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Titre : Skyrmions magnétiques dans des multicouches : contrôle de leur nucléation et déplacement induits par courant électrique Mots clés :

Dans le but de les intégrer dans des technologies futures, leur dynamique induite par courant électrique a aussi été étudiée avec l'optimisation des couples de spin afin d'améliorer leur mobilité. Cette étude a conduit à des systèmes dans lesquels les skyrmions sont plus rapides que les parois de domaine, ce qui est intéressant dans le but d'explorer comment ces deux objets interagissent l'un avec l'autre. Ce résultat est notamment attribué à la présence d'un fort couple field-like. Enfin, la question de leur fiabilité est abordée avec l'observation de leur déplacement sur plusieurs dizaines de micromètres et avec une discussion sur l'utilisation des mécanismes de répulsions skyrmion-skyrmion et skyrmion-paroi (de domaines) pour améliorer leur dynamique. Le déplacement des skyrmions le long de domaines magnétiques ouvre notamment de nouvelles possibilités concernant le contrôle de leur trajectoire et pourrait conduire à de nouvelles perspectives concernant les dispositifs visant à utiliser les skyrmions pour faire des portes logiques.

Title: Magnetic skyrmions in multilayers: control of their current induced nucleation and motion Keywords: Magnetism, Spintronic, Skyrmion, Current induced dynamics, Multilayers Abstract: Magnetic skyrmions are localized spin textures which stabilize thanks to the Dzyaloshinskii-Moriya interaction. This chiral interaction promotes a twisting of the magnetization, which grants skyrmions interesting properties. For example, they behave as particles and are topologically different from the uniform magnetization state. Since their first observations in 2011, skyrmions have been extensively studied because of their promise for future applications e.g. racetrack memory, neuromorphic computer, etc.

This thesis is focused on Néel skyrmions, a peculiar type of skyrmions, which can be stabilized in various magnetic multilayers. Starting from the investigation of the different magnetic interactions present in such systems, it has been possible to define critical thicknesses which governs the formation of chiral textures and to propose optimized stacking to investigate experimentally their nucleation in thin films. This analysis is followed by their current induced formation in patterned devices, an important milestone for the potential applications mentioned before. As an example, through the insertion of notches at the edges of devices, a deterministic control of the nucleation events is achieved. The case of antiferromagnetic skyrmions, which are basically two skyrmions with opposite polarity coupled together, is also addressed through an engineering of the different materials thicknesses leading to their stabilization in multilayers with varying anisotropies along the vertical axis.

With the goal to implement them in actual technologies, their current induced dynamics have been investigated through an optimization of the spin orbit torques, to enhance the skyrmion's mobility, for example through the use of Pt (below the magnetic layer) and Ta (above the magnetic layer). This study also leads to systems in which skyrmions are faster than domain walls, which is interesting to explore how both textures interact one with the other. This result is attributed to the presence of an unexpected Rashba mechanism at the Co|Al interface, which increases the field like component of the torque and slows down the domain walls. Finally, the question of their reliability is discussed with observations of their motion on tens of micrometres distances and with a presentation of the use of skyrmion-skyrmion and skyrmiondomains repulsions to improve their dynamics. This last result, the motion of skyrmions along magnetic domains, opens new possibilities concerning the control of their trajectory and could lead to new prospects for skyrmion logic devices.
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Résumé étendu

Les skyrmions magnétiques sont des textures de spin qui se stabilisent grâce à l'interaction Dzyaloshinskii-Moriya. Cette interaction chirale favorise un enroulement particulier de l'aimantation et confère aux skyrmions des propriétés intéressantes. Ils se comportent par exemple comme des particules et possèdent une topologie différente de l'état d'aimantation uniforme. Depuis leurs premières observations dans l'espace réel en 2011, les skyrmions ont fait l'objet d'investigations approfondies en raison notamment de leur potentiel pour des applications futures, telles que la "racetrack memory", et sont l'objet d'étude de cette thèse.

La topologie des skyrmions est fixée par la charge topologique N Sk qui vaut ±1 (dans le cas particulier des skyrmions) et qui est définie par :

N Sk = 1 4π ⃗ m • ∂ ⃗ m ∂x × ∂ ⃗ m ∂y dxdy = P V
où ⃗ m représente l'orientation de l'aimantation, P la polarité du skyrmion (P = +1 lorsque l'aimantation au centre est selon +⃗ z, -1 dans le cas inverse) et V sa vorticité (V = 1 pour les skyrmions).

Les skyrmions englobent donc une grande variété de textures magnétiques qui se distinguent entre elles par la direction que prend l'aimantation lors de son enroulement (entre leur centre et le milieu uniforme qui les entoure). Dans le cas où l'enroulement se fait selon le vecteur radial du skyrmion, on parle de "skyrmions Néel", dans le cas contraire où l'enroulement se fait de façon tangente, on parle de "skyrmions Bloch". Un second critère défini le sens de rotation de l'aimantation, et fixe alors la chiralité du skyrmion. Par exemple, pour des skyrmions Néel, dans le cas d'un enroulement dans le sens horaire de l'aimantation, le skyrmions est dit "clockwise", et dans le cas d'un enroulement dans le sens anti-horaire, il est dit "counter-clockwise". Dans nos systèmes, cette chiralité est fixée par l'interaction Dzyaloshinskii-Moriya qui requiert deux ingrédients : un fort couplage spin-orbite et une brisure de la symétrie d'inversion.

Initialement, les skyrmions ont été observés dans les B20, une classe de matériaux pour laquelle la structure cristalline brise la symétrie d'inversion. L'interaction Dzyaloshinskii-Moriya favorise alors un enroulement cycloïdal et donc des skyrmions Bloch * . Néanmoins, ces systèmes ne peuvent pas être facilement modulés.

À l'inverse, les multicouches (qui sont des empilements successifs de matériaux ayant une épaisseur typique de quelques nanomètres) présentent une grande accordabilité et l'inversion de symétrie y est naturellement brisée par la présence d'interfaces (entre les différentes couches). L'interaction Dzyaloshinskii-Moriya favorise alors la stabilisation de skyrmions Néel. Ces systèmes, qui sont fortement modelables en jouant par exemple * Quelques exceptions comme GaV 4 S 8 présentent des skyrmions Néel iii sur les épaisseurs, permettent alors de contrôler l'amplitude des différentes interactions régissant la formation des skyrmions et démontrent une augmentation de la stabilité thermique des skyrmions avec, par exemple, les premières observations de skyrmions à température ambiante en 2016.

À la suite des observations statiques, beaucoup d'efforts ont été portés sur la nucléation et le déplacement des skyrmions au travers de courants électriques. En effet, l'application d'un courant permet via l'effet Hall de spins, entre autres, de générer un courant de spin transverse au courant de charges, ce qui conduit à une accumulation des spins aux interfaces qui diffusent ensuite dans un matériau magnétique adjacent. Ce mécanisme induit un couple sur l'aimantation et entraine sa dynamique (et donc le déplacement des skyrmions).

Dans le but d'utiliser les skyrmions dans des dispositifs, trois points sont d'importance particulière. Le contrôle précis de leur nucléation et de leur déplacement, deux thématiques abordées dans ce manuscrit, mais aussi le besoin de les détecter. Cette détection peut être faite par le biais de techniques d'imagerie, par microscopie à effet Kerr ou microscopie à force magnétique, mais aussi par diverses mesures électriques. En effet, le fait que l'orientation de l'aimantation d'un skyrmion diffère du cas d'aimantation uniforme permet, entre autres, par mesure de l'effet Hall anormale, de détecter leur présence. Le courant de charge nécessaire à la mesure électrique est alors appliqué dans le plan du matériau magnétique. Il est aussi possible d'utiliser des jonctions tunnels magnétiques dans lesquelles l'aimantation dans le coeur du skyrmion est inversée par rapport à l'aimantation dans la couche de référence de la jonction, ce qui induit une variation de la résistance.

Dans ce cas, le courant est appliqué perpendiculairement au skyrmion.

Dans le but de travailler à température ambiante, cette thèse se concentre sur l'étude des skyrmions Néel stabilisés dans des multicouches magnétiques. Ces multicouches sont déposées par la technique de pulvérisation cathodique. Une méthode de croissance permettant un contrôle fin des épaisseurs et déjà utilisée dans le cadre industriel. À la suite de leur déposition, la qualité de nos systèmes a été analysée notamment par XPS, sonde atomique ou par microscopie électronique en transmission. Les mesures ont démontré des interfaces nettes entre les couches ainsi que peu de phénomènes de mélange entre les différents matériaux. Deux propriétés importantes pour l'étude des skyrmions que ce soit pour des mesures statiques, mais aussi, et surtout, de dynamique.

Le très bon contrôle des épaisseurs qui est possible par la pulvérisation cathodique (de l'ordre de 0.1 nm) nous a permis de déterminer des épaisseurs critiques régissant la formation des skyrmions. Leur stabilisation dépend en effet de l'équilibre entre les différentes interactions magnétiques, à savoir : l'interaction d'échange (quantifiée par la constante d'échange A), l'interaction Dzyaloshinskii-Moriya (quantifiée par D), l'anisotropie uniaxiale (reliée au paramètre K eff ), les interactions dipolaires (reliées à M s ) et l'interaction Zeeman (qui dépend de l'amplitude du champ magnétique extérieur). Chacune de ces interactions évoluant avec l'épaisseur des matériaux, tant celle du matériau magnétique que celles des matériaux à ses interfaces, nous avons quantifié la variation des différentes constantes en fonction de t X (où X représente le matériau ciblé par notre étude).

Dans le détail, la constante A, mesurée par la technique de BLS, augmente avec l'épaisseur du ferromagnétique, mais diminue avec l'insertion d'un faible nombre d'atomes de Ru (déposés au-dessus d'une couche de Co) avant de se rétablir à une valeur seuil. A ne variant ainsi plus au-dessus de cette épaisseur critique. Ce iv résultat souligne aussi la présence d'une épaisseur critique pour la couche magnétique en dessous de laquelle

A n'est pas mesurable (ainsi que M s ) et qui se trouve être de 0.2 nm. Concernant l'anisotropie perpendiculaire, qui dans nos systèmes nait de l'interface entre le Co et le Pt et qui dépend notamment de la texturation de ce dernier, elle diminue avec l'épaisseur de la couche magnétique et change de signe au-delà d'une épaisseur nommée "l'épaisseur de réorientation des spins". Finalement, concernant le paramètre D (et plus précisément l'évolution de D s = D × t FM ), il diminue avec l'épaisseur de Pt dans la multicouche symétrique Pt|Co|Pt t Pt , résultat attendu au vu de la symétrie de l'interaction Dzyaloshinskii-Moriya. Dans le but d'avoir une interaction chirale suffisamment importante pour stabiliser des skyrmions, il a été nécessaire d'utiliser des matériaux différents aux deux interfaces du Co. Ainsi, la valeur de D s a été quantifiée par des mesures de vitesses de parois de domaines en présence d'un champ magnétique transverse dans différentes tricouches Pt|Co|X. Une corrélation entre D s et la différence entre le travail de sortie du matériau choisit (avec celui du Co) a été observée.

D s évoluant alors linéairement avec ∆Φ, démontrant une nouvelle fois l'origine interfaciale de cette interaction dans nos systèmes.

Au regard de ces résultats, il a été possible de déposer des multicouches ayant des caractéristiques adaptées à l'observation des skyrmions. Nous avons par exemple stabilisé des skyrmions isolés, en présence d'un champ magnétique extérieur, dans des tricouches de type Pt|Co|Ru. Néanmoins, en l'absence de ce champ extérieur, l'état magnétique comporte systématiquement des domaines (séparés pas des parois de domaine).

Pour dépasser cette limitation, nous avons créé des systèmes dans lesquels sont insérés des couches de biais qui, au travers d'un couplage électronique, miment un champ extérieur. En faisant ensuite varier l'épaisseur d'une couche de Pt déposée entre les couches de biais et la multicouche skyrmionique, il est possible de stabiliser des réseaux de skyrmions à zéro champ.

Ensuite, dans le but d'envisager l'utilisation des skyrmions dans des technologies futures, nous nous sommes intéressés au cas de multicouches lithographiées (par une méthode de projection) et plus précisément au cas des pistes de plusieurs micromètres de longueur. Après application d'un champ magnétique perpendiculaire important pour attendre un état de saturation, l'état à rémanence ne présente pas de domaine magnétique, mais uniquement une aimantation uniforme. Cette première observation souligne la différence dans les mécanismes de nucléation entre des couches minces et des dispositifs lithographiés. Pour engendrer la nucléation nous avons dû appliquer des impulsions électriques qui, par effet Joule, permettent la formation des skyrmions. La nucléation, principalement présente sur un des bords des pistes à cause d'une forte contribution du champ d'Oersted, ne semble pas être dominée par des sites localisés. Dans le but d'avoir un contrôle sur ce phénomène nous avons inséré des piliers (par FEBID) sous notre multicouche. Leur présence abaisse la densité de courant seuil nécessaire à la nucléation des skyrmions et permet de les nucléer dans le centre de nos pistes. Une seconde approche, consistant à insérer des encoches aux bords pour augmenter localement les effets de chauffe, nous a aussi permis de localiser la nucléation. En jouant sur la valeur de la densité de courant de nos impulsions électriques et sur leur durée nous avons réussi à trouver des conditions pour lesquelles la nucléation d'un skyrmion unique (par impulsion électrique unique) est possible. Ce résultat démontre ainsi la possibilité de contrôler très précisément le nombre de skyrmions présents dans un dispositif.

v La stabilisation des skyrmions antiferromagnétiques a aussi été étudiée dans des antiferromagnétiques synthétiques. Dans ces systèmes le couplage électronique Ruderman-Kittel-Kasuya-Yoshida stabilise des orientations opposées de l'aimantation dans des couches magnétiques adjacentes (séparées par une couche de Ru d'épaisseur 0.75 nm). La conséquence sur les skyrmions est la stabilisation de skyrmions de polarité opposée dans chacune des couches, mais néanmoins de même chiralité. La première approche a consistée à ajouter des couches de biais sous un système qui stabilise des spirales de spins à rémanence. Cela nous a permis d'observer des skyrmions antiferromagnétiques dans des systèmes à base de CoFeB ayant un grand nombre de répétitions, dépassant ainsi la limite de deux répétitions qui avait été observée pour les systèmes à base de Co. Cette augmentation du nombre de répétitions permet à la fois d'augmenter la stabilité thermique des skyrmions mais aussi de les observer à pression ambiante par MFM.

