfer at the micro-scale.

Gd films Further texture analysis in Gd films

Within the framework of this thesis, an analysis of θ-2θ spectra was used to deduce how preferential orientation in Gd films is affected by processing parameters, namely deposition rate and deposition temperature, and how it evolves as the film 

Characterisation of the mechanical properties of Gd films

As we are proposing to exploit Gd-films in devices, it would be good to characterise their mechanical properties. This is particularly relevant in light of the fact that the films are made to oscillate and are repeatedly brought into physical contact with the micro-magnet array. It would also be good to test the long-term stability of the layers used to protect Gd films from oxidation (Ta was used in the films studied in this thesis, but other thermally conducting materials could also be assessed).

Figure 3 :

 3 Figure 3: Aimantation en fonction de la température pour des alliages massifs La(Fe,Si) 13 à différentes teneurs en Si mesurés à 1 T (10 kOe). La phase τ 1 est la phase cubique NaZn 13 , la phase τ 2 est la phase tétragonale Ce 2 Ni 17 Si 9 et τ 2 ' est la phase tétragonale mixte cubique.
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Figure 4 :

 4 Figure 4: (a) Effet magnétocalorique ∆S d'une couche de La-Fe-Si de 5.3 µm d'épaisseur après recuit à 1173 K for. (b) Mesure de l'aimantation en fonction de la température d'une couche de La-Fe-Si de 5.3 µm d'épaisseur après recuit à 1173 K avant et après hydrogénation. (haut)

  Fig. 5, nous montrons une image SEM d'aimants Nd-Fe-B liés parylène intégrés dans

Figure 5 :

 5 Figure 5: image SEM de micro-aimants Nd-Fe-B liés parylène. Mélange de 95-70 % en masse

  Avec la première méthode, la taille du motif était définie par photolithographie dans une résine épaisse déposée sur 5 µm de couche continue de Sm-Co et Nd-Fe-B et les couches étaient gravées dans un bain d'acide à température ambiante. Avec la seconde approche, 8 µm de Sm-Co et Nd-Fe-B ont été déposés sur un substrat Si/SiO 2 prégravé. Dans ce second cas, le motif a été défini par photolithographie et gravure sèche d'une couche de SiO 2 . Par gravure chimique, les auteurs ont pu obtenir des micro-aimants à flancs verticaux, mais ils ont signalé une surgravure latérale importante. De plus après l'attaque chimique, les micro-aimants ont nécessité deux étapes supplémentaires avant le recuit : gravure ionique Ar pour enlever la surface endommagée et dépôt de la couche de protection de Ta. Le dépôt sur des substrats pré-gravés a très bien fonctionné avec Nd-Fe-B, tandis qu'un mauvais remplissage résultait du dépôt de SmCo dans les tranchées. Plus important encore, les travaux ont montré que le motif topographique libère une partie des contraintes induites par la fabrication et améliore ainsi le comportement mécanique des couches. Très récemment, notre groupe a rendu compte de la fabrication de couches Nd-Fe-B très épaisses (50 µm) par pulvérisation triode sur des substrats de Si à motifs topographiques [62]. En fait, le dépôt de couches d'une épaisseur supérieure à 10 µm sur des substrats de Si sans motifs conduit à un couche fracturée et décollée du substrat. Des tranchées de profondeur 55 µm ont été gravées dans le substrat Si par DRIE. Le processus en 1 étape (dépôt à haute température) et le processus en 2 étapes (dépôt + recuit post-dépôt) ont été utilisés pour fabriquer des micro-aimants avec d'excellentes propriétés magnétiques (texture hors plan et grande coercivité). L'étude a montré l'influence de la géométrie du motif sur la conformité et le remplissage des tranchées, Fig. 6 (a). De plus, les auteurs ont rapporté l'influence de la géométrie et de la distribution des micro-aimants sur le champ généré, voir Fig. 6 (b).
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Figure 6 :

 6 Figure 6: (a) Images SEM en coupe d'une couche de Nd-Fe-B de 50 µm d'épaisseur déposée sur des substrats de Si prégravés par DRIE avec un processus en 1 étape. Collines et vallées ont la même largeur de 200 µm (en haut) 50 µm (au centre), 20 µm (en bas) et une épaisseur de 55 µm. (b) Cartes 2D et profils 1D de la composante hors plan du champ magnétique rayonné (B z ) pour 1 étape. Les flèches en pointillés indiquent la direction du balayage. Images tirées de [62].

Dans le chapitre 1 ,

 1 nous fournissons une très brève introduction aux matériaux magnétiques, définissant les concepts fondamentaux du magnétisme qui sont nécessaires pour comprendre le matériaux magnétocaloriques et les aimants permanents. Nous discutons ensuite des propriétés magnétiques et structurales des composés à base de Gd et La(Fe, Si) 13 et, nous présentons l'état de l'art sur la fabrication de couches magnétocaloriques utilisant les deux matériaux. Pour ce qui concerne les matériaux magnétiques durs, nous discutons de l'intérêt des micro-aimants et nous présentons des techniques de fabrication considérant les micro-aimants liés à base de polymère et xviii les micro-aimants pulvérisés. Dans le chapitre 2, nous décrivons les principales techniques expérimentales de fabrication et de caractérisation des échantillons obtenus dans cette thèse. Le chapitre 3 traite d'une étude des couches de Gd. Le gadolinium a été choisi comme matériau test pour le prototype TMG, car il s'agit du seul élément avec une T C proche de la température ambiante (∼ 293 K), et a également un effet magnétocalorique important sans hystérésis thermique. Dans ce travail, nous étudions l'effet de la température et de l'épaisseur du dépôt sur les propriétés cristallographiques et magnétiques des couches d'épaisseur micrométrique.

Le chapitre 5

 5 traite de la fabrication des micro-aimants. Dans la première partie, nous discutons de la fabrication et de la caractérisation de micro-aimants Nd-Fe-B à motifs topographiques. Nous étudions comment la structuration du substrat affecte le profil de champ magnétique généré par les micro-aimants, et comment nous avons conçu et fabriqué les micro-aimants Nd-Fe-B pour le projet. Dans la deuxième partie, nous présentons le procédé que nous avons développé pour la fabrication de micro-aimants flexibles et anisotropes avec des poudres magnétiques dures Sm-Fe-N et Sr-ferrite mélangées avec du polydimethylsiloxane (PDMS). Nous avons étudié les champs magnétiques en combinant calculs analytiques et microscopie à sonde Hall. De plus, nous présentons des tests préliminaires d'actionnement des aimants liés polymère à l'aide d'un champ magnétique homogène produit par un électroaimant à trois axes. Enfin, le chapitre 6 résume les principaux résultats et conclusions de cette thèse et aborde les perspectives d'avenir des couches magnétocaloriques et des micro-aimants. xix Dans cette thèse, nous avons présenté la fabrication et la caractérisation de couches magnétocaloriques d'épaisseur micrométrique et de micro-aimants destinés à être intégrés dans des prototypes de récupération d'énergie. Notre étude des matériaux magnétocaloriques est traitée dans les Chapitres 3 et 4, tandis que le Chapitre 5 traite de la fabrication des micro-aimants. Dans le chapitre 3, nous avons présenté des couches de Gd d'épaisseurs comprises entre 3 et 39 µm, déposées par pulvérisation triode sur des substrats de Si à température ambiante et à 400°C. Nous avons étudié l'influence de la température de dépôt, de la vitesse de dépôt et de l'épaisseur des couches sur les propriétés morphologiques, structurales et magnétiques des couches. Lorsqu'elles sont déposées à 400°C, les couches de Gd peuvent être facilement décollées du substrat. De cette manière, nous pouvons obtenir des couches libres et flexibles, prêtes à être intégrées dans des prototypes. Tous les couches étaient constituées de Gd hexagonal, tandis que des traces de Gd fcc ont été détectées dans les spectres XRD de certaines couches.

( 1
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  1.1 (b).

Figure 1 . 1 :

 11 Figure 1.1: (a) Schematic of the TMG (image edited from [1]) and (b) its thermodynamic cycle.

Figure 1 . 2 :

 12 Figure 1.2: Temperature dependency of spontaneous magnetization of Ni. Image taken from [47].

Figure 1 .

 1 Figure 1.3: M(H) loop for hard (red) and soft (blue) ferromagnets.

Figure 1 . 4 :

 14 Figure 1.4: (a) M(H) Hysteresis loop, image taken from [47]. (b) M(H) loops typical of soft (blue) and hard (red) ferromagnets.

Figure 1 . 5 :

 15 Figure 1.5: H, M and B for a magnet. Image taken from [47].

Figure 1 . 6 :

 16 Figure 1.6: Schematic of the relation between the entropy (S) and the temperature (T) of a ferromagnet subjected to applied fields H 0 and H 1 . Image taken from [75].

Figure 1 . 7 :

 17 Figure 1.7: Schematic of the temperature dependency of the magnetization and entropy for a second-order phase transition (a) and (b) a first-order phase transition of a ferromagnet.

  1.7 (b).In a first-order phase transition, there are discontinuities in both M(T) and S(T) curves (Fig.1.7 (c), (d)). Due to structural or magnetoelestic transformation, the ferromagnetic-paramagnetic transition in the M(T) curve at zero field occurs at a temperature T t (H 0 ) lower than the expected T C (green dashed lines) Fig.1.7 and the application of a magnetic field leads to a shift of T t to the right, see Fig.1.7 (a).

Figure 1 . 8 :

 18 Figure 1.8: Schematic of the temperature dependency of the magnetization and entropy for a

Figure 1 . 9 :

 19 Figure 1.9: Properties of magnetocaloric materials. ∆T ad change as a function T t . The size of the data points are proportional to ∆S and the colours correspond to the criticality index criticality of the material. Image taken from [2]

Figure 1 . 10 :

 110 Figure 1.10: Temperature dependency of the angle of deviation of the easy axis of magnetization respect the crystallographic c-axis. The full line is the data from Ref. [88], while the crosses

Figure 1 . 11 :

 111 Figure 1.11: Variation of entropy for Gd film (Si(100)/SiO2// W/Gd 3µm/W) deposited at room temperature and on heated substrate by DC sputtering. Image taken from [25].

Figure 1 . 12 :

 112 Figure 1.12: Schematic of the La(Fe,Si) 13 cubic (a) and tetragonal (b) crystal structure. Images taken from [30].

Figure 1 . 13 :

 113 Figure 1.13: Volume as a function of the Si content in the La(Fe,Si) 13 phase. Note that here the notation used for the 1:13 phase is different with respect to the one we used in previously.

Figure 1 . 14 :

 114 Figure 1.14: Magnetization as a function of the temperature for La(Fe,Si) 13 bulk alloys with different content of Si measured at 1 T (10 kOe). The τ 1 phase is the NaZn 13 cubic phase, the τ 2 phase is the Ce 2 Ni 17 Si 9 tetragonal phase and τ 2 ' is the cubic mixed tetragonal phase. Image edited from [30].

Figure 1 .

 1 Figure 1.15: (a) Entropy change as a function of the temperature under a field of 2 T and 5 T for LaFe 13-x Si x bulk alloys with x = 1.6 and x=2.6. (b) Corresponding temperature dependency of the lattice parameter. Images taken from [29].

Figure 1 . 16 :

 116 Figure 1.16: Magnetocaloric effect (-∆S) as a function of composition for La(Fe,Si) 13 based compounds and Gd choosen as material reference for 0-1.5 field change. Figure taken from [3].

Figure 1 .

 1 Figure 1.17: (a) Magnetocaloric effect ∆S of La-Fe-Si film of 5.3 µm thickness after annealing at 1173 K for . (b) Measurement of the magnetization as a function of the temperature of La-Fe-Si film of 5.3 .3 µm thickness after annealing at 1173 K before and after hydrogenation. On top is shown a schematic of the hydrogenation process and as inset is reported the SEM top view image of the surface of the film. Images taken from [43].

  Figure 1.18: Improvement over time of the energy product of permentent magnets and different type of hard magnetic materials with comparable energy density. Image taken from [113].

Figure 1 .

 1 Figure 1.19: SEM image of parylene bonded Nd-Fe-B micro-magnets. Mixture of 95-70 wt. % Nd-Fe-B powder filled in pre-etched Si substrate (700 × 700 × 220 µm). Image taken from [50].

Figure 1 . 20 :

 120 Figure 1.20: Process reported by Cho et al. to fabricated microscale resin-bonded permanent magnets. (b) Final array of resin-bonded micro-magnet with diameter of 100 mm. Images taken from [48].

  Figure 1.21: (a) SEMcross-sectional images of a fracture surface of wet etched Nd-Fe-B (top) and Sm-Co (bottom) films. (b) SEM cross-sectional images of Nd-Fe-B (top) and Sm-Co (bottom) amorphous films deposited onto patterned substrate. Figures taken from [61].

Figure 1 .

 1 Figure 1.22: (a) SEM cross-section images of 50 µm thick Nd-Fe-B film deposited onto DRIE patterned Si substrates with 1-step process. Hills and valleys have the same width of 200 (top) 50 (centre), 20 µm (bottom) and thickness of 55 µm. (b) 2D Maps and 1D profiles of the out-of-plane component of the magnetic stray field (B z ) for 1-step. The dashed arrows indicate the scan direction. Figures taken from [62].

Figure 2 . 2 :

 22 Figure 2.2: Photo of the chamber process of RTA system. Image edited from [122].

Figure 2 . 3 :

 23 Figure 2.3: Schematic of the UV exposure process and the development in case of positive or negative photoresist.

Figure 2 . 4 :

 24 Figure 2.4: Schematic of the plasma chamber of inductively coupled plasma (ICP) etcher.

Figure 2 . 5 :

 25 Figure 2.5: Schematic of the Bosch process used to etch Si-substrate.

Figure 2 . 8 :

 28 Figure 2.8: Schematic of the extraction magnetometer system.

Figure 2

 2 Figure 2.9: a) Schematic of Kube system. b) Coordinate system used to move the sample stage and to apply the magnetic field.

Fig. 3 . 1 (

 31 a) shows the heterostructures deposited.

Figure 3 . 1 :

 31 Figure 3.1: (a) Cross-sectional schematic view of Si/Ta/Gd/Ta heterostructures. (b) Schematic of the regions in which the substrate was diced after deposition.

Figure 3 . 2 :

 32 Figure 3.2: Image of a Gd film of 19.5 µm thickness peeled from the substrate. This Gd film is protected by capping (100 nm) and buffer (100 nm) layers of Ta.

Figure 3 . 3 :

 33 Figure 3.3: SEM cross-sectional view of Gd films deposited at RT with different thicknesses. Each of the films were attached on the substrate protected by 100 nm of capping and buffer layers.

Fig. 3 .

 3 Fig.3.3 shows a cross-sectional view of the Gd films deposited at RT with a thickness of 3.3 µm (a) and 5 µm (b). Between the substrate and the Gd films, we see the 100 nm Ta buffer layer, with a sharp interface with Gd because the two materials are not miscible. Moreover, in both pictures, we can see the Ta capping layer. The Gd grains have a width of ∼ 100 nm close to the interface with the Ta buffer layer, while the higher up grains appear to grow as columnar structures, with a width of 150-250 nm. The width stays homogeneous up the top surface.

Fig. 3 .

 3 Fig. 3.4 shows the fractured Gd films of thickness 3 µm (a) and 5 µm (b) deposited at 400°C. Also here we see that the Ta buffer layer creates a barrier between the

Figure 3 . 4 :

 34 Figure 3.4: SEM cross-sectional view of Gd films deposited at 400°C. Each of the films were attached on Si substrate and protected by 100 nm of Ta capping and buffer layers.

Fig. 3 .

 3 Fig.3.6 shows the collection of AFM images for three films: 5 µm deposited at RT, 5 µm deposited at 400°C and 39 µm deposited at 400°C. For each film we consider three measurements at increasing magnification: first we scanned a region of 10×10 µm 2 , then 5×5 µm 2 and finally 2×2 µm 2 . In the images, the colour-scale shows the height measured by the microscope tip, for the comparison we use the same scale bar in order to visualize the differences among the films.

Figure 3 . 6 :

 36 Figure 3.6: AFM images of Gd film surfaces. Left to right films: 5 µm deposited at RT, 5 µm at 400°C and 39 µm deposited at 400°C. In each row are compared images acquired with the same magnification.

Fig. 3 .Figure 3 . 7 :

 337 Fig. 3.7 shows the AFM images overlaid on plane-view SEM images of the same film. The related AFM images show a surface morphology in agreement with the SEM images. As we have already noticed, the Gd film of 5 µm thickness deposited at RT is quite smooth, see Fig. 3.7 (a) and (b). The surface is a little bumpy, but without any grains clearly visible. From the SEM image acquired at higher magnification we can notice gaps, which correspond to intergrain voids created during the film deposition. The Gd layer of 5 µm thickness deposited at 400°C is characterized by a granular

Figure 3 . 8 :

 38 Figure 3.8: θ-2θ XRD measurements of Gd films deposited at RT selected from the centre of the substrate. As reference are reported the powder diffraction patterns of Gd hcp phase (PDF 04-001-0103), Gd fcc phase (PDF 01-072-2223) and Gd 2 O 3 cubic phase (PDF 01-080-4108).

Fig. 3 . 8 ,

 38 Fig.3.8, we only plot the reference pattern of Gd 2 O 3 cubic (PDF 01-080-4108). The presence of crystalline Gd 2 O 3 phase cannot be deduced from the XRD measurements because we did not see the expected main expected peaks are (∼ 28.5°, ∼ 47.5°and ∼ 33.1°from the powder diffraction pattern). However, this observation does not exclude the presence of amorphous or nanocrystalline Gd oxide phases.

Figure 3 . 9 :

 39 Figure 3.9: θ-2θ XRD measurements of Gd films deposited at 400°C and selected from the centre of the substrate. As references are reported the powder diffraction patterns of Gd hcp phase (PDF 04-001-0103), Gd fcc phase (PDF 01-072-2223) and Gd 2 O 3 cubic phase (PDF 01-080-4108).

Figure 3 .

 3 Figure 3.10: θ-2θ XRD measurements of films of Gd film deposited at room temperature. 1x1 cm 2 films were selected from the edge and the centre of the substrate. As references are reported the powder diffraction patterns of Gd hcp phase (PDF 04-001-0103), Gd fcc phase (PDF 01-072-2223) and Gd 2 O 3 cubic phase (PDF 01-080-4108).

Figure 3 .

 3 Figure 3.11: θ-2θ XRD measurements of film of a Gd film deposited at 400°C. 1x1 cm 2 films were selected from the edge and the centre of the substrate. As references are reported the powder diffraction patterns of Gd hcp phase (PDF 04-001-0103), Gd fcc phase (PDF 01-072-2223), Gd 2 O 3 cubic phase (PDF 01-080-4108) and Gd 2 O 3 monoclinic phase (PDF 00-042-1465).

Figure 3 .