Une deuxième approche a été motivée par le fait que les couches de biais, qui sont composées d'une alternance de couches de Co et de Pt, empêchent la dynamique des skyrmions antiferromagnétique (des phénomènes de nucléation ayant lieu dans les couches de biais avant le déplacement des skyrmions dans le synthétique antiferromagnétique déposé sur le dessus). Cette approche a consisté en une ingénierie fine des épaisseurs pour travailler avec des systèmes avec une anisotropie proche de celle requise pour les spirales de spins, mais néanmoins légèrement supérieure. Les systèmes ainsi choisis présentent des organisations intéressantes de l'aimantation. Nous avons par exemple observé des skyrmions avec des polarités opposées dans la même image MFM (que l'on comprend par des effets de confinement selon l'axe vertical) ainsi qu'une variation du diamètre du skyrmion en fonction de sa position dans la multicouche. Finalement, en utilisant les effets du confinement sur les spirales de spins, nous avons réussi à stabiliser des skyrmions dans des plots d'environ 500 nm de diamètre en l'absence de couches de biais dans des systèmes pour lesquels ces couches étaient précédemment nécessaires.

À la suite de ces observations statiques nous nous sommes concentrés sur le déplacement des skyrmions par couples spin-orbite. Afin de maximiser les vitesses atteignables par ces objets nous avons commencé par optimiser l'amplitude de ce couple et notamment sa composante "damping-like" (qui est responsable du déplacement des skyrmions). À l'aide de mesures de secondes harmoniques, qui permettent de quantifier les champs effectifs de ce couple, nous avons extrait des épaisseurs optimales concernant la tricouche Pt|Co|Al.

Dans le détail, le couple est maximale pour une épaisseur de Pt de 3 nm, de Co de 1.2 nm et d'Al de 3 nm. Dans un deuxième temps, nous avons ajouté une couche de Ta (qui présente un θ SHE opposé au Pt) au-dessus de la couche magnétique pour avoir une injection par les deux interfaces.

Ces deux optimisations se traduisent par une augmentation de la mobilité des skyrmions (∂v/∂J ) par un facteur 4, accompagnée d'une réduction du courant seuil de dépiégeage par un facteur 2. L'angle de Hall des skyrmions a aussi été mesuré pour différents systèmes. Celui-ci augmente avec J avant un plateau (à haute densité de courant) et atteint une valeur maximale de 45°. Cet angle peut ensuite être relié au coefficient d'amortissement α, estimé à 0.05 et proche de la valeur attendue pour ce genre de multicouche.

Les mesures de secondes harmoniques ont aussi démontré la présence d'un fort couple "field-like", conséquence de mécanismes Rashba ayant lieux à l'interface entre le Co et l'Al. Cette composante du couple spinvi orbite a pour effet la déformation des skyrmions lors de leur déplacement (phénomène de "stripe-out") mais ne modifie ni leur vitesse ni leur angle de Hall. À l'inverse, les parois de domaines sont fortement impactées par cette composante du couple et nous avons notamment identifié un système dans lequel la mobilité des skyrmions est nettement supérieure à celle des parois. Pour contrebalancer ce ralentissement nous avons réalisé des mesures de déplacement de parois, induites par courant électrique, en présence d'un champ magnétique dans le plan (et transverse au courant). Ce champ a pour effet de réduire (ou d'amplifier, en fonction de sa direction) le champ effectif de type "field-like". L'hypothèse est que l'aimantation dans la paroi s'incline, ce qui réduit la vitesse de propagation.

La dernière partie de cette thèse s'est attardée sur l'observation et la quantification des phénomènes de répulsions pouvant agir sur les skyrmions. Tout d'abord, une répulsion par les bords de pistes a été observée et permet le déplacement des skyrmions sur plusieurs dizaines de micromètres. Cette répulsion s'accompagne par une accélération des skyrmions par un facteur 1.5 . Néanmoins, cette force est dépassée pour des vitesses de skyrmions trop importantes (> 7 m.s -1 ). Cette valeur limite nous a permis d'estimer la force de répulsion qui s'avère être de 0.4 pN. Nous avons aussi observé divers phénomènes de répulsions entre les skyrmions euxmêmes. Ceux-ci peuvent par exemple entrainer des changements de trajectoires ou permettre de dépasser les effets de piégeage. En combinant ces observations avec des calculs COMSOL nous sommes remontés à une force de répulsion d'environ 0.02 pN. Finalement, la répulsion entre les skyrmions et les domaines magnétiques a aussi été observée et rend possible le contrôle de la trajectoire des skyrmions, ces derniers se déplaçant le long des parois de domaines. La force a été estimée à 0.3 pN, soit le même ordre de grandeur que la répulsion par les bords.

Cette thèse démontre donc le potentiel des skyrmions magnétiques dans des multicouches et permet d'entrevoir un futur proche dans lesquels les skyrmions seraient utilisés dans des technologies de pointes.

En effet, les avancées démontrées sur :

• le contrôle des interactions magnétiques en jouant sur les épaisseurs des matériaux,

• le contrôle local des effets de nucléation par l'insertion de piliers ou d'encoches sur les bords,

• l'augmentation des mobilités et la réduction des courants seuil de dépiégeage grâce à l'optimisation des couples spin orbites,

• l'utilisation des effets de répulsions pour déplacer les skyrmions sur de grandes distances et de façon guidée par l'utilisation de domaines magnétiques, permettent aujourd'hui d'envisager des dispositifs concrets.

Ce manuscrit s'accompagne aussi de divers annexes présentant une analyse des effets de recuit sur nos multicouches, une présentation de l'utilisation de piliers (déposés par FEBID) pour diriger des domaines magnétiques et induire une transition vers l'état de skyrmions, une présentation des codes Pythons utilisés pour suivre automatiquement le déplacement des skyrmions, des images complémentaires de MFM sous vide obtenues sur des synthétiques antiferromagnétiques, des mesures complémentaires de microscopie électronique en transmission ainsi qu'une étude sur l'organisation des skyrmions lorsqu'ils atteignent la sortie d'une piste lithographiée.
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Introduction: overview of the magnetic skyrmions

Magnetic skyrmions are magnetic textures made of a specific organization of the magnetic moments which arises from a chiral interaction present in particular systems. They have been named after Tony Skyrme, because they are the bidimensional versions of the three-dimensional skyrmions he proposed in his mathematical treatment to describe the atomic nucleus [1]. Therefore, they were initially dubbed "baby skyrmions", but are now better known as "magnetic skyrmions". Skyrmions are two-dimensional solitons which stabilize in wider uniform media of aligned magnetization.

Skyrmions are non collinear magnetic textures for which the topological charge N Sk = ±1 [3][4][5]:

N Sk = 1 4π ⃗ m • ∂ ⃗ m ∂x × ∂ ⃗ m ∂y dxdy (1.1) 
They must have an azimuthal symmetry, which allows the above equation to be rewritten in classical spherical coordinates (see angle definition in Fig. 1.1c):

N Sk = 1 4π ∞ r=0 2π φ=0 dθ dr sin(θ) dΨ(φ) dφ drdφ (1.2)
Both equations can be written as N Sk = P V with P the polarity of the skyrmion and V its vorticity number with:

P = [-cosθ (r)] r=∞ r=0 2 = m z (0) -m z (∞) 2 (1.3) V = [Ψ(φ)] φ=2π φ=0 2π (1.4)
For skyrmions, by definition V = 1, and P takes either the value 1 or -1, depending on the orientation of the magnetization in the core of the skyrmion (P = 1 for the core magnetization oriented along +⃗ z). The second parameter that differs between the different types of skyrmions is ϕ (see Fig. In the literature, a variety of objects is covered by the name "magnetic skyrmion", from the widest definition based on the topological nature of the object, requiring only N Sk = ±1 (whatever the geometry) to the narrower definition making the skyrmion a soliton [6]. In my Ph.D., we have focused our interest on skyrmions in magnetic multilayers, not strictly two-dimensional, for which the dipolar energy can play a significant role. The "simple" soliton solution is hence not valid anymore. Anyway, in an actual experiment performed at room temperature, it is impossible with today's technologies to discriminate mathematic models that predict only slightly different magnetization profile. As a practical definition, our skyrmion must have the following properties:

• N Sk = ±1 in most layers,

• a round structure,

• not be stabilized by dipolar interaction only (have dE/dr| r→0 < 0),

• have a fixed chirality in most layers due to the Dzyaloshinskii-Moriya interaction.

The skyrmions considered in my Ph.D. have dimensions on the order of hundred of nanometres or below, compared to chiral bubbles which have diameters typically in the range of a few hundred of nanometres up to micrometres [7]. They might be referred to as "skyrmionics bubbles" or "skyrmion-bubbles hybrids" [6] but, for convenience, they will be named "skyrmions" in this manuscript.

Skyrmions have a given chirality, which is given by the Dzyaloshinskii-Moriya interaction (DMI) [8,[START_REF] Dzyaloshinsky | A thermodynamic theory of "weak" ferromagnetism of antiferromagnetics[END_REF], an antisymmetric exchange interaction. The DMI favours twisting of the magnetic moments around particular vectors, and is one of the important parameters giving the skyrmions their chirality as well as their stability.

Two ingredients are necessary to get a substantial DMI interaction: a broken inversion symmetry and spinorbit coupling [8,[START_REF] Dzyaloshinsky | A thermodynamic theory of "weak" ferromagnetism of antiferromagnetics[END_REF].

The skyrmions were initially found experimentally in B20 materials, a class of material with a crystalline structure breaking the inversion symmetry, e.g. MnSi [START_REF] Mühlbauer | Skyrmion lattice in a chiral magnet[END_REF], FeGe [START_REF] Yu | Real-space observation of a two-dimensional skyrmion crystal[END_REF], FeCoSi [START_REF] Park | Observation of the magnetic flux and three-dimensional structure of skyrmion lattices by electron holography[END_REF]. In these materials, the stabilized skyrmions are called "Bloch skyrmions" because their bulk DMI favours cycloidal twisting of the magnetization (Fig. 1.1a). Note that some crystalline structures allows the stabilization of Néel type skyrmions, e.g.

GaV 4 S 8 [START_REF] Kezsmarki | Neel-type skyrmion lattice with confined orientation in the polar magnetic semiconductor GaV4S8[END_REF]. In all these systems, some specificities of the crystalline structure hence fix the chirality of the They correspond respectively to CW Néel (a1,b3), CCW Néel (a3,b1), CW Bloch (a4,b2) and CCW Bloch (a2,b4).

Adapted from [START_REF] Zhang | Skyrmionelectronics: Writing, deleting, reading and processing magnetic skyrmions toward spintronic applications[END_REF].

object. An alternative to crystalline systems to get some substantial DM interaction is the use of thin films and multilayers, which are arrangements of thin layers of different materials, typically with thicknesses in the range of 0.5 to 10 nm. Due to the stacking of different materials, the inversion symmetry is broken at the interfaces and gives rise to DMI of interfacial origin. This interfacial interaction, by symmetry, favours a cycloidal rotation of the magnetization, and might stabilize "Néel skyrmions" as displayed in Fig. 1.1b. Note that the demonstration of a transition from Bloch to Néel skyrmion in a fixed system has been recently demonstrated through the application of an electrical gate voltage [START_REF] Fillion | Gate-controlled skyrmion and domain wall chirality[END_REF][START_REF] Kumar | Control of skyrmion chirality in Ta / FeCoB / TaO x trilayers by TaO x oxidation and FeCoB thickness[END_REF] which overcomes the necessity to modify the material sequence of the sample to change the chirality.

In the scope of this Ph.D., Néel skyrmions, with most often a CCW chirality (based on the position of the Co layers on top of Pt), have been investigated, and that is why we briefly describe hereafter some of the remarkable results from the literature on this topic. Note that the results that are presented do not present an exhaustive list (more than 1000 publications with the word "skyrmion" in 2022!).

The first observation of Néel skyrmions has been achieved in 2011 by Heinze et al. (Fig. 1.3a, [START_REF] Heinze | Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions[END_REF]) by spinpolarized scanning tunnelling microscopy (SP-STM) at 11 K on a monolayer of Fe grown on Ir. Under those conditions, skyrmions stabilize in a "skyrmion lattice", which is a periodic organization of the skyrmions. In 2013, Romming et al. [START_REF] Romming | Writing and Deleting Single Magnetic Skyrmions[END_REF] demonstrated the stabilization of isolated skyrmions in PdFe bilayer, also grown epitaxially on top of Ir [START_REF] Pham | Very large domain wall velocities in Pt/Co/GdOx and Pt/Co/Gd trilayers with Dzyaloshinskii-Moriya interaction[END_REF], with the use of SP-STM tips to create the nucleation events and investigated in 2015 the effect of a perpendicular external magnetic field on the skyrmions (Fig. 1.3b, [START_REF] Romming | Field-dependent size and shape of single magnetic Skyrmions[END_REF]). At this point, the observations were still performed at low temperature and under a relatively large applied field. To enhance this thermal stability, Moreau-Luchaire et al. [START_REF] Moreau-Luchaire | Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at room temperature[END_REF] have proposed in 2016 the use of multilayers with an increased number of repetitions and demonstrated the observation of isolated skyrmions by scanning transmission X-ray microscopy (STXM) at room temperature (Fig. 1.3c, [START_REF] Moreau-Luchaire | Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at room temperature[END_REF]). Such observations at room temperature have opened new possibilities for defining conceptual devices including skyrmions. This approach was developed in parallel by several other teams, notably the ones of Beach and Kläui [START_REF] Woo | Observation of roomtemperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF] and Panagopoulos [START_REF] Soumyanarayanan | Tunable room-temperature magnetic skyrmions in Ir/Fe/Co/Pt multilayers[END_REF]. At the very same time, A. Hoffmann in Argonne, USA [START_REF] Jiang | Blowing magnetic skyrmion bubbles[END_REF] and O. Boulle in Grenoble [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF] managed to stabilize skyrmions at room temperature in single magnetic layer system, respectively under a very small applied field (less than 0.5 mT) or even zero field thanks to the confinement in a disk.