 3 Figure 3.12: θ-2θ measurements of films of a Gd film of thickness 39 µm deposited at 400°Cwith the big target. We labelled as "top" the measure that probes region close to the film surface, and we named "bottom" the measurement which consider the first stage of deposition, close to the substrate. As references are reported the powder diffraction patterns of Gd hcp phase (PDF 04-001-0103), Gd cubic fcc phase (PDF 01-072-2223), Gd 2 O 3 cubic phase (PDF 01-080-4108) and Gd 2 O 3 monoclinic phase (PDF 00-042-1465).

Figure 3 . 13 :

 313 Figure 3.13: Pole figure measured for 400°C 3.5 µm ST-edge film. From left to right respectively the measurements at (002), (004) and (103) crystallographic planes.

Figure 3 .

 3 Figure 3.14: RT 3.5 µm ST-edge. The plots are derived from the θ-2θ XRD measurements reported in Fig. 3.10 for the edge of the substrate. a) βcos(θ) vs 2θ, where βis the broadening of peak at angle θ. (b) Crystalline size (D Scherrer ) calculated by the Scherrer equation as a function of 2θ. c) Williamson and Hall plot (βcos(θ) vs 4sin(θ)).

Figure 3 .

 3 Figure 3.15: RT 5.5 µm ST-centre. The plots are derived from the θ-2θ XRD measurements reported in Fig. 3.10 for the centre of the substrate. (a) βcos(θ) vs 2θ, where βis the broadening of the peak at angle θ. (b) Crystalline size (D Scherrer ) calculated by the Scherrer equation as a function of 2θ. c) Williamson and Hall plot (βcos(θ) vs 4sin(θ)).

Chapter 3 .

 3 Gd films By multiplying the equation 3.2 for cos 𝜃, and rearranging it, we can obtain the following equation: 𝛽 𝑡𝑜𝑡 cos(𝜃) = 4𝜖 sin 𝜃 + 𝑘𝜆∕𝐷 𝑐𝑟𝑦𝑠 (3.5) The equation 3.5 is of the type 𝑦 = 𝑚𝑥 + 𝑐, where 𝑦 = 𝛽 cos 𝜃 and 𝑥 = 4 sin 𝜃 and is used to derive the Williamson and Hall plot. By plotting 𝛽 cos(𝜃) versus 4 sin 𝜃 the crystalline size can be estimated from the intercept of the linear fit and the strain from its slope. The plots are shown in Fig. 3.14 (c) for the edge and in Fig. 3.15 (c) for the centre of the substrate. The values of the crystalline size are estimate from the intercept at zero increases from 54 nm to 114 nm from the centre to the edge of the substrate, comparable with what observed in SEM. The strain estimated from the slope of the interpolated lines varies from 3.4 10 -3 to 4.1 10 -3 for the edge and the centre of the substrate, respectively.

Fig. 3 .

 3 Fig. 3.16 shows measurements of magnetization as a function of temperature under 50 mT and 1 T, for three films with different crystallographic texture. The film of 5.5 µm deposited at RT is almost isotropic, while for the Gd film of 10.5 µm deposited at RT and the film of 3.5 µm deposited at 400°C the XRD measurements suggested preferential orientation in (110) and (00l) directions, respectively.

Figure 3 .

 3 Figure 3.16: (a) Magnetization as a function of the temperature with in plane field of 50 mT (green) and 1T (red). Different marker shapes are used to differentiate the films. (b) Normalized magnetic moment as a function of the temperature at 50mT. (c) Normalized magnetic moment as a function of the temperature at 1 T.

  (b). During the measurement the field is applied perpendicular to the c-axes, which corresponds to the hard axis of magnetization close to T C . The magnetisation increases with decreasing temperature, because the easy axes deviate from the crystallographic c axes, and so we can observe a bump in M(T) in the region of the spin reorientation.

Figure 3 .

 3 Figure 3.17: (a) Schematic of the hcp lattice with in plane c axis, and field applied parallel to the film surface (in plane). (b) Schematic of the hcp lattice textured with out of plane c axis, and field applied parallel to the film surface (in plane).

Figure 3 . 18 :

 318 Figure 3.18: Normalized magnetization as a function of the temperature with in plane field of 50 mT (a) and 1T (b) for films deposited at 400°C with different thicknesses.

Figure 3 .

 3 Figure 3.19: M(H) measured at 4.5K with in-plane (IP) and out-of-plane (OOP) field for film of 5.5 µm deposited at RT and film of 3.5 µm deposited at 400°C. As dashed line is reported the interpolating line of OOP curve, the star mark the intersection between the interpolating line and the IP curve, which was used to extract the M S value. As dotted line is reported the value of saturation reported for bulk Gd, 2.4 T (1.96 10 6 A/m).

Fig. 3 .

 3 Fig. 3.19 shows the M(H) measured at 4.5K with field parallel (in-plane, IP) and perpendicular (out-of-plane, OOP) to the surface of the film for: 5.5 µm film deposited at RT and the film of 3.5 µm film deposited at 400°C. The estimated values of the magnetic saturation (M S ) are reported in Table3.4 and were estimated using

  1.94 10 6 A/m 1.94 10 6 A/m the demagnetizing factor N=1) . As a result, the values of both films are comparable and agree well with the values reported for bulk Gd (1.96 × 10 6 A/m).

Figure 3 . 20 :

 320 Figure 3.20: On the left isothermal measurements used to derived the Arrott plot reported on the top right for the film RT 5.5 µm ST (centre). On the bottom right, plot of the intercept of the Arrott plot linear fit vs temperature.

  3.21 shows the variation of entropy as a function of the average temperature in different field ranges. The maximum values in the field range of 0-7 T is 87 kJm -3 K -1 for the film deposited at RT and 92 kJm -3 K -1

Figure 3 . 21 :

 321 Figure 3.21: Variation of entropy as a function of the temperature for (a) RT 5.5 µm ST (centre) (b) 400°C 5.5 µm ST (centre) (c) 400°C 3.5 µm (edge) ST

Figure 4 . 1 :

 41 Figure 4.1: Picture of the triple target installed in the triode sputtering machine.

Fig. 4 .

 4 2 shows the composition maps for La, Fe and Si. The graph shows three composition gradients which are oriented according to the location of the three sub-targets (Fig. 4.1).

Figure 4 . 2 :

 42 Figure 4.2: Composition maps of Film n°1. The map was acquired using the PhiRhoZ model. On the maps are marked the position of the samples A, B, C and D selected for the characterization.

Figure 4 . 3 :

 43 Figure 4.3: Picture of Film n°1 after annealing (900°C for 5 minutes).

Fig. 4 .

 4 Fig.4.4 shows the optical microscope images of the surface of samples from the A, B, C and D positions. B stands out for the lack of cracks, which is probably correlated with it having the highest content of Fe (Table4.1). On the other hand, A, C and D have similar fractures. In A and C, we notice some regions where the film peeled off and removed Si from the substrate. For A, C and D, we can identify two types of fractures: mm long cracks traversing the image and shorter blister-like fractures.

Figure 4 . 4 :

 44 Figure 4.4: Optical images of the film surface at A, B, C and D regions after annealing.

Fig. 4 .

 4 Fig.4.6 shows an image of B at lower magnification, the cavities below the film clearly evidencing interdiffusion between the film and the substrate despite the presence of the Ta buffer layer. We will discuss more in detail the film-substrate interdiffusion problem in a following section 4.4.1.

Figure 4 . 5 :

 45 Figure 4.5: SEM cross-section images of A, B, C and D samples after annealing. It should be noted that D, being thicker, has a different scale-bar than the other samples.

Figure 4 . 6 :

 46 Figure 4.6: SEM images of B sample cross-section after annealing.

Figure 4 .

 4 Figure 4.10: θ-2θ XRD measurement of the plexiglass sample holder.

Figure 4 .

 4 Figure 4.11: θ-2θ XRD measurement of the Si substrate.

Figure 4 .

 4 Figure 4.12: M(T) measuremets at 50 mT (applied parallel to the film surface, in plane) of A, C and D. The samples were cooled under zero field down to 4.5 K and then the field was applied. M was measured at a fixed field as T increased up to 400°C (zero-field cooling, ZFC, in red), and as T decreased back to 4.5K (field cooling, FC, in blue). As inset it is shown the M(T) measured between 160 K and 280 K.

Figure 4 .

 4 Figure 4.13: ZFC-FC measurements of the D sample with in plane field of 50mT and 500 mT.

  4.14 we reported the M(H) curves measured for A and the corresponding Arrott plot and the M(H) curves for C and D. As we discussed for the Gd films, the straight-line fit of the M 2 (H/M) isothermal curves should converge to the origin at T C . The extrapolated T C values are reported in Table

Figure 4 . 14 :

 414 Figure 4.14: First row: sample A set of M(H) isothermal measurements with in-plane field and the corresponding Arrott plot derived from the isothermal measurements at 160-280K. Second row: C and D isothermal measurements acquired with in plane field.

Figure 4 . 15 :

 415 Figure 4.15: Curie temperature as a function of the Si content, x in the LaFe 13-x Si x phase. The data are taken from the values reported in literature for La(Fe, Si) 13 bulk alloys [6, 28, 30]. A linear fit of the values is shown as a black dashed line and the T C values estimated in this work are reported as red dotted lines.

For

  this purpose the entropy change was derived using the Maxwell equation (∆𝑆 = 𝜇 0 𝑑𝐻) on the isothermal measurements of Fig. 4.14. Fig. 4.16 shows the

Figure 4 . 16 :

 416 Figure 4.16: Variation of entropy as a function of average temperature of two subsequent isothermal measurements curve.The three graphs are respectively the measurements for A, C and D samples. For the estimation we considered the entire film.

  (a) Sample A, no AC. (b) Sample A, AC.

Figure 4 . 18 :

 418 Figure 4.18: Images acquired at the optical microscope of sample A in the film deposited without the active cooling (a) and with the active cooling (b)

Figure 4 . 19 :

 419 Figure 4.19: Images acquired at the optical microscope of sample B in the film deposited without the active cooling (a) and with the active cooling (b)

Fig. 4 .

 4 Fig. 4.20 displays the M(T) curves obtained at 50 mT for the samples taken from the films deposited without the active cooling (AC off) and from the films deposited with the active cooling (AC on). The graphs show the normalized version of the curves, which let us compare the shape of the curves without considering possible errors on the film volume estimation. In the films deposited with AC, we observe similar behaviour to the film analysed previously (AC off). For B, an almost identical M(T) curve was

Figure 4 . 20 :

 420 Figure 4.20: Measurements of the magnetization as a function of the temperature under 50 mT (applied parallel to the surface of the film, in plane). The magnetization values were normalized with respect to the values measured at 20K. The plots are a comparison of the four samples (A, B, C and D) taken from a film deposited without AC (AC off) and a film deposited with AC (AC on).

Fig. 4 .

 4 [START_REF] Bertelli | Ferromagnetic properties of fcc Gd thin films[END_REF] shows the temperature measured by the thermocouple during the annealing process. In red and blue are represent respectively the thermal evolution of the films slowly cooled (Film n°1) and fast cooled (Film n°2).

Figure 4 . 21 :

 421 Figure 4.21: Temperature measured by the thermocouple which is in contact with the film during the annealing. In blue the measurements for the film n°2, just after annealing the heater was turned off and the sample cooled down naturally.

Figure 4 . 22 :

 422 Figure 4.22: Top: EDX maps of as-deposited Film n°1, and composition measured in A, B, C and D positions. Below, comparison among Films n°1, n°2 and n°3. For each film we show a picture of the entire film. For each sample (A, B, C and D) are reported the measured thickness, the M(T) at 50 mT and the list of phases identified in XRD patterns (reported in Fig. 4.9 for the Film n°1 and in Appendix A for Film n°2 and °3). We marked with an asterisk the samples

  (a) Sample A of Film n°2. (b) Sample B of Film n°2.

Figure 4 . 23 :

 423 Figure 4.23: SEM cross sectional view of A and B samples selected from Film n°2.

Fig. 4 .Fig. 4 .

 44 Fig.4.[START_REF] Shinde | Fabrication of Gd films by vacuum evaporation and its magnetocaloric properties[END_REF] shows SEM cross-sectional images of samples that show diffusion in Film n°3 for A, B and C samples. In particular, it is interesting to look at sample A, Fig.4.24 (a). In the image we see that locally the material diffuses from the film into the substrate despite the Ta layer and in addition the new alloy created in the substrate extrudes creating massive bumps on the film surface. It should be noted that the film thickness measured is about 400 nm, while the extruded lumps on the surface can reach up to ∼ 2 µm in height.

  (a) Sample A of Film n°3. (b) Sample B of Film n°3. (c) Sample D.

Figure 4 . 24 :Figure 4 .

 4244 Figure 4.24: SEM cross sectional view of A, B and C s samples selected from Film n°3.

Figure 4 . 26 :

 426 Figure 4.26: Curie temperature as a function of the Si content, x in the LaFe 13-x Si x cubic phase. The data are taken from the values reported in literature for bulk alloys [6, 28, 30]. The linear fit of the values is shown as a black dashed line and the T C values estimated in this work are reported as red dotted lines.

Figure 4 . 27 :

 427 Figure 4.27: Magnetic saturation as a function of the Si content, x in the LaFe 13-x Si x cubic phase. The data are taken from the values reported in literature for bulk alloys [30]. The linear fit of the values is shown as a black dashed line. The red dotted lines mark the content of Si, x, estimated for each sample in Fig. 4.26.

  4.29 the XRD θ-2θ measurements of D samples taken from Film n°1, n°2 and n°3 in comparison, for the range of angles where we observe the main peaks of the 1:13 cubic phase. While the peak positions of Film n°2 agree with what is reported, those of Film n°1 are slightly shifted towards higher angle and those of Film n°3 are significantly shifted towards higher angle. The shift towards higher angles can be attributed to Si incorporation, as the crystal shrinks upon replacement of Fe with Si (r Si =1.46 A r Fe =1.72 A), or to a compressive strain. The θ-2θ measurements are sensitive to the interplanar distance

Figure 4 . 28 :

 428 Figure 4.28: The maximum entropy change estimated for a field range of 0-5 T as a function of the content of Si (x) in LaFe 13-x Si x . The triangles display the data reported in literature for bulk alloys [6, 28], while the stars represent the values estimated in this work. The black star showthe magnetocaloric effect estimated using the entire film volume, while the red stars show the variation of entropy reported samples was estimated using the vol. % of 1:13 phase estimated from the comparison between the measured M @4.5K, 7T value and the M S value expected for pure 1:13 cubic phase. The content of Si, x, was estimated from the measured T C value (Fig.4.26).

Figure 4 . 29 :

 429 Figure 4.29: On the left θ-2θ measurements of D sample for Film n°1, n°2 and n°3. In red are marked the position of the peaks of 1:13 cubic phase (PDF 00-063-0312). At ∼ 37.8 is shown the (003) peak of the 1:1:1 phase. On the left are reported the images acquired with the optical microscope of the D sample surfaces for Film n°1, n°2 and n°3. Note that that the image of D sample of Film n°3 is obtained with larger zoom, in order to show clearly the presence of fractures on the surface.

Figure 4 . 30 :

 430 Figure 4.30: Curie temperature as a function of the lattice constant. The circle display the data reported in literature for bulk alloys [28, 30].The stars represent the values estimated in this work, where the Curie temperature was estimated from the Arrott plot, and the lattice constants were estimated from the XRD measurements. Note that the size of the star is proportional to the thickness of the samples.

(a) 5

 5 µm thickness. (b) 1 µm thickness.

Figure 4 . 31 :

 431 Figure 4.31: Photo of the film of 5 µm (a) and 1 µm thickness annealed at 800°C (b).

Fig. 4 .

 4 Fig.4.32 shows measurements of the magnetization as a function of the temperature with fixed field of 50 mT (in plane), for samples selected from films of 1 µm thickness. In the graph we compare the normalized magnetization of samples C and D, selected from the same areas identified previously (Fig.4.2) for samples annealed at 900°C and 800°C. The 1:13 cubic phase was always stabilized in D samples and in addition also in sample C of the film annealed at 800°C. It should be noted that in the previous section we analysed the film of 1 µm annealed at 900°C and cooled fast, but as shown in the graph the same results were obtained with slow cooling after annealing. The transition temperature of the cubic La(Fe, Si) 13 phase in thin film is always close to room temperature and minor differences concern the magnetic signal

Figure 4 . 32 :

 432 Figure 4.32: The plot show the values of the magnetization normalized for the magnetization measured at 70 K as a function of the temperature. The measurement was performed with an in-plane field of 50 mT. In the graph are present the measurements for C and D samples of the film of 1 µm annealed at 800°C and for the D sample of of the film of 1 µm annealed at 900°C.

  100 mm Si-substrates (525 µm thick) were first coated with positive photoresist, then UV light was used to transfer the pattern of the mask onto the photoresist and finally, the non-exposed resist was dissolved in developing solution. DRIE was used to open trenches on the exposed areas of the substrate. DRIE is a very anisotropic dry etching technique that allows to create cavities in the substrate (usually Si) with a very high aspect ratio. The angle of the etched trenches can be modulated by calibrating the

Figure 5 . 1 :

 51 Figure 5.1: Process flow for the fabrication of patterned Si substrate. We designed a mask with the pattern we wanted to trasfer by photolithography. Then, the Si substrate was coated with positive photoresist and exposed to UV-light. The non-exposed resist was dissolved in developing solution. Finally, by DRIE we opened trenches on the areas not protected.

Figure 5 . 2 :

 52 Figure 5.2: Schematic of the Si(525 µm)/Ta(100 nm)/Nd-Fe-B(50 µm)/Ta (100 nm) heterostructure fabricated by triode sputtering deposition. It should be noted that this is a representation of an ideal case, in reality the materials deposits on the sidewalls and shadowing effect are visible.

Figure 5 . 3 :

 53 Figure 5.3: Analytic calculations of the perpendicular component B z of the magnetic stray field at different distances from the surface of the micro-magnets. (a) "valleys and hills" configuration (valleys as deep as deposit). (b) "valleys only" configuration.

Figure 5 . 4 :

 54 Figure 5.4: (a) Schematic of the micro-magnetic array (Nd-Fe-B 50 µm thick) used for the analytic stray field calculation shown in (b). (b) Calculations of the perpendicular component of the stray field evaluated at 50 µm from the surface of the top micro-magnets. From left to right the calculations consider a configuration with increasing out-of-plane separation (∆z)between two "valleys" and "hills".

Fig. 5 .

 5 Fig. 5.4 shows the perpendicular component of the stray field (B z ) for increasing out-of-plane separation (∆z) between "valleys" and "hills"; practically this separation can be enhanced by etching deeper trenches in the Si substrate. The schematic of the micro-magnets is illustrated in Fig. 5.4 (a) and in (b) are shown the stray field calculations obtained at 50 µm from the surface of the top magnets (constant scan height). Each plot also shows the stray field profile obtained for the "valleys only" configuration at 50 µm from the surface of the micro-magnets.
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 55 Figure 5.5: Topographically patterned Si substrate. Zooms of different regions of the substrate after the deposition of the Nd-Fe-B layer, showing stripe and square patterns with different dimensions.