The room temperature stabilization of skyrmions being achieved, their current induced nucleation and motion have been largely investigated both for fundamental interests, in particular to understand how their topological nature influences their dynamics, and also to consider possible applications for future technologies.

One of the flagship concept of devices is the skyrmion racetrack memory, inspired by the domain-wall based one, which requires a precise control of their nucleation and annihilation as well as of their displacement over large distances and their detection by electrical means [START_REF] Fert | Skyrmions on the track[END_REF].

In 2015, Jiang et al. [START_REF] Jiang | Blowing magnetic skyrmion bubbles[END_REF] first demonstrated by Kerr microscopy (MOKE) the current induced nucleation of bubble skyrmions due to the divergence of the current in a constricted geometry (Fig. 1.4a, [START_REF] Jiang | Blowing magnetic skyrmion bubbles[END_REF]). As for their dynamics, the use of spin-orbit torques provided by Pt and Ta layers (two heavy materials in which a large chargespin conversion occurs through spin Hall effect), have permitted in 2016 to Woo et al. [START_REF] Woo | Observation of roomtemperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF] to obtain the first experimental observation of skyrmions displacement in Pt|Co|Ta and Pt|CoFeB|MgO multilayers (Fig. 1.4b, [START_REF] Woo | Observation of roomtemperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF]), hence demonstrating the skyrmions potential for high velocities at relatively low current density (50 m s -1 at 3.5 x 10 11 A m -2 ). Other physical effects related to the skyrmion topology have then been studied, for example the skyrmion Hall effect, a mechanism which results in the skyrmion deflection along a direction different than the one of the applied force (Fig. 1.4c, [START_REF] Jiang | Direct observation of the skyrmion Hall effect[END_REF]).

This current induced control of the nucleation and dynamics are two main achievements towards the use of skyrmions in real applications. However, in all the studies that have been described so far, the detection of skyrmions is based on imaging techniques. Obviously, with the perspectives to develop skyrmion devices, the necessity of detecting skyrmions by electrical means, without performing an image, has then emerged and given rise to their electrical detection which relies on the use of current, applied either perpendicular or in the plane of the skyrmions, to detect a change in the resistivity induced by the properties of skyrmions.

One of the first electrical detection of skyrmions has been performed by Hanneken et al. [START_REF] Hanneken | Electrical detection of magnetic skyrmions by tunnelling non-collinear magnetoresistance[END_REF]. A STM tip is approached from an isolated skyrmion and a current is tunnelling between the apex of the tip and the sample (in a high vacuum chamber). The magnetic moments being non-collinear in a skyrmions compared to the case of a uniform magnetic domain, it gives rise to local changes of the resistance through tunnelling spin-mixing magnetoresistance (TXMR) [START_REF] Crum | Perpendicular reading of single confined magnetic skyrmions[END_REF] and permits to detect their position (Fig. 1.5a, [START_REF] Hanneken | Electrical detection of magnetic skyrmions by tunnelling non-collinear magnetoresistance[END_REF]). In this approach, the current is applied perpendicular to the film stacking.

A second approach has been proposed, with the application of the current in the plane of the films containing the skyrmions. In 2018, Maccariello et al. [START_REF] Maccariello | Electrical detection of single magnetic skyrmions in metallic multilayers at room temperature[END_REF] have demonstrated the electrical detection of a single skyrmion at room temperature due to a change of the transverse resistivity in a Hall bar device (Fig. 1.5b, [START_REF] Maccariello | Electrical detection of single magnetic skyrmions in metallic multilayers at room temperature[END_REF]).

Indeed, the sign change of m z associated to the magnetization in the core of the skyrmions, with respect to the magnetization in the uniform background magnetization, creates a change in the Hall resistivity via a change of the anomalous Hall effect (which is proportional to m z ).

More recently, Guang et al. [START_REF] Guang | Electrical detection of magnetic skyrmions in a magnetic tunnel junction[END_REF] have proposed the use of magnetic tunnel junction (MTJ) to detect the skyrmions. MTJs are composed of a reference layer, with a fixed magnetization, and of a free layer in which the magnetization evolves. The resistivity of the MTJ, taken perpendicular to the device, is then lower if the magnetization of the free layer is aligned with the one of the reference layer, and is higher otherwise. They have measured that the presence of skyrmions in the free layer can be detected with a change of the resistance in the order of 50 Ω per skyrmion (Fig. 1.5c, [START_REF] Guang | Electrical detection of magnetic skyrmions in a magnetic tunnel junction[END_REF]). Possibly, this geometry can be combined with tracks in which the skyrmions are moving and the presence of MTJs above might not alter their dynamics.

In this context, skyrmions have been chosen for different applications-oriented perspectives, which are presented hereafter. Indeed, their property to behave like solitons with nanometre sizes makes them good candidates for example being the support of information in racetrack shift register memories. Introduced for Extracted from [START_REF] Guang | Electrical detection of magnetic skyrmions in a magnetic tunnel junction[END_REF].

domain walls by Parkin et al. [START_REF] Parkin | Magnetic Domain-Wall Racetrack Memory[END_REF] and extended to skyrmions by Fert et al. [START_REF] Fert | Skyrmions on the track[END_REF], the presence (or absence) of a skyrmion is encoding a bit of information either by a 1 (or a 0) (Fig. 1.6a, [START_REF] Monchesky | Skyrmions: Detection with unpolarized currents[END_REF]). The proposed conceptual device is composed at least of a writing area, at which the skyrmions are nucleated, and of a track, along which the skyrmions are moved (thanks to the application of an electrical current and the related spin-orbit torques).

They are moved towards a reading area which permits to extract the previously encoded information. Others advantages of skyrmions is that their lifetime is long enough for long term storage (above 10 years according to theoretical calculations [START_REF] Bessarab | Lifetime of racetrack skyrmions[END_REF]). In this case, and compared to actual hard disk drive technologies, there is no mechanical motion, allowing for less energy consumption, more resilience against vibrations, and harsh environment in general. It could also enhance actual hard disk capabilities because skyrmions can be stabilized on dimensions down to a few nanometres [START_REF] Heinze | Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions[END_REF][START_REF] Caretta | Fast currentdriven domain walls and small skyrmions in a compensated ferrimagnet[END_REF] and racetracks can fully use the third dimension, increasing even more the possible storage [START_REF] Gu | Three-dimensional racetrack memory devices designed from freestanding magnetic heterostructures[END_REF].

Another type of conceptual devices concerns the field of skyrmion logic, in which the idea is to use for example the repulsion and merging of skyrmions to perform logic gates [START_REF] Zhang | Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory[END_REF][START_REF] Sisodia | Programmable skyrmion logic gates based on skyrmion tunneling[END_REF]. Gates can then be put one after the others in order to make skyrmion based calculations. Numerical demonstrations have been recently performed [START_REF] Zhang | Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory[END_REF][START_REF] Sisodia | Programmable skyrmion logic gates based on skyrmion tunneling[END_REF], but no experimental results exist yet, the repulsion and merging being phenomena difficult to observe. As an example, the logic device presented by Sisodia et al. [START_REF] Sisodia | Programmable skyrmion logic gates based on skyrmion tunneling[END_REF] is described. They propose to use [START_REF] Monchesky | Skyrmions: Detection with unpolarized currents[END_REF]. The skyrmions, which encode the information, are moved toward the reading area thanks to the application of an electrical current. (b) Example of a skyrmion demultiplexer adapted from [START_REF] Sisodia | Programmable skyrmion logic gates based on skyrmion tunneling[END_REF]. The repulsion between two skyrmions allows selecting the output channel that will be taken by the moving skyrmion. (c) Example of a reshuffler skyrmion based device adapted from [START_REF] Zázvorka | Thermal skyrmion diffusion used in a reshuffler device[END_REF]. Based on the Brownian motion of skyrmions, it produces an output signal, uncorrelated with the input signal, but with the same p value. The two plots in the bottom represent the input and output signals.

skyrmions to create a demultiplexer. A demultiplexer is a logic gate which purpose is to connect a unique input to different outputs depending on a parameter, in this case the parameter is the presence (or absence) of a skyrmion (Fig. 1.6b, [START_REF] Sisodia | Programmable skyrmion logic gates based on skyrmion tunneling[END_REF]). The skyrmions are initially moved along a track designed, for example, by Helium To go beyond numerical simulations, Zázvorka et al. [START_REF] Zázvorka | Thermal skyrmion diffusion used in a reshuffler device[END_REF] demonstrated the use of skyrmion Brownian motion [START_REF] Nozaki | Brownian motion of skyrmion bubbles and its control by voltage applications[END_REF] to create a reshuffler device, a concept initially proposed by Pinna et al. [START_REF] Pinna | Skyrmion Gas Manipulation for Probabilistic Computing[END_REF]. The goal of a reshuffler is to create an output signal, uncorrelated to the input signal, but keeping the same information represented by its p value. This is useful to perform mathematical operations such as doubling the value. Here, the input is a signal oscillating between 0 and 1 and the p value represents the ratio of time when the signal is equal to 1 over the time when it is equal to 0.

The device is composed of two channels (Fig. 1.6c, [START_REF] Zázvorka | Thermal skyrmion diffusion used in a reshuffler device[END_REF]). Each of them is made of an input track, followed by the reshuffling chamber, followed by the output track. As a first step, skyrmions are moved within the chamber by electrical currents. The input signal is encoded and varies depending on the time of arrival of the different skyrmions within the chambers. When a skyrmion enters the chamber from the top (bottom) device, the signal input becomes equal to 1 (0). Then, the current is removed and the skyrmions move spontaneously, Introduction: Overview of the magnetic skyrmions through Brownian motion, within their respective chamber. At some point, they will enter the output track.

When a skyrmion exits the chamber from the top (bottom) device, the output signal becomes equal to 1 (0).

This experiment evidenced that the input and output signals are not correlated while keeping the same p value (∆ p = 0.01±0.08).

Finally, and without making an extensive review, I would like to mention that the systems in which magnetic skyrmions are stable are much vaster than what has been presented here. The previous list mainly focusing on skyrmions in ferromagnetic structures. Observation of antiferromagnetic skyrmions, which are the combination of skyrmions with opposite polarity, have been demonstrated in synthetic antiferromagnets (stabilization: [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF][START_REF] Chen | Realization of isolated and high-density skyrmions at room temperature in uncompensated synthetic antiferromagnets[END_REF], nucleation: [START_REF] Juge | Skyrmions in synthetic antiferromagnets and their nucleation via electrical current and ultra-fast laser illumination[END_REF][START_REF] Chen | Controllable Generation of Antiferromagnetic Skyrmions in Synthetic Antiferromagnets with Thermal Effect[END_REF][START_REF] Berges | Magnetic skyrmions in GdCo ferrimagnetic thin-films[END_REF], motion [START_REF] Chen | Controllable Generation of Antiferromagnetic Skyrmions in Synthetic Antiferromagnets with Thermal Effect[END_REF], detection: [START_REF] Maccariello | Electrical Signature of Noncollinear Magnetic Textures in Synthetic Antiferromagnets[END_REF]) and in ferrimagnets (stabilization: [START_REF] Caretta | Fast currentdriven domain walls and small skyrmions in a compensated ferrimagnet[END_REF], nucleation: [START_REF] Woo | Current-driven dynamics and inhibition of the skyrmion Hall effect of ferrimagnetic skyrmions in GdFeCo films[END_REF], motion: [START_REF] Woo | Current-driven dynamics and inhibition of the skyrmion Hall effect of ferrimagnetic skyrmions in GdFeCo films[END_REF][START_REF] Berges | Size-dependent mobility of skyrmions beyond pinning in ferrimagnetic GdCo thin films[END_REF]) which both constitute novel systems with great interest.

As I tried to underline, the topic of skyrmions is really vast and have stimulated a lot of research since the last decades. With all the advances in their stabilization, nucleation, motion, and detection, it is now possible to consider new types of skyrmion-based devices and to hope for their implementation in real technologies in a not so far future. It is with this goal in mind that my Ph.D. thesis has been performed.

In Chap. 2, I summarize the main knowledge which is needed to understand the stabilization of skyrmions in multilayers. I also describe the equations of dynamics which govern the behaviour of a skyrmion submitted to spin-orbit torques and underline the possibility to use the repulsion of skyrmions, with other magnetic objects and at the edges of devices, to control their motion.

In Chap. 3, I describe the growth of the samples, by magnetron sputtering, and explain the engineering of multilayers (choice of the materials, of the thicknesses, etc), that has been performed to tune the contribution of each magnetic interaction. This chapter combines structural analysis, to investigate for example the quality of the interfaces between the different materials, and measurements of the different magnetic parameters to extract critical thicknesses which rule the stabilization of the skyrmions. It is used as a basis for all the following chapters.

After discussing "theoretically" their stabilization, imaging of skyrmions are presented in Chap. 4 to understand their formation in the presence of an external field applied perpendicular to the multilayer. It is an easy control lever to modify for example their size or their density. This study performed on non-patterned samples is followed by an analysis on the current induced nucleation. Indeed, the question of the nucleation in patterned devices is addressed, for which we demonstrate a thermally activated phenomenon. This thermal behaviour, which could appear as a limitation, is used as an advantage to present geometries allowing a deterministic nucleation of the skyrmions, with the possibility to nucleate a single skyrmion on demands, and with a protocol relying only on a "simple" lithography process that could easily be implemented in possible more advanced devices.

In Chap. 5, I describe some experimental results obtained on synthetic antiferromagnets (SAF). A control on the materials' thicknesses is developed to stabilize antiferromagnetic skyrmions in multilayers with large number of repetitions, to increase the thermal stability, relying on the use of a bias layer. In order to investigate the dynamics of AF skyrmions, two approaches have been developed to avoid the use of a bias layer in the SAF Introduction: Overview of the magnetic skyrmions systems. The first one has been to tune the anisotropies in CoFeB based SAFs to reach magnetic states showing a large density of skyrmions without any biasing, while the second has been to use nanodisks to turn a spin spiral into a skyrmion.