Fig. 5 .

 5 Fig. 5.5 shows a topographically patterned substrate with geometries chosen

Figure 5 . 6 :

 56 Figure 5.6: SEM cross sectional view of a fresh fractured Si(525 µm)/Ta(100 nm)/Nd-Fe-B(50 µm)/Ta(100 nm) sample.

Figure 5 . 7 :

 57 Figure 5.7: Schematic of the cross-section image of Nd-Fe-B topographically patterned micromagnets. In Fig. 5.6 is shown the SEM cross sectional image of micro-magnets selected from the stripe pattern (220 × 4000 µm 2 with a gap of 230 µm). The image shows a

Figure 5 . 8 :

 58 Figure 5.8: Normalized magnetic moment as a function of the applied field perpendicular to the film surface (out-of-plane) at 300 K for the Nd-Fe-B micro-magnets before (blue triangles) and after (red circle) the thermal treatment at 700°C. As inset is reported the zoomed region between -1.5 and 0.5 T of the same plot.

Figure 5 . 9 :

 59 Figure 5.9: Schematic of the patterned Si substrate clamped by the substrate holder during the deposition: (a) this work (etched 150 µm over 525 µm) (b) work reported in [62] (etched 55 µm over 525 µm).

Figure 5 . 10 :

 510 Figure 5.10: Schematic of the process flow used for the fabrication of the anisotropic bonded magnets. Single crystalline hard magnetic powders mixed with PDMS are filled into the etched pattern of a Si mold. A magnetic field is used to align the magnetic powders, with a glass slide positioned on top to prevent powder extrusion from the etched features. A soft curing (30-60

selected: Sm 2 Figure 5 . 11 :

 2511 Figure 5.11: SEM images of (a) Sr-ferrite powder and (b) SmFeN powder.

Figure 5 . 12 :

 512 Figure 5.12: Optical images of 30% Sm-Fe-N 70% PDMS micro-pillar arrays peeled from the Si substrate (a) top view, (b) side view.

Figure 5 .

 5 Figure 5.13: (a) SEM image of a 30% Sm-Fe-N 70% PDMS anisotropic bonded magnet. (b) Zoomed image of on the powder distributed in the pillar cross section.

Figure 5 . 14 :

 514 Figure 5.14: Normalized magnetic moment versus external magnetic field applied in-plane or out-of-plane with respect to the PDMS base.

Fig. 5 .

 5 15 (a) is schematized the SHPM measurements of anisotropic bonded micro-magnets. The measurement was carried out at constant heights (h) estimated from the top of the micro-magnet. Since the calculations are valid just for rectangular parallelepiped magnets, we considered two parallelepipeds to approximate the tapereddown shape of the structures. In Fig.5.15 (b) we reported the results of the analytical calculation of the stray field estimated at height h=50, 100 and 150. A 2-D map of the z-component of the stray magnetic field measured at an estimated h∼50 µm above the Sm-Fe-N micro-magnet array is shown in Fig.5.15 (c). The measurement was performed on the peeled micro-structures and the plane of measurement was defined by the triangulation of three points of contact, and the flexible nature of the micromagnets complicates the calibration procedure. The slight variation from pillar to pillar can be attributed to an error in plane calibration of inhomogeneity in particle density or also not well peeling of the structure from the Si mould. Nevertheless, such measurements serve to roughly quantify the stray field pattern produced by the micro-magnet array. In Fig.5.15 (d) is shown the measurements taken along the dotted line shown in Fig.5.15 (c) at estimated heights (h) of 50, 100, and 150 µm. The peak-to-peak intensities of the measured and calculated out-of-plane field components are comparable.

Figure 5 . 15 :

 515 Figure 5.15: Measured and calculated stray field pattern produced by the anisotropic Sm-Fe-N/PDMS micro-magnet array. (a) Schematic of the SHPM measurements at constant scan height (h) from the top of the micro-magnets. (b) Analytical calculations performed at height h=50, 100, and 150 µm from the micro-magnet surface. (c) 2-D map of the stray field generated by Sm-Fe-N micro-magnets at h=50 µm from the micro-magnet surface, measured by SHPM. (d) 1-D scans made at height h=50, 100, and 150 µm from the micro-magnet surface, along the black dotted line indicated in (c).

Fig. 5 .Figure 5 . 16 :

 5516 Figure 5.16: Measured and calculated stray field pattern produced by the isotropic Sm-Fe-N/PDMS micro-magnet array in the Si mold. (a) Schematic of the SHPM measurements at constant scan height (h) from the top of the Si mold. (b) Analytical calculations performed at height h=50, 100, and 150 µm from the micro-magnet surface. (c) 2-D map of the stray field generated by Sm-Fe-N micro-magnets at h=50 µm from the micro-magnet surface, measured by SHPM. (d) 1-D scans made at height h=50, 100, and 150 µm from the micro-magnet surface, along the black dotted line indicated in (c).
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 517518 Figure 5.17: Schematic of the micro-structure considered for the actuation tests.
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Figure 6 . 1 :

 61 Figure 6.1: Test bench used to measure the frequency of displacement of the magnetocaloric material between cold and hot sides. On top Gd film mounted on a Si spring (diameter 10 mm), on the hot side array of Nd-Fe-B micro-magnets.

  grows in thickness. The θ-2θ diffraction geometry detects diffraction from crystallographic planes which are parallel to the film surface, as a function of the diffraction angle. As such, it gives only indirect and qualitative information about crystallographic texture. On the other hand, pole figure measurements, in which the diffraction angle is fixed and the diffracted intensity is recorded by varying two geometrical parameters (tilt angle of the diffraction vector from the surface normal direction of a sample and rotation angle of the diffraction vector around surface normal direction of a sample), can give direct quantitative information about crystallographic texture. Ideally a systematic pole figure study should be carried out to confirm the conclusions drawn about texture evolution in sputtered Gd films. What is more, only the top few µm of a film are probed during XRD diffraction analysis, and thus information about the evolution in texture with increasing film thickness was deduced by comparing the peak intensity of XRD patterns of films of different thickness. Electron Back Scatter Diffraction (EBSD) analysis measures and visualises the texture of individual grains and can be used to study variations in texture across a sample. However, sample preparation is challenging. In the short term we aim to carry out EBSD analysis on cross sections of thick Gd films, to confirm our claims about how preferential grain orientation varies as the film thickness in increased.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 1: Crystal structure and magnetic properties (T C , M S and H a ) of hard magnetic materials.

	Data from [47].				
		Structure	T C	M S	H a
			(K)	(MA/m)	(T)
	SrFe 17 O 19	Hexagonal	746	0.38	1.8
	SmCo 5	Hexagonal	1020	0.86	40
	Nd 2 Fe 14 B	Tetragonal	588	1.28	7.7
	Sm 2 Fe 17 N 3 Rhombohedral 750	1.23	14

Table 2 .

 2 Magnetometry . . . . . . . . . . . . . . . . . . . . . . . . . . 1: Specifications of the triode sputtering system.

	Chapter 2
	Experimental techniques
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Table 2 .

 2 2: Technical specification of the positive resist and the exposure machine used.

		Positive resist AZ 4562	Exposure machine Süss MA8
		Acceleration: 2000 rpm/s 2	Wavelength: 365 nm
	Spin	Velocity: 4000 rpm/s	UV Hg Lamp: 1000W
		Time: 60 s	
	Bake	Temperature: 100 Time: 90 s	°C
	Developer AZ Developer + DI water [1:1]

Table 2 .

 2 3: Specification of the parameters used for the energy-dispersive x-ray spectroscopy (EDX) measurements.

	Working distance	8 mm
	Aperture	60 µm
	Spot size	1.75 mm 2
	Acquisition time	120 s

Table 2 .

 2 4: Specifications of the magnetometer systems at the Institut Néel.

	Magnetometer	Sensibility (Am 2 )	Temperature (K)	Field (T)
	Extraction magnetometer	5×10 -6	1.6-330	± 10.5
	VSM	5×10 -8	Room T	± 8
	VSM-SQUID	5×10 -11	1.8-400	± 7

Table 3 .

 3 1: Specifications of the Gd targets used for the film deposition.

			Small target	Big target
			(ST)	(BT)
	Diameter	3 cm	6 cm
	Deposition	Centre	0.9 nm/s	2.1 nm/s
	rate	Edge	0.5 nm/s	1.5 nm/s
	symmetric drop-off in thickness from the centre to the edge of the substrate, caused

Table 3 .

 3 2: Lattice constants calculated for the θ-2θ measurements of Fig.3.9 (a), and lattice constants values reported for bulk Gd (PDF 04-001-0103).

		a (Å)	c (Å)
	400°𝐶 3 𝜇𝑚 𝐵𝑇 3.627 ± 0.002 5.769 ± 0.003
	400°𝐶 5 𝜇 𝑚 𝐵𝑇 3.628 ± 0.002 5.772 ± 0.003
	400°𝐶 5.5 𝜇𝑚 𝑆𝑇 3.623 ± 0.002 5.763 ± 0.002
	Bulk Gd	3.634	5.785
	XRD pattern of the film deposited with the ST because it was protected by layers of 5 nm.

Table 3 .

 3 3: Summary of texture analysis of hcp grains of Gd, deduced from comparing the relative intensity of peaks in linear plots of the θ-2θ measurements. The main texture is identified by bold text, additional but weaker peaks are in normal text.

			Centre			Edge
		BT (2.1 nm/s)	ST (0.9 nm/s)	ST (0.5 nm/s)
	RT	3.3 𝜇𝑚 5 𝜇𝑚	(100) (110)	5.5 𝜇𝑚	(103), (101) (102), (110)	3.5 𝜇𝑚	(101)
				10.5 𝜇𝑚	(110)		
		3 𝜇𝑚	(110), (004),(002)			3.5 𝜇𝑚 (002), (004)
	400°C	5 𝜇𝑚	(110), (004) 5.5 𝜇𝑚 (103), (102)		
		39 𝜇𝑚	(103),				
		(TOP)	(110),(102)				
		39 𝜇𝑚	(002), (004)				
		(BOTTOM)					

Table 3 .

 3 

	5: Curie temperature estimated using the Arrott plot (𝑇 𝐴𝑟𝑟𝑜𝑡𝑡 𝐶 the magnetocaloric effect (𝑇 ∆𝑆 𝐶 )	) and by the maximum of

Table 3 .

 3 

	6: Variation of entropy for Gd with applied field (0-5)T
	Sample	-∆S (kJm -3 K -1 ) Reference
	RT 5.5 µm ST (centre)	69	this work
	400°C 5.5 µm ST (centre)	75	this work
	400°C 3.5 µm ST (edge)	70	this work
	400°C 19.5 µm ST (centre)	80	this work
	400°C 39 µm ST (centre)	81	this work
	Max value reported for bulk Gd	81	[5]

Table 4 .

 4 1: Composition of the four samples (A, B, C and D) quantified using ZAF and Phi-Rho-Z correction method. Samples thickness specified in round brackets.

	Sample (thickness) Correction method La (at.%) Fe (at.%) Si (at.%)
	A (2.7 µm)	Phi-Rho-Z ZAF	9.6 12.7	72.5 73	17.9 14.3
	B (2.6 µm)	Phi-Rho-Z ZAF	11 14.4	73.6 73.3	15.4 12.3
	C (2.4 µm)	Phi-Rho-Z ZAF	8.5 11.4	70 71.2	21.5 17.4
	D (3.6 µm)	Phi-Rho-Z ZAF	13 17.2	65.8 66	21.2 16.8

Table 4 .

 4 2: La-Fe-Si phases[START_REF] Niitsu | Phase equilibria in the Fe-La-Si ternary system[END_REF] 

	Phase	Composition, at. % La Si Fe	Structure Space Group Prototype
	τ 1 La(Fe, Si) 13 7.1 10-18.6 82.9-74.3	Cubic	Fm3C	NaZn 13
	τ 2 La(Fe, Si) 13 7.1 22.9-35.7 70-57.2 Tetragonal	I4/mcm	Ce 2 Ni 17 Si 9
	τ 3 LaFe 2 Si 2 20	40	60	Tetragonal	I4/mcm	Al 4 Ba
	τ 4 LaFeSi 2	25	50	25	Orthorombic	Cmcm	CeNiSi 2
	τ 5 LaFeSi 33.3	33.3	33.3	Tetragonal	P4/nmm	Cu 2 Sb

Table 4 .

 4 3: Phases identified in the XRD pattern of A, B, C and D and lattice constant of the cubic phase τ 1 .

	Sample	Phases identified	a lattice constant of τ 1
	A	𝐿𝑎(𝐹𝑒, 𝑆𝑖) 13 -𝑐𝑢𝑏𝑖𝑐 (𝜏 1 ), 𝐿𝑎 2 𝑂 3 , 𝐿𝑎𝐹𝑒𝑆𝑖	(1.1432 ± 0.003) nm
	B	𝐿𝑎(𝐹𝑒, 𝑆𝑖) 13 -𝑡𝑒𝑡𝑟 (𝜏 2 ), 𝐿𝑎 2 𝑂 3 , 𝐿𝑎𝐹𝑒 2 𝑆𝑖 2	

C

𝐿𝑎(𝐹𝑒, 𝑆𝑖) 13

-𝑐𝑢𝑏𝑖𝑐 (𝜏 1 ), 𝐿𝑎 2 𝑂 3 , 𝛼𝐹𝑒 (1.1409 ± 0.003) nm D 𝐿𝑎(𝐹𝑒, 𝑆𝑖) 13 -𝑐𝑢𝑏𝑖𝑐 (𝜏 1 ), 𝐿𝑎 2 𝑂 3 , 𝐿𝑎𝐹𝑒𝑆𝑖 (1.1452 ± 0.003) nm

Table 4 .

 4 4: T C and composition of A, C and D. T C estimated from Arrott plots. Content of Si, x, in the cubic 1:13 phase, extrapolated from T C and average content of Si in the film measured by EDX.

	Sample T C (K)	x in LaFe 13-x Si x	Si (at. %) in the 1:13 phase	Si (at. %) EDX
	A	237	2.3	16.4	17.9
	C	267	2.9	20.7	21.5
	D	216	1.9	13.6	21.2
	bic 1:13 phase. We report in Table		

Table 4 .

 4 5: Table of the magnetization value measured at 4.5 K (M @4.5K, 7T ) for samples A, C, and D, the expected magnetic saturation (M S ) value expected for pure cubic 1:13 phase with content of Si (x) in the phase LaFe 13-x Si x .

	Sample	x in	M S	M @4.5K, 7T	vol. % of
		LaFe 13-x Si x	(A/m)	(A/m)	1:13 phase
	A	2.3	9.7×10 5 7.50×10 5	77%
	C	2.9	8.2×10 5 7.60×10 5	93%
	D	1.9	1.1×10 6 6.90×10 5	63%

Table 4 .

 4 6: Summary of fabrication parameters used to synthesize Film n°1, n°2 and n°3. Note that the thickness mentioned is the nominal thickness measured at the centre of the substrate, and that Film n°1 was the one we discussed in the previous section (4.3) (film deposited without AC) .

	Film Thickness Deposition	Annealing
	n°1	5 µm	non heated substrate 900°C + slow cooling
	n°2	5 µm	Active cooling	900°C + fast cooling
	n°3	1 µm	Active cooling	900°C + fast cooling

Table 4 .

 4 7: Samples that exhibit the 1:13 cubic phase in Film n°1, n°2 and n°3. The Curie temperature (T C ) values were estimated from the Arrott plots and they were used to extrapolate the content of Si (x) in the 1:13 cubic phase. M @4.5 K, 7T is the magnetic moment per unit of volume measured from the M(H) curve at 4.5 K and 7T. M S is the magnetization values expected for the pure cubic 1:13 phase we extrapolated from the values reported in literature

	(as a function of x). The lattice constant (a) was estimated from XRD measurements on the
	samples.						
	Film Sample	T C	x	M @4.5K, 7T	M S	1:13	a ± 0.0003
			(K)	in LaFe 13-x Si x	(A/m)	(A/m)	vol. %	(nm)
		A ′	237	2.3	7.5×10 5	9.7×10 5 77 %	1.1432
	n°1	C ′	267	2.9	7.6 ×10 5 8.2×10 5 93 %	1.1409
		D ′	216	1.9	6.9×10 5	1.1×10 6 63 %	1.1452
	n°2	C ′′ D ′′	262 253	2.8 2.6	7.6×10 5 3.5×10 5	8.5×10 5 89 % 8.9×10 5 39 %	1.1423 1.1456
	n°3	D ′′′	286	3.2	6.9×10 5	7.4×10 5 93 %	1.1385

Table 4 .

 4 7. The change in x for a given position is attributed to the formation and/or change of volume fractions of additional Si containing phases.

Dans le processus de conversion de l'énergie primaire, il y a de nombreuses pertes et la plus grande quantité d'énergie est rejetée dans l'environnement sous forme de chaleur résiduelle. Cependant, cette chaleur résiduelle pourrait être potentiellement récupérée par l'intégration de récupérateurs d'énergie dans les processus existants pour transférer et convertir l'énergie thermique en énergie électrique. Le développement de récupérateurs d'énergie à micro-échelle pourrait potentiellement être utilisé pour exploiter la chaleur résiduelle de faible qualité dans les centres de données, les bâtiments et les petits systèmes autonomes. L'objectif de cette thèse était la fabrication et la caractérisation de matériaux magnétiques, à savoir des micro-aimants et des couches magnétocaloriques, pouvant être intégrés dans des systèmes de récupération d'énergie.Figure 1: Schéma du TMG. Image éditée à partir de [1].

mécanique. Nous avons observé que l'augmentation de la vitesse de refroidissement et la réduction de l'épaisseur des couches amélioraient l'intégrité mécanique globale des couches, mais favoriasait une interdiffusion entre la couche et le substrat dans certaines régions. Nous avons stabilisé dans une couche d'épaisseur nominale 1 µm du La(Fe,Si) 13 cubique avec une T C =286 K, ce qui est significativement plus élevée que la T C maximum rapportée pour le matériau bulk (260 K). Nous attribuons provisoirement cette valeur élevée de T C à la déformation induite par le substrat. Dans le chapitre 5, nous avons présenté des micro-aimants Nd-Fe-B à motifs topographiques de 50 µm d'épaisseur fabriqués par pulvérisation triode sur un substrat de Si pré-gravé. Ces aimants ont été conçus pour être intégrés dans un prototype TMG. En utilisant des calculs analytiques, nous avons d'abord montré comment la taille et la distribution des micro-aimants affectent le profil de champ magnétique généré au-dessus d'eux. Nous avons ensuite rendu compte de la fabrication et de la caractérisation de réseaux de micro-aimants à motifs topographiques. Nous avons ensuite décrit une approche que nous avons développée pour fabriquer des micro-aimants magnétiquement anisotropes flexibles d'une épaisseur comprise entre 50 et 300 µm, basée sur un mélange de PDMS et de particules monocristallines commerciales magnétiques dures de Sr-ferrite ou Sm-Fe -N. Dans les deux cas, les particules magnétiques peuvent être alignées (avant le durcissement) dans le champ produit par un aimant permanent massif Nd-Fe-B. Un microscope à sonde Hall a été utilisé pour mesurer le champ produit au-dessus des micro-aimants à liaison polymère, et un bon accord a été trouvé avec les profils de champ simulés. Enfin, nous avons démontré comment ces micro-aimants flexibles peuvent être déformés de manière contrôlée à l'aide d'une source de champ magnétique homogène pilotée. xxi En résumé, l'objectif principal de cette thèse, à savoir la fabrication et la caractérisation de couches magnétocaloriques et de réseaux micro-magnétiques, destinés à être intégrés dans un prototype de récupérateur d'énergie thermique, a été atteint.Au-delà, nous avons démontré que la fabrication de matériaux magnétocaloriques sous forme de couches ouvre des perspectives intéressantes pour l'étude des matériaux eux-mêmes.
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Fabrication techniques

This section is dedicated to the processes used for sample fabrication. Sputtering was used to deposit the magnetocaloric materials and the Nd-Fe-B films. Clean room techniques (photolitography and deep reactive ion etching) were used to pattern the Si substrates used for micro-magnet fabrication.