After having described the current induced deterministic skyrmion nucleation in Chap. 4, the following step towards applications is the motion of the skyrmions. I have focused on the current induced motion through spin-orbit torques. To this aim, I have first performed an optimization of the spin-orbit torques, by comparing their amplitudes in various multilayers for example with the insertion of Ta layers. Those results are presented in Chap. 6 with a systematic comparison of the skyrmion mobility. I also demonstrate in this chapter the presence of an unexpected field like torque at the Co|Al interface that is attributed to the presence of a Rashba like mechanism for charge-spin conversion at the interfaces.

The Rahsba-like torque gives rise to a very large field-like torque contribution, which has been found not to impact the motion of skyrmions. However, on the contrary, we have found that this field-like torque strongly reduces the motion of domain walls by inducing a tilt of the magnetization in the wall. To counterbalance this effect, we have found that a field in the plane of the film and transverse to the current must be applied.

Velocities of the domain walls varying by more than two orders of magnitude are found as a function of the amplitude of this transverse field, as demonstrated in Chap. 7.

In Chap. 8, I describe in details some of the main results of my Ph.D. showing some current induced motion of isolated skyrmions over very large distances. I first show that the repulsion of skyrmions by devices' edges and their related acceleration is observed. The repulsion between skyrmions has been quantified and permits to displace skyrmions out of pinning centres, which enhances even more their reliability for actual technologies.

Finally, the motion of skyrmions along magnetic domains is presented, which could constitutes a new and smart way to control their actual trajectory.

I then summarize the main achievements of my work and propose a few perspectives of my Ph.D., before finally mentioning a few topics, that are not detailed in this manuscript, which I consider interesting for anyone aiming to work with skyrmions.

Chapter 2

Skyrmions in metallic multilayers: review of interactions, stabilization and dynamics

In this chapter, we aim to present a part of the theoretical background that is necessary to understand the results that are presented in the following chapters. In the first section ( §2.1), we describe the micromagnetic approach and the different magnetic interactions which permit the stabilization of skyrmions in actual multilayers. Their fine-tuning, to achieve a control of the magnetic moments' organization, is the topic of Chap. 

Magnetic interactions in magnetic multilayer systems

The physical description that is used in the scope of this Ph.D. to describe the magnetic interactions is based on a continuous model of the magnetization in space. We consider the local orientation of the magnetic moments that is fixed in absolute value (to M s ) and we work with a vector field ⃗ m(x, y, z) = ⃗ M (x,y,z) Ms , ⃗ M being the local magnetization. Despite the fact that the magnetic moments are carried by atoms and that an atomistic model might appear as more suited, the fact that the exchange interaction (which is described hereafter in more details) leads to substantial magnetization changes on a typical length of ≈ 10 nm, much larger than the interatomic distance, supports this continuous approximation. Technically, the continuous model allows analytical functions to be derived (energy densities of domain walls for instance), and larger systems can be modelized numerically (for a given amount of memory). These approximations, which constitute the micromagnetic approach, have proved to be very efficient at describing magnetic materials, as we will show it through the Ph.D. Moreover, we consider that effective "micromagnetic parameters" (also describe hereafter), such as the exchange stiffness and the anisotropy, can sometimes well describe complex crystalline structure.

The thickness of the magnetic materials used during this Ph.D., which is typically below 2 nm, permits to consider that ⃗ m is not varying along ⃗ z and thus can be described only as a function of (x, y). In the specific case of multilayers in which magnetic layers are repeated along ⃗ z, we also define ⃗ m i (x, y) which represents the magnetization in the magnetic layer i. Note that it does not imply that those functions are identical, but they might be strongly correlated because the different layers interact together through dipolar exchange or direct interactions.

In our systems, the magnetization experiences different interactions which enable the stabilization of a wide variety of textures, such as the skyrmions. Among the disparity of interactions, some favour a local alignment or anti-alignment of the moments, others a tilting of the magnetization and some are favouring peculiar directions of the magnetization. In addition, all the magnetic moments interact together through dipolar coupling, which add complexity to the system. Finally, they are sensitive to their external environment (for example, the presence of an external magnetic field) which permits us to interact with them. For the stabilization of magnetic skyrmions, they all have to be considered, and that is why they are discussed in the following.

Exchange interactions

In ferromagnets (FM), such as Co or CoFeB, the Heisenberg exchange interaction favours an alignment of the moments for neighbouring atoms. Its major consequence is the formation of magnetic domains in which the magnetization is uniform and aligned along the same direction in a wide area. In the previously described micromagnetic model, its associated energy density is defined as:

ϵ Aex = A (∇ ⃗ m) 2 = A i=x,y,z ∂m i ∂x 2 + ∂m i ∂y 2 (2.1)
in which A is the exchange stiffness magnetic parameter.

A typically ranges between 5 and 30 pJ m -1 in our films [START_REF] Liu | Exchange stiffness, magnetization, and spin waves in cubic and hexagonal phases of cobalt[END_REF] and depends on the environment of the atoms [START_REF] Böttcher | Quantifying symmetric exchange in ultrathin ferromagnetic films with chirality[END_REF] as well as their thicknesses [START_REF] Legrand | Spatial extent of the Dzyaloshinskii-Moriya interaction at metallic interfaces[END_REF]. Indeed, it is found to increase with the FM layer thickness t FM in the very thin film limit. The effective exchange of a thin layer might be reduced by the fact that atoms at boundaries have less magnetic neighbours than in bulk. The effective length of this interaction is defined as l Aex = 2A µ0M 2 s with µ 0 the vacuum permeability and is typically ≈ 10 nm for 3d FM layers.

Another type of exchange interaction, namely the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, is provided by conduction electrons [START_REF] Parkin | Systematic variation of the strength and oscillation period of indirect magnetic exchange coupling through the 3d, 4d, and 5d transition metals[END_REF][START_REF] Ruderman | Indirect exchange coupling of nuclear magnetic moments by conduction electrons[END_REF][START_REF] Bruno | Ruderman-Kittel theory of oscillatory interlayer exchange coupling[END_REF]. Compared to the Heisenberg exchange which occurs for neighbouring atoms, the RKKY interaction, in the context of this Ph.D., can favour either a ferromagnetic or an antiferromagnetic coupling between neighbouring layers, depending on the thickness of the material in between the magnetic materials. The associated energy density is:

ϵ RKKY = J RKKY ( ⃗ m 1 • ⃗ m 2 ) (2.2)
with ⃗ m 1 and ⃗ m 2 the magnetization in two adjacent magnetic layers. For positive values of J RKKY , an antiferromagnetic coupling is favoured, while for negative values a ferromagnetic coupling is preferred . 

Dzyaloshinskii-Moriya interaction

The Dzyaloshinskii-Moriya interaction (DMI) [8,[START_REF] Dzyaloshinsky | A thermodynamic theory of "weak" ferromagnetism of antiferromagnetics[END_REF] arises in systems in which inversion symmetry is broken and spin-orbit interaction is present. This interaction is found in non-centrosymmetric crystals or at the interfaces between materials with large spin-orbit coupling (SOC), for example heavy metals (HM). It favours twisted magnetization and, combined with the symmetric exchange, results in the smooth rotation of the magnetic moments with typical distances related to A/D, D being the magnetic parameter which quantify the strength of the DMI. In the case of interfacial DMI, which is of interest in our multilayers, the symmetry is broken perpendicularly to the interfaces and the associated energy density is:

ϵ D = -D (m z div ⃗ m -⃗ m • ∇m z ) = -D i=x,y m z ∂m i ∂i -m i ∂m z ∂i (2.
3)

The sign of D fixes the chirality of the cycloidal rotation of the magnetization. Note that the sign convention of the contribution differs from articles to articles [START_REF] Bogdanov | Thermodynamically stable magnetic vortex states in magnetic crystals[END_REF][START_REF] Heide | Dzyaloshinskii-Moriya interaction accounting for the orientation of magnetic domains in ultrathin films: Fe/W(110)[END_REF][START_REF] Fert | Magnetic skyrmions: Advances in physics and potential applications[END_REF]. Using the definition of Eq. The magnetic anisotropy refers to the presence of a preferential axis along which the alignment of the magnetization is energetically favoured. A disparity of magnetic anisotropies exist which are a consequence of different mechanisms. Among them, we can cite the presence of sharp interfaces, of strain acting on the materials, the presence of chemical bonds or the hybridization of the orbitals of neighbouring atoms. A review on the different anisotropies can be found in [START_REF] Johnson | Magnetic anisotropy in metallic multilayers[END_REF]. They can favour either an easy-axis perpendicular anisotropy (PMA) or an easy-plane anisotropy. The associated energy density is usually defined by:

ϵ K = -K u m 2 z (2.4)
with K u the magnetic anisotropy parameter. A positive value of K u gives rise to PMA while a negative value fixes an easy-plane anisotropy. This uniaxial anisotropy K u can be decomposed in two major contributions:

K u = K u,s t FM + K v (2.5)
with K u,s a surface term which includes the contribution of both interfaces and K v a volume term. Note that for the material used in this Ph.D., K v is negligible with respect to K u,s /t FM for t FM ∼ 1 nm.

However, in addition to this interfacial contribution, the dipolar interaction, which is described hereafter, tends to reduce this anisotropy. Indeed, in the case of uniformly magnetized thin films, the dipolar interaction takes the simple form µ 0 M 2 s /2 , which results in an effective out-of-plane anisotropy given by:

K eff = K u - µ 0 M 2 s 2 (2.6)
For the total effective anisotropy energy, Eq. 2.4 becomes ϵ K = -K eff m 2 z , K u being substituted by K eff .

Note that we have neglected here magneto-crystalline anisotropies that might induce easy axes of magnetization non-colinear with the normal of the film.

Dipolar interaction

Compared to the interactions described previously, the dipolar interaction is a long-range interaction which results from the contribution of all the magnetic moments. To precisely consider this interaction, it is needed to consider the interaction of all the magnetic dipoles interacting with all the others. In some specific cases it can be performed analytically, otherwise it is usually estimated computationally (with a need for high computational resources). In the framework of our physical model, the dipolar interactions are considered by the use of the demagnetizing field ⃗ H Demag which act on the magnetization. It depends on ⃗ m i (x, y), and varies continuously until a minimal energy configuration is found. The associated energy density is:

ϵ Demag = - µ 0 M s 2 ⃗ H Demag • ⃗ m (2.7)
The effect of this dipolar interaction in magnetic systems is the formation of domain walls (DWs) [START_REF] Kittel | Theory of the structure of ferromagnetic domains in films and small particles[END_REF]. In FM with large PMA, uniform domains with opposite magnetization (either along +⃗ z or -⃗ z), which are favoured by the uniaxial anisotropy, are separated by DWs in which the magnetization is continuously rotating to connect and close the domains. The typical length on which this closure is happening is defined by the DW width ∆ = A K , with K usually between K eff (∆ ≫ t FM ) and K u (∆ ∼ t FM ).

Zeeman interaction

Finally, the Zeeman interaction defines the response of the magnetization due to the application of an external field ⃗ H ext . This interaction permits a partial control of the magnetic textures through the application of an external parameter that can be tune in amplitude, rotated, etc. The associated energy density is:

ϵ Zeeman = -µ 0 M s ⃗ H ext • ⃗ m (2.8)
It favours the alignment of the magnetic moments with this field and, in the case of large enough ⃗ H ext , stabilizes a uniform configuration in which ⃗ m(x, y) is aligned along it.

A fine balance for skyrmions stabilization

In the case of magnetic skyrmions, the energy associated to the different interactions are found to have almost similar amplitudes (Fig. 2.2a, extracted from [7]). To address this point, micromagnetic simulations have been performed by William Legrand, former Ph.D. in our group in Mumax3 [START_REF] Vansteenkiste | The design and verification of MuMax3[END_REF] with parameters typical for this kind of system: A = 5 pJ m -1 , D = 1.35 mJ m -2 , M s = 1000 kA m -1 and K u = 800 kJ m -3 [START_REF] William | Crafting magnetic skyrmions at room temperature : size, stability and dynamics in multilayers[END_REF]. Five magnetic layers have been considered with thicknesses equal to 1 nm and separated by 2 nm of non-magnetic materials.

The energy associated to each of the contributions is evaluated as a function of the skyrmion radius for two different external fields, 37.5 mT and 50 mT. A minimum of energy is found at a specific radius, namely r Sk , which defines the size of the stable skyrmions (Fig. 2.2b) [START_REF] Legrand | Hybrid chiral domain walls and skyrmions in magnetic multilayers[END_REF]. The difference in energy between this radius and the one associated to smaller values defines E b , the energy barrier. For skyrmion with a core magnetization m z = -1, this barrier is found to decrease for increasing µ 0 H z with, at the same time, a reduction of the skyrmion size [START_REF] Bessarab | Lifetime of racetrack skyrmions[END_REF].

An important point that deserves to be discuss is the trend of E(r Sk ). Indeed, a decrease of E is observed for radius smaller than r Sk which gives a negative value of ∂E ∂r , even close to r = 0. Contrary to magnetic bubbles for which ∂E ∂r is positive (Fig. 2.2c, [START_REF] Malozemoff | Magnetic domain walls in bubble materials[END_REF]). We consider this precise point to discriminate skyrmions from magnetic bubbles. Indeed, after being compressed by an external constraint such as an external magnetic field, skyrmions are expected to return to their equilibrium size when releasing the external constraint, while bubbles are expected to collapse if their radius falls below r c , their critical radius. For this reason, the radius of skyrmions can be reduced to smaller diameters compared to classical bubbles. Note also that compared to skyrmions, magnetic bubbles have an arbitrary topology and thus their current-induced dynamics is different The image is extracted from [7]. (b) Total energy as a function of the skyrmion radius for µ 0 H z = 50 mT and 37.5 mT. The energy barrier E B is defined as the difference between the minimum energy and the energy at r Sk = 0. Adapted from [START_REF] William | Crafting magnetic skyrmions at room temperature : size, stability and dynamics in multilayers[END_REF]. (c) Evolution of the bubble energy as a function of its radius for different external fields. Adapted from [START_REF] Malozemoff | Magnetic domain walls in bubble materials[END_REF]. compared to the one of skyrmions. This characteristic permits to easily distinguish both textures.

Skyrmion dynamics with spin-orbit torques

The manipulation of magnetic textures is possible through several ways. It relies on the modification of the angular momentum, which result from a torque acting on the magnetization. For example, the use of an external field ⃗ H can engender the dynamics of the spins and is described by the LLG (Landau-Lifshitz-Gilbert) equation:

∂ ⃗ m ∂t = -γµ 0 ⃗ m × ⃗ H + α ⃗ m × ∂ ⃗ m ∂t (2.9)
with γ the electron gyromagnetic ratio and α the Gilbert damping parameter. This equation is the sum of a field term -γµ 0 ⃗ m × ⃗ H which induces the precession of the magnetization around the external field ⃗ H, and a damping term α ⃗ m × ∂ ⃗ m ∂t , which corresponds to the magnetization relaxing to a state aligned with the external field. The application of a uniform external field, as we quickly sketched in the previous paragraph, is changing the shape of the skyrmion, but is not efficient to move them in a particular direction. However, it was demonstrated that field gradients induce dynamics of skyrmions [START_REF] Wang | Manipulating and trapping skyrmions by magnetic field gradients[END_REF][START_REF] Casiraghi | Individual skyrmion manipulation by local magnetic field gradients[END_REF][START_REF] Corte-León | Heads-on skyrmion collisions[END_REF], but it is not the mechanism that is the most used in the spintronics community because it requires large field gradients that are not conveniently produced (here by a MFM tip).

The dynamic of magnetic textures is also possible with the use of spin polarized currents. In the case of skyrmions formed by the presence of interfacial DMI, the use of spin-orbit torque (SOT) has found greater interest due to the possibility to generate a torque with higher amplitude than in conventional spin transfer torques (STT), and thus faster motions through the democratized use of Pt in skyrmionic multilayers.

Contrary to STT, SOT relies on the conversion of charge currents to spin currents in an adjacent nonmagnetic (NM) layer [START_REF] Brataas | Spin-orbit torques in action[END_REF][START_REF] Gambardella | Current-induced spin-orbit torques[END_REF]. Indeed, in presence of spin-orbit coupling (SOC), often also used to provide DMI, 2.2: Skyrmion dynamics with spin-orbit torque a charge current applied through a NM produces a transverse spin current. This phenomenon is known as the spin Hall effect (SHE) and is schematized in Fig. 2.3b [START_REF] Manchon | Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic systems[END_REF][START_REF] Sinova | Spin Hall effects[END_REF][START_REF] Hirsch | Spin Hall Effect[END_REF]. This spin current creates a spin accumulation at the interfaces of the NM material. Those spins can diffuse into an adjacent magnetic layer and their relaxation induces a torque on the magnetization, which triggers dynamics. A similar mechanism is the Rashba-Edelstein effect (REE), in which the SOT is the consequence of the presence of an electric field at the interface [START_REF] Manchon | Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic systems[END_REF][START_REF] Sinova | Spin Hall effects[END_REF][START_REF] Manchon | New perspectives for Rashba spin-orbit coupling[END_REF][START_REF] Sánchez | Spin-to-charge conversion using Rashba coupling at the interface between non-magnetic materials[END_REF]. This electric field, usually present at the interface between a magnetic material and an oxide layer [START_REF] Miron | Fast current-induced domain-wall motion controlled by the Rashba effect[END_REF], splits the spin bands in k, which results in an accumulation of spins when a current flows along the interface (Fig. 2.3a). As for SHE, the spins relax and a dynamic of the magnetization is observed. Both mechanisms can contribute conjointly to the SOT. These torques can be decomposed into two contributions, namely the damping like (DL) torque and the field like (FL) torque, which are represented in Fig. 2.3 by the large arrows. Their effect on the magnetization is described by the formula:

∂ ⃗ m ∂t = τ FL (⃗ σ × ⃗ m) + τ DL ⃗ m × (⃗ σ × ⃗ m) (2.10)
with ⃗ σ the polarization of the generated spin current and with τ FL and τ DL coefficients representing the efficiency of both contributions. In the case of the materials involved in this Ph.D., the SHE mechanism is considered to be predominant for the skyrmion motion and that is why we described it in more details hereafter.

In a NM, the amplitude of the generated spin currents is determined by θ SHE , which represents the efficiency of the charge to spin current conversion of a material. It results in:

⃗ J s = - h 2e θ SHE ⃗ J c × ⃗ σ (2.11)
with ⃗ J c the current flowing in the NM and ⃗ J s the produced spin current. However, due to the presence of the NM|FM interface, a part of ⃗ J s is reflected or dissipated, and the net effect on the magnetization is reduced [START_REF] Zhang | Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory[END_REF][START_REF] Rojas-Sánchez | Spin pumping and inverse spin hall effect in platinum: The essential role of spinmemory loss at metallic interfaces[END_REF]. For this reason, the use of θ eff is preferred to quantify the magnitude of the injected ⃗ J s . θ eff considers those mechanisms and its sign also reflect the direction of the injected spins. The direction of the spin current is reversed in the case of a NM|FM interface compare to an FM|NM interface, therefore the produced torque is also reversed. Considering that only the DL component acts on the magnetization, the LLG equation presented in Eq. 2.9 can then be completed as:

∂ ⃗ m ∂t = -γµ 0 ⃗ m × ⃗ H + α ⃗ m × ∂ ⃗ m ∂t -γ J c µ 0 M s t FM h 2e θ eff ⃗ m × ∂ ⃗ m ∂t (2.
12)

The case of the FL torque is neglected because its effect on a rigid skyrmions is cancelled for geometrical reason.

To offer a simpler description of the dynamics of skyrmions we detail hereafter the Thiele's equations [START_REF] Berges | Magnetic skyrmions in GdCo ferrimagnetic thin-films[END_REF][START_REF] Berges | Size-dependent mobility of skyrmions beyond pinning in ferrimagnetic GdCo thin films[END_REF][START_REF] Thiele | Steady-state motion of magnetic domains[END_REF]. They rely on the property of skyrmions to be rigid and to not deform during their motion, and are equivalent to the LLG equation presented previously. Under this hypothesis, which is a strong hypothesis because experimentally the skyrmions are found to deform during their displacement, the equation of motion of a skyrmion is described by:

⃗ G × ⃗ v -α [D] ⃗ v + ⃗ F = ⃗ 0 (2.13) in which ⃗ G = 4π Mst FM γ ⃗ z is the gyrovector, [D]
is a tensor representing the dissipation and ⃗ F is the force acting on the skyrmion. In the case of a skyrmion, which by nature present cylindrical symmetries, the tensor [D] is diagonal and D x,x = D y,y = D. For a Néel skyrmion dynamic driven by SOT, the total force is ⃗

F = -h 2e θ eff ⃗ Jf
where f represents the chirality of the texture ⃗ m 0 (⃗ r) and is defined as:

f = m 0,x ∂m 0,z ∂x -m 0,z ∂m 0,x ∂x d 2 r (2.14)
We also define n and d (which are needed to determine the solution of Eq.2.13), dimensionless constants, which represents respectively the topology of the texture and the length-scale on which the magnetization rotates and are defined as:

n = ∂ ⃗ m 0 ∂x × ∂ ⃗ m 0 ∂y . ⃗ m 0 d 2 r (2.15) d = ∂ ⃗ m 0 ∂x 2 d 2 r (2.16)
For convenience, in the rest of the chapter, we assume that the current density flows purely along ⃗ x. Due to the presence of the gyrovector, which is non-zero, the motion of the skyrmion is not straight but is deflected.

It results in a motion along ⃗ x and ⃗ y. This is the skyrmion Hall effect. In the case of a Néel skyrmion moving in an infinite plane, the solution of Eq. 2.13 gives:

v Sk = v 0 1 + ρ 2 , ρ = v y v x (2.17) with v 0 = F αD = - h 2e θ eff J 1 αD f (2.18) ρ = G αD = 1 α n d (2.19)

2.2: Skyrmion repulsions

With this formalism, the skyrmion has a velocity v Sk and is subject to a deflection angle θ Sk = arctan(ρ). From those equations, different behaviour can already be mentioned considering the dynamics of the skyrmions. Indeed, for a given polarity of the skyrmions, the only coefficient which changes sign among {d, f, n} when inverting the chirality is f . This change of sign affects v 0 which is opposite for opposite chiralities. As a consequence, if we consider that θ eff > 0, which is always the case for the (Pt below)|(Co top)-based systems that have been studied during this Ph.D., a skyrmion with a CCW chirality (which is the case for systems in which the Pt is below the Co) has a motion direction along the current direction. Note that because ρ does not change sign when changing the chirality, the skyrmion Hall effect direction is the same for CCW and CW skyrmions. However, for a fixed chirality, when inverting the polarity of the skyrmion, it is n which changes sign and thus the skyrmion Hall effect is reversed, but not the direction of motion.

Note that in this manuscript, another formalism involving

η = α D G = 1 ρ is also used. It results in v Sk = F √ 1+η 2 G
and θ Sk = arctan( 1 η ). Both formalisms are completely equivalent.

For the needs of this manuscript, we also comment the dynamics of skyrmions in a finite magnetic film. It corresponds, for example, to the motion of a skyrmion in a patterned device. Due to the skyrmion Hall effect, at some point, the skyrmion reaches the edge of the magnetic media and a repulsion force is observed coming from the edge. This repulsion force is normal to the edge and adds to the driving force provided by the SOT [START_REF] Zhang | Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory[END_REF][START_REF] Toscano | Suppression of the skyrmion Hall effect in planar nanomagnets by the magnetic properties engineering: Skyrmion transport on nanotracks with magnetic strips[END_REF][START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Martinez | Theory of current-induced skyrmion dynamics close to a boundary[END_REF]. It results in an accelerated straight motion along ⃗ x for which

v x = ρ F x G (2.20) 
This straight motion is accompanied by an acceleration of the skyrmion by a factor

1 + ρ 2 = √ 1+η 2 η
. This acceleration is due to the repulsion force, directed along ⃗ y, which is, through the presence of the gyrovector, contributing to v x . It represents a possible enhancement of the skyrmions dynamics, because meeting the edge is quasi unavoidable in a device, and because it is a phenomenon that is studied in the following chapters, the repulsion of a skyrmion by edges is detailed hereafter.

Skyrmion repulsions

The repulsion of skyrmion by the edges of devices has been investigated through theoretical and simulations studies [START_REF] Zhang | Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory[END_REF][START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Martinez | Theory of current-induced skyrmion dynamics close to a boundary[END_REF][START_REF] Lin | Particle model for skyrmions in metallic chiral magnets: Dynamics, pinning, and creep[END_REF][START_REF] Iwasaki | Current-induced skyrmion dynamics in constricted geometries[END_REF][START_REF] Brearton | Magnetic skyrmion interactions in the micromagnetic framework[END_REF]. This repulsion happens when a skyrmion is displaced, for example by STT or SOT, and reaches the limit of the hosting magnetic material. Due to a non-infinite media, the skyrmion can either annihilate (when its driving force is important) or change its trajectory and achieve a straight motion. In terms of energy, to annihilate a skyrmion at an edge, an energy barrier has to be overcome due to the confinement potential provided by the tilt of the magnetization at the edge [START_REF] Bessarab | Lifetime of racetrack skyrmions[END_REF][START_REF] Yoo | Current-driven skyrmion expulsion from magnetic nanostrips[END_REF] and that is why for small driving forces a repulsion mechanism prevents the skyrmions from annihilation. In Fig. 2.4 are presented two examples of micromagnetic simulations which underlines this behaviour for Néel skyrmions (Fig. 2.4a, [START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF]) and Bloch skyrmions (Fig. 2.4b, [START_REF] Iwasaki | Colossal spin transfer torque effect on skyrmion along the edge[END_REF]). [START_REF] Brearton | Magnetic skyrmion interactions in the micromagnetic framework[END_REF] and the result from micromagnetic simulations. It represents the evolution of the energy density associated to the repulsion of two skyrmions as a function of the distance between them. Adapted from [START_REF] Brearton | Magnetic skyrmion interactions in the micromagnetic framework[END_REF].

On top of that, it has been proven that the distance between the edge and a skyrmion (denoted as d Edge,Sk ) can reach minimal values, which depends on the strength of the driving force and the repulsion force. However, when releasing the driving force, the skyrmion is repelled further away [START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Martinez | Theory of current-induced skyrmion dynamics close to a boundary[END_REF]. This happens because the approach of a skyrmion close to an edge is not energetically favourable. Indeed, the closer the skyrmion the higher the cost in dipolar energies, other interactions being constant whatever d Edge,Sk (except for the exchange interaction which varies when d Edge,Sk ≈ r Sk ). When the force is released, the system evolves towards its minimum energy state and d Edge,Sk increases.

A closer look at the local orientation of the magnetization close to edges shows that the magnetization is slightly tilted due to the presence of a DMI field (Fig. 2.4c) [START_REF] Martinez | Theory of current-induced skyrmion dynamics close to a boundary[END_REF][START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF]). This tilting is happening on distances comparable to the DW width parameter ∆. As a consequence, the edge of a device is comparable to the presence of a DW. For this reason, the same phenomenon of repulsion is expected to happen between a skyrmion and a domain, and between a skyrmion and another skyrmion.

This skyrmion-skyrmion repulsion has been simulated by different groups and examples are presented in Fig. 2.5. In more detail, Zhang et al. [START_REF] Zhang | Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory[END_REF] have studied the evolution of the distance between two distinct
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skyrmions as a function of the initial distance in between them (Fig. 2.5a, [START_REF] Zhang | Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory[END_REF]). Below a threshold initial distance, the skyrmions repel each other and the distance which separated them increases in time. This distance saturates, which defines the length on which the repulsion is occurring. They found that this distance is comparable with the diameter of the skyrmions. In parallel, Brearton et al. [START_REF] Brearton | Magnetic skyrmion interactions in the micromagnetic framework[END_REF] have proposed an analytical model to explain this repulsion. Their model is found to be in excellent agreement with micromagnetic simulations (Fig. 2.5b, [START_REF] Brearton | Magnetic skyrmion interactions in the micromagnetic framework[END_REF]) and can be extended to the interaction of any magnetic textures. They demonstrate for example that the repulsion from edges is stronger, for a given distance, compared to the repulsion from a skyrmion.