Triode sputtering

Sputtering is a technique of physical vapor deposition (PVD) used to synthesize films. The idea is that, by hitting a solid material (target) with energetic particles, it is possible to eject its atoms and condensate them as layers on a substrate. In this work, we will consider the triode sputtering method. The schematic of the triode sputtering system is shown in Fig. 2.1. The process is carried out in a vacuum chamber filled with Ar (base pressure = 10 -7 mbar). By thermoionic emission, a flux of electrons is extracted from a tungsten filament and accelerated toward the anode in a magnetic field. In their path, the electrons collide with the Ar atoms ionizing them. Thanks to the magnetic field the Ni filter for the suppression of the K β . The preferential orientation of the crystalline grains can be estimated from the spatial distribution of reflections patterns acquired for a specific crystallographic plane.

Texture analysis

In Fig. 2.7 is schematized the configuration used for this type of measurements. After having chosen a specific plane (hkl), the detector and the x-ray source are positioned at the angle for which the diffraction with (hkl) should occur. During the measurement only the sample will rotate, first in φ and then in χ direction. The 2D-plot of diffracted intensity as a function of χand φ, also called pole figure, will give us the graphical representation of the distribution of orientation of grains. In this work the texture analysis were performed using a modified SEIFERT (C3000). It consists in a 4-axis With magnetic characterization we showed that preferential orientation of grains affect the shape of the M(T) curves measured at low field (50 mT), because Gd exhibits a spin reorientation, which leads to a deviation of the easy axes into an easy cone as the temperature decreases below the spin reorientation temperature ( T SR ). The effect of the spin reorientation was visible for both films having the grains preferentially [START_REF] Barcza | Stability and Magnetocaloric Properties of Sintered La(Fe, Mn, Si)$_{13}$H$_{z}$ Alloys[END_REF] oriented and for those (00l) oriented. In addition, we saw that the spin reorientation, attributed to the (00l) preferentially oriented grains, affects also, to a lesser extend, the thicker film (39 µm) deposited at 400°C, where (00l) texture is only obtained in the first layers of deposition. Independent of deposition temperature, the resulting films have magnetic saturation (M S ) and Curie temperature (T C ) close to the values reported for bulk Gd.

The estimated values of the magnetocaloric effect (-∆S), are also comparable with the values reported in literature for bulk Gd and films.

Phase and crystallographic structure characterization

In order to identify the phases which are present in the samples, we crosscheck the phase information acquired using three methods: the La-Fe-Si phase diagram, magnetic measurements and XRD characterization.

First of all, it can be helpful to look at the La-Fe-Si phase diagram, in order to check which are the phases we should expect for our composition [START_REF] Raghavan | Fe-La-Si (Iron-Lanthanum-Silicon)[END_REF][START_REF] Niitsu | Phase equilibria in the Fe-La-Si ternary system[END_REF][START_REF] Raghavan | Fe-La-Si (Iron-Lanthanum-Silicon)[END_REF]. For this purpose, using the compositions reported in Table 4.1 (for the Phi-Rho-Z correction method), we identified the position of A, B, C, and D in the ternary phase diagram in Fig. 4.7. The phase diagram reported was obtained for arc melted samples homogenized at 900°C and then cooled down to room temperature [START_REF] Raghavan | Fe-La-Si (Iron-Lanthanum-Silicon)[END_REF]. The graph shows the possible phases obtained, as the content of La and Si varies between 0-40 at. % and Fe in the range between 0-60 at. %. The La-Fe-Si ternary phases are reported in Table 4.2. Note that for completeness we reported in the table also the LaFeSi 2 (τ 4 ) phase, however this phase is not obtained in the range of composition we are considering. and tetragonal phases. In all measurements, we observe a magnetic signal above the Curie temperature of the 1:13 cubic phase, which is attributed to the presence of αFe (T C well above room temperature ∼ 1043 K ). From the normalized plot, shown in the inset of Fig. 4.8, we can estimate that Fe accounts for 27 % magnetic signal for B. For C it amounts to 10 % of the magnetization measured, while for A and D, the contribution is respectively around 2 % and 1 %.

We cross-checked the assumptions made on the phases with the XRD measurements, that give us information about the crystalline phases present in the material.

In Fig. 4.9 are reported the θ-2θ XRD measurements for A, B, C and D samples acquired using Cu Kα radiation. The figure compares the measurements of the four samples with the reference diffraction patterns of the La-Fe-Si ternary phases (Table 4.2). It should be noted that, since we chose to probe exactly the same samples, we used for the magnetic characterization, which are relatively small (4x4 mm 2 ), each of the measurements presents a large background caused by the contribution of the plexiglass sample holder, that as an amorphous material is characterized by a broad spectrum (Fig. 4.10). Moreover the peak at 33°, which is most visible in A, is attributed to the (002) forbidden peak of the Si substrate (Fig. 4.11).

From the comparison of the position of the measured peaks and those reported in the powder diffraction files, we identified the phases present in each sample and the weakest ∆S value is in sample C, for which the cubic 1:13 phase is richer in Si (x=2.9). A comparison of our values and those reported in literature for bulk material is shown in Fig. 4.17. The image shows the maximum entropy change for a field range of 0-5 T, for the plot of our data we used the maximum -∆S extrapolated from Fig. 4.16 and the Si content estimated from the T C values. In the same graph we plot the ∆S values estimated considering the entire film volume and the data corrected considering the volume fraction of 1:13 phases estimated using the expected M S value for pure cubic 1:13 phase. The plot shown was used to verify that our data where in line with the values reported in literature for bulk alloys, and to verify if the Si content in the cubic 1:13 phase estimate was consistent. Both sets of our results, corrected and not, follow the trend reported for bulk alloys, therefore we conclude that the phase measurements suggest that the reduction of the magnetization is due to the dilution of the 1:13 cubic phase, indeed in Film n°1 the 1:13 cubic phase co-exists with the non magnetic 1:1:1 phase and La 2 O 3 , but for Film n°2 we observed also the non magnetic 1:2:2 phase. In Film n°3 sample D has a magnetization comparable with Film n°1, and in agreement we do not observe the 1:2:2 phase in the XRD pattern.

Major differences in the magnetic signal are observed in the A and C regions.

Comparing Film n°1 and n°2 we notice that sample A has lost completely the 1:13 cubic phase in Film n°2, the main phases identified in the x-ray measurements are the 1:13 tetragonal phase and 1:2:2 phase. Since the tetragonal phase has a magnetization up to 3.5 times lower than the cubic phase, and the 1:2:2 phase is non magnetic, we can understand why the magnetic signal is so low in A of Film n°2. Moreover, the SEM cross-section images showed that interdiffusion occurred in this sample. Concerning sample C, the 1:13 cubic phase is still preserved in Film n°2, αFe was not observed in the XRD pattern, the high temperature magnetic signal (above the Curie temperature of the 1:13 cubic phase) is reduced. In addition in Film n°1 magnetization of C is higher and we assume that is due to a decrease of Si content in the 1:13 cubic phase. Indeed if we look at the phases identified by x-ray we can assume that part of the Si in the material is used to form the 1:13 cubic phase and part to form the 1:1:1 phase.

In Film n°3 neither A nor C samples exhibit the 1:13 cubic phase. Moreover because we observed interdiffusion for the two samples, the M(T) curves reported in Fig. 4.22 are characterized by a large error on the volume estimation. We notice that for Film n°3 the cubic La(Fe, Si) 13 phase could be stabilized only in sample D, which is the thickest (0.6 µm) sample measured from this film. This observation suggests that, as indicated in the previous study [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF], the thickness is one parameter that may limit the stability of the 1:13 cubic phase. However, thanks to sample D of Film n°3 we could show that minimum thickness can be reduced below 1 µm, while previously 2 µm was the lower limit [START_REF] Dung | Fabrication of magnetocaloric La(Fe,Si) 13 thick films[END_REF]).

counter-intuitive because we should expect that by cooling slowly the material is exposed for a longer time to higher temperatures favouring possible diffusion events.