However, it decreases faster. Their model, which is not described here because this manuscript aims to only present experimental results on the subject of skyrmion repulsion (see Chap. 8), might permit to better understand those different mechanisms of repulsions which appears crucial for further use of skyrmions in real applications.

Chapter 3

Characterization and engineering of skyrmionic metallic multilayer

Magnetic skyrmions have been first observed in B20 systems in which bulk DMI is strong enough to stabilize spin spirals at remanence and skyrmion lattices in presence of field [START_REF] Mühlbauer | Skyrmion lattice in a chiral magnet[END_REF][START_REF] Yu | Real-space observation of a two-dimensional skyrmion crystal[END_REF][START_REF] Yu | Skyrmion flow near room temperature in an ultralow current density[END_REF]. This discovery was quickly followed by the stabilization of skyrmions through interfacial DMI in thin magnetic layers [START_REF] Heinze | Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions[END_REF][START_REF] Romming | Field-dependent size and shape of single magnetic Skyrmions[END_REF] and multilayers [START_REF] Moreau-Luchaire | Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at room temperature[END_REF][START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF]. The later one achieving their stabilization at room temperature. This point is crucial for anyone aiming to study skyrmions dynamics, without the need to perform experiments at low temperatures, which is one of the goals of my Ph.D. That is why we have used metallic multilayers in our work.

The choice of the materials composing those multilayers is governed by their capacity to stabilize the desired skyrmions. For this purpose, it is important to address the question of their choice and also the question of their growth. For example, the quality of their interfaces, their roughness, or their intermixing with the other materials in the multilayer are characteristics impacting the magnetic interactions within a sample and hence determining the stabilization of skyrmions. Another crucial parameter is the thickness of the different materials.

Indeed, all the magnetic parameters that have been presented in Chap. 2 to define the magnetic interactions evolve with the thickness, which makes it an important lever to control the nature of the skyrmions.

As a consequence, in the first section ( §3.1), we present the magnetron sputtering deposition, a technique of choice for metallic multilayer, that we have used to grow all the samples, and introduce the nomenclature that is used to refer to them. Then, in §3.2, we describe structural observations performed by transmission electron microscopy (TEM), X-ray reflectivity (XRR), X-ray photoemission spectroscopy (XPS) and atomic probe to address the question of the interfaces and the intermixing. In §3.3 are described a few techniques that have been used to measure the amplitude of the magnetic parameters such as M s , A or D. Their evolution as a function of the thicknesses of the different layers has been studied to extract critical thicknesses needed to stabilize chiral textures ( §3.4). Finally, in §3.5, we present the trilayer building block which is used in all this Ph.D. to investigate the nucleation of ferromagnetic (Chap. 4) and antiferromagnetic (Chap. 5) skyrmions and to improve their dynamics (Chap. 6 to 8).

Growth of metallic multilayers by magnetron sputtering

Among the different growth techniques, sputtering is known to allow the growth of very smooth surfaces on large areas. It is a technique used industrially and is therefore relevant to develop skyrmions with an application in mind.

Sputtering deposition technique consists in bombarding with a plasma a target of the material that we want to grow. The plasma can be "reactive" or a neutral gas. In our case, to grow metallic materials, we have used Argon and magnetron gun (magnetron sputtering), which involve magnets to confine the plasma close to the target and to increase the sputtering rate. The substrate (typically a Si wafer) is placed in front of the target to maximize the deposition rate and homogeneity. Typically, with 3" targets, the deposition is uniform within 2% from the centre to the edge of 2" wafers. The atomic species reach the surface of the wafer with energies of the order of 10 4 K, high compared to molecular beam epitaxy or liquid phase epitaxy, but much smaller than typical energies for pulsed laser deposition. This high energy might affect the interface properties that we will discuss hereafter.

Using magnetron sputtering on different materials sequentially enables the growth of multilayer with smooth interfaces, with layers of a few atomic thicknesses only. Indeed, with the deposition rates for the materials that we have used, displayed in Table 3.1, we can deposit materials with precision better than the atomic layer. In this specific case of ultrathin material, we speak about dusting [START_REF] Parakkat | Copper dusting effects on perpendicular magnetic anisotropy in Pt/Co/Pt tri-layers[END_REF][START_REF] Wang | Manipulating density of magnetic skyrmions via multilayer repetition and thermal annealing[END_REF][START_REF] Zimmermann | Dzyaloshinskii-Moriya interaction at disordered interfaces from ab initio theory: Robustness against intermixing and tunability through dusting[END_REF]. This control on the thickness and the interfaces permits to finely tune the amplitude of the magnetic interactions, which is crucial for chiral magnetic textures stabilization (see later sections).

We now describe in details the growth of our layers. During the growth, the Ar pressure in the deposition chamber is fixed to 0.25 Pa (2.5 10 -3 mbar) whereas the based pressure of the chamber is below 10 -6 Pa (10 -8 mbar). The distance between the substrate and the targets is fixed to 75 mm. Direct current magnetron sputtering has mainly been used, the case of radio frequency sputtering being used in general for deposition of insulating materials. During my Ph.D., only for the growth of Al 2 O 3 . The samples are grown on amorphous substrates, either on Si|SiO 2 , thermally oxidized Si wafers with an oxide layer of typically 280 nm, or on Si|Si 3 N 4 .

The Si 3 N 4 coating is performed by LPCVD and its thickness is typically 280 nm. The choice of the substrate is found not to change the static magnetic properties, but Si|Si 3 N 4 has a higher thermal conductivity compared to Si|SiO 2 [START_REF] Ryningen | The effect of crucible coating and the temperature field on minority carrier[END_REF]. This is an important property in order to dissipate the heat coming from the application of an electrical current, which is used to move the skyrmions. As a consequence, Si|Si 3 N 4 has been used only for experiments involving current and the choice of the substrate will not be mentioned hereafter when referring to a sample. Samples have been grown at room temperature (no heating or cooling), and without any annealing (except for particular studies). Therefore, combined with amorphous substrates, the growth leads to "amorphous" layers. In fact, the layers are polycrystalline, with few-nm-wide grains (see e.g. [START_REF] Mcvitie | A transmission electron microscope study of Néel skyrmion magnetic textures in multilayer thin film systems with large interfacial chiral interaction[END_REF]). Using buffer layers, the grains can be oriented out-of-plane. They are textured with a (1 half maximum of 5 to 8 degrees. On the contrary, there is no preferential in-plane direction, which prevents in-plane anisotropies.

Because there is no in situ measurement of the deposited film thickness, we calibrate the growth rate using test films of a few tens of nm. Their thickness is then evaluated by different means, such as XRR, profilometry or AFM. These techniques can provide sub-nm precision, leading to %-level calibration of the rate. Note that the rate evolves as the targets worn out, and that studies with sub-nm variation of the thicknesses necessitate to grow the samples in a single batch, as it is discussed later.

For the following of this manuscript, the samples will then be named by the choice of the material that composed them and by the nominal thicknesses. For example, (Pt3|Co1.2|Al3) 10 is: 3 nm of Al above 1.2 nm of Co above 3 nm of Pt, repeated 10 times.

Observation of structural and chemical properties

One of the possible method to investigate the structural properties of films and heterostructures is to use either XRD or XRR. XRD gives information about the crystallographic structure of materials such as their lattice parameters, the strain acting on the layers or the relative orientation of the grains. For XRR, information about the density of the material, the interface quality (i.e. roughness and intermixing) or the thickness of the different layers can be extracted, for example to calibrate the deposition rate of our sputtering. Note that for both techniques, using a laboratory source (the K α line of Cu), the X-rays penetrate several micrometres and permit to extract information not only about the top layer of a multilayer but on the complete structure, which make them interesting in the scope of this Ph.D.

At this point, we need to address the reproducibility of the growth, as well as the difference between the nominal thickness and the measured one. As an example, two samples have been deposited the same day with the same calibration of the sputtering. The two different samples are composed by Ta10|Pt8|Co1.7 with two different capping, either Pt3 or Au5. In Fig. 3.1a are plotted the two corresponding XRR measurements.

The points represent the measured data, while the line is a fit. The number of oscillations in the XRR signal, their period, the decay of their intensity, etc. permit to extract through a fitting procedure the roughness, thickness, and density of each material. The results of the fits for the two samples are summarized in Table 3.2.

The maximum error between the nominal thickness and the measured one is on the Ta layer, with a relative error of 8 %. Ta composing the buffer, an error on its thickness impacts less the above multilayer compared to errors on the others materials. For them, a good agreement is found. However, even a slight difference in their thickness modifies the contribution of the different magnetic interactions (see §3.4 and §3.5). To avoid such issues, the different studies that compose this Ph.D. have been performed on samples that have been grown

in the same series. This means that the samples are grown the same day, or the same week depending on the number of samples, in order to keep the same parameters of the sputtering. Indeed, as it is depicted by the results from Table 3.2, even if a small mismatch is observed, there is an excellent consistency in the thicknesses because for the two samples the thickness of the multilayer (excepting the capping) are the same within error margins. XRR measurements have also been performed on multilayers (here from another batch) with higher number of repetitions and, as depicted by Fig. 3.1b, a good agreement between the fit and the nominal values is found.

XRR permits to extract information about the structure of the multilayers but relies on a fit considering numerous fitting parameters, three for each material (roughness, density, and thickness), which make the fitting procedure difficult for complex multilayers. Beyond this difficulty, the XRR technique averages over millimetres squares, so long-range defects are measured (e.g. polishing and strain of the substrate).

In order to investigate our sample on a much more local scale, we have used scanning transmission electron microscopy (STEM), performed in collaboration with T. Denneulin from Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons, Jülich, Germany. With STEM, it is possible to perform either high-angle annular dark field (HAADF) imaging or energy-dispersive X-ray spectroscopy (EDX) mapping. HAADF provides high-resolution images of the atomic structure of the multilayer. An example of an image obtained on Ta5|Pt8|Co0.7|Al1.4|Pt5 is displayed in Fig. 3.2a in which the atomic arrangement of the columns of atoms is observed. Note that for this technique, while the intensity of scattered electrons depends on the atomic number, there is no precise element sensitivity, and that is why it is sometimes coupled to EDX spectroscopy (or electron energy loss spectroscopy, EELS) to investigate the chemistry at the atomic level. EDX measures the X-rays emitted by the different atoms which interact with the electron beam. The energy of the X-rays is element dependant and it is possible to obtain an element resolved mapping of the multilayer. EDX mapping has also been performed on Ta5|Pt8|Co0.7|Al1.4|Pt3 (see Fig. corresponds to metallic Al [START_REF] Rüdiger | Temperature dependent resistance of magnetic tunnel junctions as a quality proof of the barrier[END_REF]. The contribution of the oxidized Al peak is dominating for the sample that is capped with only 1 nm of Pt while for the sample that is capped with 3 nm, only a metallic contribution can be detected. The one that has been capped with 2 nm presents a contribution from both peaks. As a consequence, to prevent the oxidation of the different samples used in the scope of this Ph.D., 3 nm of Pt have been systematically deposited on top of all samples. A similar study of Al as a capping layer, leads to a 0.8 nm minimal thickness to prevent oxidation of a Co layer underneath. Unlike Pt, Al oxidizes and forms a self-protecting layer of AlO X of about 1 nm thickness.

We now present a last structural study which has been performed to look for the structural properties of our samples. We have already investigated the roughness of the different layers and a possible intermixing, but the question of grain boundaries or the presence of dislocations has yet to be address. Indeed, their presence is found to modify locally the different magnetic properties, which is an issue for skyrmion nucleation (see Chap. 4). For this purpose, atomic probe microscopy has been performed by M. Descoins and K. Hoummada from IM2NP, CNRS/Aix-Marseille Université, Marseille, France, through a METSA project deposited by the laboratory.

Atomic probe microscopy is an element sensitive technique, as STEM and XPS, but it is a destructive technique which relies on the ejection of atoms when subject to the presence of an important electric field. After their ejections, the atoms are collected on a position sensitive detector. The time of flight, as well as the mass of the atom, permits to reconstruct the surface of the tip and to have an insight about the atomic configuration. The strength of the technique is that it allows to reconstruct a three-dimensional image of the sample with atomic resolution. Moreover, this technique detects all types of atoms with the same probability, meaning that the usually elusive O, C or H atoms are detected as well as the Co or Pt ones.

Firstly, a Ni protection capping has been deposited above the two different multilayers that were analysed: To conclude this section, the different structural characterization techniques have underlined a fine control of the different thicknesses of the multilayers grown by magnetron sputtering. They present sharp interfaces without any clear intermixing visible. This control of the interfaces is mandatory because our samples present DMI and PMA which are interfacial effects (in our case). We have also found that the metals underneath the capping layer are not oxidized for thick enough Pt (> 3 nm) or Al (> 0.8 nm). Following this structural analysis, we now focus on the determination of the different magnetic parameters.

Measurements of magnetic parameters

The present section aims to present the different techniques that have been used to measure the different magnetic parameters that are M s , K u , A and D (see Chap. 2).

In order to measure the saturation magnetization M s , two techniques have been used in the scope of my Ph.D. The first one is alternating gradient field magnetometer (AGFM). This technique provides fast informations about the magnetic behaviour of samples in the presence of an external magnetic field and permits to measure hysteresis loops, which represent the magnetization as a function of the field amplitude. By tuning the angle between the sample and the magnets, it is possible to scan either the in-plane (IP) or out-of-plane (OOP) component of the magnetization under a collinear external field. The comparison between the IP and OOP
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magnetization loops permits to extract K u , knowing M s . This technique is quantitative if properly calibrated, but the error margin on M s can be of a few percents, coming for example from the size of the sample combined with the non-homogeneity of the field gradient. The second technique that has been used is SQUID magnetometry. SQUID is much more accurate when it comes to measuring M s , even though the sample geometry can also produce artefacts [START_REF] Sawicki | Sensitive SQUID magnetometry for studying nanomagnetism[END_REF]. The SQUID, being based on superconducting interferences, is usually combined with cryogenic temperature dependence measurements. The temperature dependence of M s allows, for example, the estimation of the Curie temperature.

The determination of the exchange constants, symmetric A and antisymmetric D, is less common and more challenging. We did estimate them by different means, notably the use of micromagnetic simulations combined with experimental MFM measurements of the typical stripe domain period. Having stripes is not an absolute requirement, but it facilitates the measure of the period and minimizes the memory for the simulations [START_REF] Legrand | Hybrid chiral domain walls and skyrmions in magnetic multilayers[END_REF][START_REF] Kozlov | Domain-period method for determination of the energy of the Dzyaloshinskii-Moriya interaction in [Co/Pd(111)]5 superlattices[END_REF].

The period of the stripes results from the balance between the gain in dipolar energy and the cost of domain wall energy. The domain wall energy density being given by 4 √ AK -πD (in the simplest case of a pure Neel wall), and the dipolar energy being related to M s . Having determined M s and K from SQUID or AGFM, it is possible to find a set of A and D values which minimize the stripe domain period at a value corresponding to the observed one.

Minimizing stripe domains textures in micromagnetic calculations allow the memory and calculation time to be considerably reduced, as the problem is effectively two-dimensional: the magnetization does not vary along the stripe direction (for example along ⃗ y). Therefore, using periodic boundary conditions in MuMax3, we can calculate the energy of perfect stripe domains as a function of their period λ (along ⃗ x), as a function of A and D. The simulated system has then the size of the period along ⃗ x times the thickness of the multilayer along ⃗ z times a very small number of cells in the stripe direction along ⃗ y. Typically, we calculate the energy of the stripe domains for values around λ (plus and minus 10% approximatively), and numerically calculate the derivative as the energy differences divided by the period variation. We look for {A,D} sets which display a local minimum at λ. Note that you cannot just search for the minimum energy for the simulations, because the period is not a free variable in systems with periodic boundary conditions. In Fig. 3.5a is represented the mapping of ∂E ∂x (λ) as a function of A and D, obtained by this method. The other fixed parameters are M s = 1373 kA m -1 , K u = 1430 kJ m -3 , µ 0 H z = 0 mT and λ = 161 nm, which have been measured for the sample Ta10|Pt8|(Co0.8|Al 2 O 3 1|Pt1) 20 |Pt2. The white colours represent the simulations for which ∂E ∂x (λ) = 0. Various couples {A,D}, forming a line in the A-D plane, give a ground state period matching with the observed one, and thus, it is important to know one of the two parameters to conclude on the value of the other. We can constrain the possible solutions considering other measurements, for example using the magnetic field dependence of the period.

Using an external field, the experimental period is changed and a new set {A,D} minimizing the energy is found. The intersection of the lines of solution should give a unique solution {A,D}. Here, we have considered µ 0 H z = 300 mT for which the measured period is 125 nm. To address the precision of this method, simulations have been performed, considering that the experimental period might be slightly different from the period OOP field, in the presence of an IP static field, using MOKE microscopy. By comparing the velocity between an up to down and a down to up DW it is possible to extract the DMI field, and so the amplitude of the DMI [START_REF] Ajejas | Unraveling Dzyaloshinskii-Moriya Interaction and Chiral Nature of Graphene/Cobalt Interface[END_REF][START_REF] Je | Asymmetric magnetic domain-wall motion by the Dzyaloshinskii-Moriya interaction[END_REF].

A second technique, often considered as the most reliable one, is the Brillouin light scattering (BLS). It is based on the magnon-photon interaction and enables the measurement of A and D [START_REF] Legrand | Spatial extent of the Dzyaloshinskii-Moriya interaction at metallic interfaces[END_REF][START_REF] Belmeguenai | Interfacial Dzyaloshinskii-Moriya interaction in perpendicularly magnetized Pt/Co/AlOx ultrathin films measured by Brillouin light spectroscopy[END_REF]. In this experiment, a linearly polarized laser interacts with magnons in a sample with magnetization saturated IP by an external field, and the backscattered light is collected to plot the BLS spectra. Associated to specific magnon modes, it presents Stokes and anti-Stokes peaks, which positions vary with the incidence angle of the laser and the DMI amplitude. From their angular dependence are extracted D and A. Indeed, the evolution of f 0 defined

as 2f 0 (k SW ) = f AS (k SW ) + f S (-k SW ) is a measurement of µ 0 H eff and A. While the evolution of ∆f defined as ∆f = f AS (k SW ) -f S (-k SW ) is a measurement of D.
For the estimation of these parameters (A, D and µ 0 H eff ), it is mandatory to know precisely the value of M s and the gyromagnetic ratio γ. More information about the BLS fitting procedure used in this Ph.D. are presented in the supplementary of [START_REF] Legrand | Spatial extent of the Dzyaloshinskii-Moriya interaction at metallic interfaces[END_REF].

Both techniques (round domain expansion and BLS) give slightly different measurements of D, depending on the system, with the best agreement for Pt|Co|Al multilayers [START_REF] Ajejas | Interfacial potential gradient modulates Dzyaloshinskii-Moriya interaction in Pt/Co/metal multilayers[END_REF]. A complete review on the different techniques that can be used to measure the DMI interaction can be found in [START_REF] Kuepferling | Measuring interfacial Dzyaloshinskii-Moriya interaction in ultra-thin magnetic films[END_REF].

Critical thicknesses to stabilize chiral magnetic structure

The purpose of this section is to present the results on the evolution of the different magnetic constants as a function of the thickness of the different layers, a parameter that is easily tunable during magnetron sputtering deposition. The tunability of the magnetic interactions is of major importance to stabilize the skyrmions because the difference of energy between the skyrmion state and the other magnetic states, such as domains, is tiny. Because we are dealing with interfacial effects, such as uniaxial perpendicular anisotropy and DMI, we expect them to decrease as 1/t Co . Other properties and interactions, such as M s and A, are supposed to be intrinsic to the material and hence thickness independent. However, when the thickness is reduced to a few atomic layers, the direct environment of the Co atoms is significantly modified, and even these parameters evolve with the thickness. A well-known example is the so-called "dead layer".

Magnetization

In the case of Co based systems, one of the parameters evolving with the thickness is M s , a dependence often interpreted as the presence of a "dead layer" which would have zero magnetization. In this framework, M s t Co is expected to evolve linearly after a threshold below which no net magnetization is present. To analyse this phenomenon, M s t Co of the different samples grown during my Ph.D. has been plotted as a function of the thickness of the Co layer, t Co (Fig. 3.6a). Note that the samples have been considered independently of their composition, but the evolution of M s depends on the materials in contact with the magnetic layer, as shown in [START_REF] Ajejas | Interfacial potential gradient modulates Dzyaloshinskii-Moriya interaction in Pt/Co/metal multilayers[END_REF][START_REF] Yu | Spin orbit torques and Dzyaloshinskii-Moriya interaction in dual-interfaced Co-Ni multilayers[END_REF][START_REF] Bandiera | Asymmetric interfacial perpendicular magnetic anisotropy in pt/co/pt trilayers[END_REF][START_REF] Rowan-Robinson | The interfacial nature of proximity-induced magnetism and the Dzyaloshinskii-Moriya interaction at the Pt/Co interface[END_REF][START_REF] Bersweiler | Impact of buffer layer and Pt thickness on the interface structure and magnetic properties in (Co/Pt) multilayers[END_REF]. As a consequence, a large dispersion of the data is expected. Nevertheless, a global linear fit gives M s = 1390 ± 40 kA m -1 , a value in excellent agreement with the expected 1400 kA m -1 [START_REF] Johnson | Magnetic anisotropy in metallic multilayers[END_REF]. The critical thickness below which no net magnetization is measured is found to be a few tenths of nanometres, in accordance with other measurements found in the literature [START_REF] Yu | Spin orbit torques and Dzyaloshinskii-Moriya interaction in dual-interfaced Co-Ni multilayers[END_REF][START_REF] Bandiera | Asymmetric interfacial perpendicular magnetic anisotropy in pt/co/pt trilayers[END_REF][START_REF] Won | Interfacial properties of [Pt/Co/Pt] trilayers probed through magnetometry[END_REF].

Symmetric exchange

The evolution of the Heisenberg symmetric exchange A as a function of the Co thickness has also been investigated. Different samples of Pt|Co|X have been measured by BLS for this purpose. The results are reported in Fig. 3.6b. A is found to increase for increasing thickness. However, a plateau is expected for thick Co, reaching the value of the bulk close to 30 pJ m -1 [START_REF] Liu | Exchange stiffness, magnetization, and spin waves in cubic and hexagonal phases of cobalt[END_REF], which is not observed here. A possible reason is that 1.7 nm is not enough to reach the bulk value. On top of that, as M s with proximity effect, A depends on the environment of the magnetic layer [START_REF] Böttcher | Quantifying symmetric exchange in ultrathin ferromagnetic films with chirality[END_REF]. As a consequence, the choice of Pt|Co|X to extract a trend is not well suited. That is why no general rule concerning the evolution of A is extracted from this graph, which is only given as an example of the variation of A.

Nevertheless, the role of the top interface on the evolution of A has been investigated in Ta10|Pt8|Co1.7|Ru t Ru |Pt3 as a function of t Ru by BLS in collaboration with André Thiaville, from Laboratoire de Physique des Solides, Orsay, France, and Willian Legrand, former postdoc in our group. The results, plotted in Fig. 3.6c, evidence a drop of the exchange stiffness by about 20% when inserting 1 monolayer of Ru, decreasing from 25 pJ m -1 ,for Pt|Co|Pt, to 20 pJ m -1 at t Ru = 0.2 nm. A then recovers to the value of Pt|Co|Pt in about four monolayers (t Ru > 0.8 nm).

Those two studies, have evidenced the evolution of A as a function of the Co thickness and the thickness of the top material. Thanks to them, it is possible to approximate the value of D with the micromagnetic simulation method presented in §3.3.

Perpendicular magnetic anisotropy

Another analysis has been performed to investigate the PMA. As mentioned previously, in the multilayer used within this Ph.D., the uniaxial anisotropy comes mainly from the Pt|Co interface, which is enhanced by the (1 1 1) orientation of the Pt layer under the Co [START_REF] Lin | Magnetic and structural properties of co/pt multilayers[END_REF]. As a consequence, the choice of the buffer (composed by Ta and Pt) is of great importance because it will impact the whole structure of the multilayer [START_REF] Bersweiler | Impact of buffer layer and Pt thickness on the interface structure and magnetic properties in (Co/Pt) multilayers[END_REF]. To investigate their role, we have grown the same multilayer (Co1.5|Al1.4|Pt3) 4 |Co1.5|Al1.4 on different buffer layers. A first series of buffer without Ta seeding layer has been tested with Pt thickness equal to 4, 8 and 12 nm. The corresponding AGFM OOP hysteresis loops are plotted in Fig. 3.7a. Pt4 and Pt8 exhibit the same behaviour, while the sample with Pt12 shows a larger PMA. Note that the OOP hysteresis loop is not a proper measurement of the anisotropy, which has to be extracted from IP hysteresis loops. However, the squareness of the OOP curves, which also depends on the number of repetitions, M s , etc. can be used as a good indicator. This increase in the PMA evidence the fact that the (1 1 1) orientation of the Pt is improved for Pt thickness above 12 nm. This observation is in accordance with the experiments from Tang et al. [START_REF] Tang | Scanning tunneling microscopy of Pt/Co multilayers on Pt buffer layers[END_REF] which attribute this increase of the PMA to a better (1 1 1) orientation and to a sharper Pt|Co interface. A second series, for a fixed thickness of Pt, has been tested by varying this time the Ta thickness: Ta5|Pt8, Ta10|Pt8, Ta15|Pt8 and Ta20|Pt8. The OOP hysteresis loops (Fig. 3.7b) are similar for the four samples, with a small shift for Ta thickness equals to 15 and 20 nm. In the case of buffer with a Ta layer, a good (1 1 1) orientation is achieved even with 8 nm of Pt, and this whatever the thickness of the Ta. Note that the Pt thickness has been fixed to 8 nm, but thinner films also give high PMA down to 2 nm of Pt. As a consequence, a Ta seed layer will always be used for further samples in order to fix a clear (1 1 1) orientation of the Pt in the buffer. Note that a study concerning the annealing of the buffer is presented in Appendix A combining structural observations (XRD and AFM) with magnetic characterizations.

These results concern the PMA provided by the buffer, but there is a need for PMA on each of the magnetic layers. The following study concerns the interfacial anisotropy of the magnetic layers which are not in contact with the Pt layer from the buffer. Indeed, the Ta seed layer is not always repeated within the multilayer, otherwise it would result in a larger distance between the different magnetic layers and therefore in a weaker dipolar coupling of the Co layers (see Chap. 6 for more information about this precise phenomenon). As a consequence, the PMA might decrease along the multilayer, with a weaker (1 1 1) orientation of the Pt in the different layers. To address this question, three different series have been grown: Pt8|Co|Al2, Pt8|Al2|Pt1|Co|Al2 and Pt8|Al2|Pt2|Co|Al2, this for various thickness of Co. Note that this study has been performed with the help of Quang Bao, who did his master 2 internship in our team. The first series is the reference and the two others, with the Co layer grown above 1 or 2 nm of Pt, have been compared. The choice of varying t Co is motivated by the fact that it permits to extract K u,s . Indeed, if one assumes that the effective anisotropy K eff results solely from the shape anisotropy and from a purely interfacial uniaxial perpendicular anisotropy K u,s , for thin films we get

K eff = K u,s /t Co -µ 0 M 2 s /2.
Plotting K eff t Co as a function of t Co should result in a straight line which slope is -µ 0 M 2 s /2 and its y-intercept equals K u,s as presented in Fig. 3.8a for the sample (Pt0.6|Co t Co |Ru1.4) 10 for which K eff is extracted from the AGFM loops with the formula K eff = ±µ 0 M s /2 × H K , where H K is the saturation field along the hard axis. The sign of K eff being '+' for IP hard axis and '-' for OOP hard axis.