It is not clear why we observe this difference, but we can speculate that the cooling rate affects the nucleation mechanism. Hou et al. demonstrated that there is a competition between the formation of La(Fe, Si) 13 phase and αFe in melt spun ribbons and that the cooling after annealing is an important parameter to consider. We can hypothesize that fast cooling does not favour the 1:13 phase and therefore the iron present in the film diffuses into the substrate. On the contrary, the slow cooling promotes the 1:13 phase therefore diffusion is limited to the regions where the content of Fe is high (like region B). These considerations do not explain why the diffusion is observed also for sample C in the thin film n°3.

Characterization of the 1:13 cubic phase

In the following part we will consider only the samples that present the 1:13 cubic phase for a more detailed characterization of the magnetic (T C , M S and -∆S) and structural (lattice parameters) properties. The results we are going to discuss are reported in Table 4.7. Note that in this section we will use the following notation A ′ , C ′ , D ′ are the samples taken from Film n°1, C ′′ and D ′′ from Film n°2 and D ′′′ is from Film n°3.

The T C was estimated using the Arrott plot derived from the set of isothermal measurements (Appendix B). Comparing the results obtained for Film n°1 and Film n°2 (Table 4.7), we can see that the T C values of Film n°2 are shifted by about -5 K for C ′′ and about + 37 K for D ′′ . For D ′′′ the is T C estimated to be about 286 K, which is higher than any T C values reported in literature for bulk alloys (259 K) [START_REF] Niitsu | Microstructure and magnetic properties of as-quenched cubic and tetragonal La(Fe1-xSix)13 compounds[END_REF].

At first we can hypothesize that the change of the T C is only attributed to the content of Si in the phase. This is a first approximation in which we neglect any strain effect, which could also affect the atomic distance and therefore the Curie temperature.

Under this strong assumption, we can extrapolate the content of Si, x, in the LaFe 13-x Si x by comparing the T C values estimated using the Arrott plot and those reported in the literature for bulk alloys as shown in Fig. 4.26. The estimated values of x are shown in we wanted to transfer. Visual inspection of fully cured structures with mixed feature geometry and width (such as the sample shown in Fig. 5.10) indicated that a shorter soft-curing of 30 min is better suited to structures of width <100 µm, meaning the powder appears homogeneously distributed in the binder, while the longer time of 60 min is better suited to larger structures.

Following the removal of the glass coverslip, a layer of PDMS was poured on the sample before making the final bake. After 3 h at 70°C in the oven, the samples were completely cured, and they could easily be peeled out from the Si mold.

In the following part, we will discuss the characterization of the micromagnets, and we will consider the array of micro-pillars fabricated using the Si mold of square features of 300×300 µm 2 and 300 µm depth.

Sample characterization

In order to verify that the micro-magnet transfer was successful, the peeled samples were examinated in a optical microscope. Fig. 5.12 shows optical images of the Sm-Fe-N/PDMS peeled from the Si substrate. From the top view image of Fig. 5.12 (a) we see the arrangement of the arrays and the in-plane dimension, (300×300 µm 2 ).

From the side view image of Fig. 5.12 (b), we see that due to the geometry of the mold the structures are tapered. Indeed, the Si was etched 300 µm in depth, and the width of the etched holes tapered down from 300 µm at the surface of the mold to roughly 200 µm at the base of the trenches. As we have already seen the inclination of the sidewalls can be controlled during the DRIE process, but this geometry facilitates peeling the micro-magnets out from the mold.

In order to investigate the distribution of the powder in the micro-magnets, we used SEM to look at the micro-magnets cross-section. It should be noted that it is not straightforward to get a clean cross-section of the micro-magnets since they are flexible. Therefore we tried different techniques in order to obtain a sharp cut of the structures, like freezing the samples prior to cutting / slicing, or fixing the structures in a rigid matrix. As an example, in Fig. 5.13 we show an image acquired on a Sm-Fe-N/PDMS anisotropic bonded magnets. The sample was first fixed by impregnation in the magnetic mixture and then the micro-structures were transferred to a PDMS base.

We could fabricate micro-magnets (30 vol.% of powder) with a thickness of 300 µm, and in plane dimension of 20 to 400 µm. We showed that both Sr-ferrite and Sm-Fe-N powder can be aligned using a bulk magnet with a stray field of 650 mT on its surface.

We characterized the stray field profile produced by an array of Sm-Fe-N micro-pillars of base width 300 µm and height 300 µm using a micro-Hall probe. The measurement were in reasonable agreement with simulated stray field profiles. The maximum stray field generated by anisotropic Sm-Fe-N micro-magnets was comparable with the one measured above topographically patterned Nd-Fe-B micro-magnets (at similar height from the surface of the top magnet). This suggested that also these magnets could be integrated in the TMG prototype, if the thermal conductivity of the structure be improved, for example mixing the binder with metallic particles or coating the structures with a metallic film.

In the last part of the chapter we discuss a first test on the actuation of the micromagnets. The homogeneous magnetic field produced by a three-axis electromagnet was used to move Sr-ferrite and Sm-Fe-N-based pillars in a controlled fashion. The field induced in-plane displacement (µm/mT) of the Sm-Fe-N-based pillars was more than three times greater than that of the Sr-ferrite-based ones, reaching 13 µm at the maximum applied field value of 100 mT. The movement of microstructures under applied magnetic field in a controlled fashion open new opportunities for microactuators and life sciences, where the micro-magnets could be used in bio-devices or for the mechanical stimulation of biological cells [START_REF] Dempsey | Magnetism and Biology[END_REF].

Tuning the 𝑇 𝐶 of Gd-X films

The choice of active material in magneto-caloric or energy harvesting devices depends on the targeted operating temperature. As we have demonstrated that (freestanding) Gd-films can be fabricated and integrated into prototypes, there is an interest in exploring the possibility to modify the Curie temperature of Gd-based films through element substitution, to expand their temperature range of operation. In particular, it could be interesting to use the combinatorial approach to produce compositionally graded Gd-X films, to study how the magnetic (T C , T SR , M S , ∆S) and mechanical properties vary with the extent of substitution.

La-Fe-Si films

Mechanical integrity

The La(Fe,Si) 13 films fabricated in the framework of this thesis are obviously not suitable for integration into devices, because of film cracking and peeling. Indeed, it is not at all sure whether free standing films could be produced for the targeted application, and if free standing or substrate mounted films would survive thermal cycling through the ferromagnetic-paramagnetic transition. Nevertheless, we showed that film fracture could be reduced by modifying the cooling rate and reducing the film thickness. It would thus be interesting to study further how to reduce and eventually eliminate stress, fracture and peeling of La(Fe,Si) 13 films as well as interdiffusion with the substrate.

Further analysis of La(Fe,Si) 13 films

Though not suitable for integration, the cubic La(Fe,Si) 13 films fabricated in the framework of this thesis proved to have interesting magnetic properties, in particular, showing a higher T C than the values reported for bulk samples. In the short term we plan to carry out chemically resolved TEM analysis to measure the Si content of the sample with the high T C value. This will help us to separate the influence of Si content and substrate mediated strain in these films. This work will be pursued in the framework of a collaboration with Karl Sandeman (CUNY, New York). The fabrication of compositionally graded films allowed us to study the influence of composition and processing parameters on the formation and magnetic characteristics of cubic La(Fe,Si) [START_REF] Mcewen | Chapter 6 Magnetic and transport properties of the rare earths[END_REF] . While the fabrication process used was high-throughput in nature, the magnetic and crystallographic characterization techniques (SQUID-VSM and XRD of individual samples) used were not. Our group has recently demonstrated the use of high throughput magnetic and crystallographic characterization of compositionally graded Fe-Pt, using an in-house developed scanning MOKE system and a Rikagu XRD system fitted with a scanning 100 mm substrate holder -see Fig. 6.2 [START_REF] Hong | A High Throughput Study of both Compositionally Graded and Homogeneous Fe-Pt Thin Films[END_REF].

High throughput characterization of compositionally graded films

A variable temperature scanning MOKE is presently being developed, which should allow high throughput characterization of T C variations in compositionally graded films. Note that mechanical integrity and a smooth film surface will be essential for such studies. Reduction of film thickness to the order of a few 10s or 100s of nm may facilitate these needs. The establishment of high throughput characterization in combination with high throughput fabrication would open the route to efficiently study the influence of elemental substitution (e.g. Co, Ni, Al. . . .) instead of or in addition to Si substitution.

Magnetically anisotropic flexible bonded magnets

On the short term, we would like to use X-ray tomography to characterize the spatial distribution of the hard magnetic particles within the polymer matrix of the micro-magnets, as a function of their volume fraction and the intensity of the magnetic field applied to orient them. Beyond this, it would be interesting to explore the use of pulsed magnetic fields for particle alignment. The approach could be adapted to produce rigid micro-magnets by changing the type of polymer used, and in this case the use of flexible moulds could facilitate micro-magnet removal. Thanks to the magnetically anisotropic nature of the flexible bonded magnets development in this thesis, they can be actuated with a homogeneous magnetic field, and they are already of interest for mechanical stimulation of cells in mechanobiology studies [START_REF] Keller | Batch fabrication of 50 lm thick anisotropic Nd-Fe-B micromagnets[END_REF]. Indeed, the micro-magnet arrays were designed and dimensioned based on detailed discussions with Caterina Tomba (INL, Lyon), who works in the field of mechanobiology. Beyond this, flexible or rigid polymer bonded magnets could be used in a range of other micro-devices (motors, generators, actuators, sensors. . . ) which require magnets of size between what can be produced by high rate sputtering (now up to 50 µm in thickness) and machining of commercial bulk magnets (250 µm [160]). Depending on the application, the ability to tune the mechanical properties of polymer bonded micro-magnets may offer an advantage over sintered magnets. 

Appendix A

La-Fe-Si XRD data