For decreasing Co thicknesses, an enhancement of K eff is measured with a transition from IP to OOP magnetization at the spin reorientation transition (SRT) thickness (t SRT ). This thickness corresponds to the moment at which the magnetization does not have any preferential orientation and stabilizes, as presented in Chap.5, into a spin spirals. Note that for very thin Co layer, a decrease of the PMA is observed. A possible reason is a In Fig. 3.8b is plotted the evolution of K eff t Co as a function of t Co for the 3 different series. A linear plot is performed for each of them with a fixed slope for all the samples, because M s is constant, from which the yintercept gives the value of K u,s , the interfacial anisotropy. For the reference series Pt8|Co|Al2, K u,s is found to be equal to 1.09 ± 0.07 mJ m 2 . In the case of Pt8|Al2|Pt1|Co|Al2, K u,s is significantly smaller, 0.7 ± 0.06 mJ m 2 , unravelling that the anisotropy is not fully recovered with only 1 nm of Pt. For Pt8|Al2|Pt2|Co|Al2, K u,s = 1.02 ± 0.07 mJ m 2 , which is comparable with the reference sample. If one wants to keep the same anisotropy for each of the magnetic layers, it appears important to use a thick enough Pt layer (in the case of Pt|Co|Al, above 2 nm). Note that this thickness differ from the 10 nm measured in the case of the Pt that is grown in the buffer because in one case the growth is performed above the substrate, which is amorphous, and in the other above Al which is textured due to the presence of the other layers below.

Dzyaloshinskii-Moriya interaction

After discussing the evolution of A, M s and K u,s , the aim of this paragraph is to investigate the evolution of D, which defines the amplitude of the DMI, with the thickness of the materials in contact with the Co layer. The DMI coming from the interfaces of the magnetic layer, mainly at the Pt|Co interface [START_REF] Ma | Interfacial Dzyaloshinskii-Moriya Interaction: Effect of 5d Band Filling and Correlation with Spin Mixing Conductance[END_REF][START_REF] Ajejas | Interfacial potential gradient modulates Dzyaloshinskii-Moriya interaction in Pt/Co/metal multilayers[END_REF]. In order to take this interfacial origin into account, and to compare different samples together, we define D = D s /t FM which represents the amplitude of the interaction supposing a purely interfacial origin.

We have performed a first experiment to determine how interfacial is the DMI in the Pt|Co system. A series of Ta10|Pt8|Co1.7|Pt t Pt |Au5 has been grown and analysed by BLS in collaboration with André Thiaville, from Laboratoire de Physique des Solides, Orsay, France, and William Legrand, former postdoc in our group. The goal is to investigate the critical thickness of the second Pt layer for which the DMI from the top interface cancels the one from the bottom interface. In Fig. 3.9a is shown the evolution of D s as a function of t Pt . In the extreme case t Pt = 0 nm, D s is the addition of the Pt|Co interface and the Co|Au interface and is measured to be -1.17 pJ m -1 . For increasing top Pt layer thickness, the amplitude of D s decreases sharply because the top interface reduces the overall contribution for the symmetry reasons explain in Chap. 2. Two atomic layers of Pt are enough to divide the effective D s to half its value. A complete cancellation is found for t Pt close to 1 nm, even if the thickness of the bottom Pt is 8 nm. For thickness above 1 nm, D s becomes positive and increases up to a plateau. This positive values of D s , while a perfect cancellation for both interfaces is expected, underline a stronger contribution from the top interface. A reason is most likely that the intermixing from the two interfaces is different due to the growth order of the different layers [START_REF] Zimmermann | Dzyaloshinskii-Moriya interaction at disordered interfaces from ab initio theory: Robustness against intermixing and tunability through dusting[END_REF][START_REF] Wells | Effect of interfacial intermixing on the Dzyaloshinskii-Moriya interaction in Pt/Co/Pt[END_REF].

A second study has been performed in which a symmetric Pt|Co|Pt multilayer is disymmetrized by the insertion of a Ru layer at the top Co|Pt interface. The variation of D s as a function of t Ru in samples Ta10|Pt8|Co1.7| Ru t Ru |Pt3 is presented in Fig. 3.9b. For t Ru = 0 nm, a positive D s is measured as discussed previously. For a few monolayers of Ru, an increase in the amplitude of D s is observed, with a plateau reached for thicknesses above 0.3 nm at which D s = -1.3 pJ m -1 . This underlines that even a thin Ru monolayer is enough to significantly reduce the contribution from the top Pt layer. Note that this critical thickness is material dependant and that Ru is expected, from DFT calculations, to be one of the materials for which the DMI from the Co|Pt interfaces decreases faster [START_REF] Zimmermann | Dzyaloshinskii-Moriya interaction at disordered interfaces from ab initio theory: Robustness against intermixing and tunability through dusting[END_REF]. For more information about those two analyses, please refer to [START_REF] Legrand | Spatial extent of the Dzyaloshinskii-Moriya interaction at metallic interfaces[END_REF].

Those sections have demonstrated the importance of the thicknesses of the thin films, both the heavy metal and the magnetic ones. Indeed, the evolution of the thickness of each layer has an impact on M s , K eff , A and D simultaneously. This demonstrates the possible correlations between the different magnetic interactions because each of them is varying, among others, as a function of the same parameters. However, as it is presented in Chap. 4, a fine balance can be found to achieve sets of parameters allowing skyrmions to be stabilized.

Influence of the top interface in Pt|Co|X trilayers on the DMI

To finish this chapter on the engineering of skyrmionic metallic multilayers, we present the DMI in the trilayer building block, which is the basic brick of the multilayers used in this Ph.D. The mostly used interface, in order to have the higher D eff , is the Pt|Co interface. However, it is not possible to repeat this interface above the Co layer otherwise it will result in a cancellation of D eff due to the resulting symmetrisation of the interfaces as discussed in the previous sections [START_REF] Moreau-Luchaire | Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at room temperature[END_REF][START_REF] Legrand | Spatial extent of the Dzyaloshinskii-Moriya interaction at metallic interfaces[END_REF]. As a consequence, another material has to be deposited above the Co films in the multilayers. However, it is difficult to know the contributions from the two interfaces and, as a consequence, to discriminate the contribution from each of them.

The objective is to investigate experimentally the possible correlation between the effective D s values and the properties of the top metals. To this aim, the evolution of the interfacial DMI in a series of Pt|Co|X has been tested with X = Ni, Pd, Ru, Al, Al|Ta and MoSi. This study has been performed, with the great help from Fernando Ajejas, former postdoc in our team and Stefania Pizzini from Institut Néel, Grenoble, France. The parameter D s has been measured in the different samples by Kerr microscopy using the asymmetric domain expansion. As described in §3.3, with the measurement of the DW velocity through OOP field, under the presence of an IP field, it is possible to extract the value of the DMI. Indeed, the velocity as a function of µ 0 H x reaches a minimum at µ 0 H DMI (see Fig. 3.10a). For example, for Pt|Co|Al at 165 mT and for Pt|Co|Ru at 110 mT. From this value is extracted D s with the formula: [START_REF] Ajejas | Unraveling Dzyaloshinskii-Moriya Interaction and Chiral Nature of Graphene/Cobalt Interface[END_REF][START_REF] Je | Asymmetric magnetic domain-wall motion by the Dzyaloshinskii-Moriya interaction[END_REF][START_REF] Ajejas | Interfacial potential gradient modulates Dzyaloshinskii-Moriya interaction in Pt/Co/metal multilayers[END_REF]. D s has been measured for the different samples considering the value of M s and K eff measured by magnetometry, and assuming a value of A = 16 pJ m -1 , as measured by similar studies [START_REF] Pizzini | Chirality-induced asymmetric magnetic nucleation in Pt/Co/AlOx ultrathin microstructures[END_REF][START_REF] Pham | Very large domain wall velocities in Pt/Co/GdOx and Pt/Co/Gd trilayers with Dzyaloshinskii-Moriya interaction[END_REF].

D s = µ 0 H DMI M s t Co ∆ (3.1) with ∆ = A/K eff
The value of D s has been plotted as a function of the work function in Fig. 3.10b. The choice of the work function as a parameter correlating with D s is made because the work function is linked to the electrical potential of the interfaces, which is expected to impact the DMI. We define Φ = -eϕ -E F with -e the electron charge, ϕ the electrostatical potential at the surface (in vacuum) and E F the energy et the Fermi level. In order to consider the Co|X interface only, D s is plotted as a function of the work function difference ∆Φ = Φ X -Φ Co (Fig. 3.10b). To increase the number of points, measurements from [START_REF] Legrand | Spatial extent of the Dzyaloshinskii-Moriya interaction at metallic interfaces[END_REF][START_REF] Pham | Very large domain wall velocities in Pt/Co/GdOx and Pt/Co/Gd trilayers with Dzyaloshinskii-Moriya interaction[END_REF][START_REF] Ajejas | Tuning domain wall velocity with Dzyaloshinskii-Moriya interaction[END_REF][START_REF] Ajejas | Tuning domain wall velocity with Dzyaloshinskii-Moriya interaction[END_REF] have been added to the plot. Note that D s is found to be negative because the Pt is below the Co layer. A linear correlation between D s and ∆Φ is observed, with a slope that is very similar to the one from [START_REF] Park | Experimental observation of the correlation between the interfacial Dzyaloshinskii-Moriya interaction and work function in metallic magnetic trilayers[END_REF]. Due to a thick enough Co layer, the Co|X interface is considered independent of the Pt|Co interface [START_REF] Blanco-Rey | Nature of interfacial Dzyaloshinskii-Moriya interactions in graphene/Co/Pt(111) multilayer heterostructures[END_REF]. The assumption of A = 16 pJ m -1 being a strong hypothesis because the different samples have different composition and different Co thickness, the calculations of D s has also been made for A = 10 pJ m -1 and for a varying value of A as a function of t Co , as presented in §3.4. Whatever the choice of A, a strong linear correlation is still observed, it just results in a change of the slope [START_REF] Ajejas | Interfacial potential gradient modulates Dzyaloshinskii-Moriya interaction in Pt/Co/metal multilayers[END_REF]. To understand this linear trend, a theoretical work which goes beyond our simple 

Control on the stabilization and nucleation of skyrmions

Because of their nature, magnetic multilayers offer a diversity of magnetic configurations that are stable at room temperature. On top of that, with the control enabled by actual growth technique (thickness, quality of the interfaces, etc.), it is nowadays possible to finely tune the amplitude of the different interactions involved in such systems. To enhance even further this control of the magnetization, they can be subject to external stimuli, such as magnetic external fields, electrical currents and even irradiation aiming to modify their atomic structure. One of the ultimate objectives being to model on demand the organization of the magnetization textures.

In the case of skyrmions, and because such a texture is metastable when isolated, their nucleation and more precisely the localization of their nucleation remains a challenge. A lot of progresses have been made during the last couple of years to tackle this challenge, for example with the demonstration of deterministic currentinduced nucleation in specific geometries [START_REF] Finizio | Deterministic Field-Free Skyrmion Nucleation at a Nanoengineered Injector Device[END_REF], optical nucleation [START_REF] Finazzi | Laser-induced magnetic nanostructures with tunable topological properties[END_REF][START_REF] Büttner | Observation of fluctuation-mediated picosecond nucleation of a topological phase[END_REF][START_REF] Je | Creation of Magnetic Skyrmion Bubble Lattices by Ultrafast Laser in Ultrathin Films[END_REF] or current induced nucleation in irradiated devices [START_REF] Fallon | Controlled Individual Skyrmion Nucleation at Artificial Defects Formed by Ion Irradiation[END_REF][START_REF] Juge | Helium Ions Put Magnetic Skyrmions on the Track[END_REF][START_REF] Kern | Deterministic Generation and Guided Motion of Magnetic Skyrmions by Focused He+-Ion Irradiation[END_REF][START_REF] Hu | Precise Tuning of Skyrmion Density in a Controllable Manner by Ion Irradiation[END_REF]. Nevertheless, the demonstration of an easy to implement method allowing for a precise control of the skyrmion nucleation has yet to be found. This is precisely the purpose of this chapter.

In this chapter, we firstly describe the stabilization of domains and skyrmions in different magnetic stackings, sweeping out of plane magnetic field [START_REF] Leonov | The properties of isolated chiral skyrmions in thin magnetic films[END_REF][START_REF] Kiselev | Chiral skyrmions in thin magnetic films: new objects for magnetic storage technologies?[END_REF], because it is one of the external lever to control the nucleation of skyrmions ( §4.1). We then present how it is possible, thanks to the design of an internal effective field using bias layers, to stabilize and observe skyrmions at zero field ( §4.2), which remains an interesting topic for the skyrmionic community [START_REF] Ajejas | Densely packed skyrmions stabilized at zero magnetic field by indirect exchange coupling in multilayers[END_REF][START_REF] Mallick | Current-induced nucleation and motion of zero field skyrmion[END_REF][START_REF] Rana | Room-Temperature Skyrmions at Zero Field in Exchange-Biased Ultrathin Films[END_REF][START_REF] Ho | Geometrically tailored skyrmions at zero magnetic field in multilayered nanostructures[END_REF][START_REF] Li | Formation of zero-field skyrmion arrays in asymmetric superlattices[END_REF]. We then address the question of the current induced nucleation of the skyrmions in patterned devices with a study of J n , the current density nucleation threshold ( §4.3), and underline the randomness of this thermally activated mechanism in plain films and multilayers ( §4.4). To overcome this randomness, which in many cases is not what is wanted, the insertion of nanometres size pillars, grown by FEBID, is described, allowing to spacially localize the nucleation of skyrmions ( §4.5). Finally, we describe in details the results obtained on the current induced skyrmion nucleation in an optically lithographed device, composed by a notch, that permitted to reach conditions at which a deterministic nucleation of a skyrmion is achieved under the application of a unique electrical pulse ( §4.6).

Field induced skyrmion nucleation in multilayers

In order to address the stabilization of isolated skyrmions in multilayers, we first investigate the behaviour in field of such systems. Indeed, the external magnetic field, thanks to the Zeeman interaction, is one of the levers that allows us to have some control on the magnetic configuration of the different samples. On top of that, most of the ferromagnetic multilayer samples presented in this Ph.D. exhibit configurations with magnetic domains and domain walls at remanence, which strengthen even more the necessity to use external fields for skyrmion stabilization. Nevertheless, before going into the details of the skyrmion stabilization via external field, we want to discuss the remanent organization of the magnetization.

At remanence, the magnetization stabilizes into various domains that can be either randomly organized (Fig. 4.1a) or aligned (Fig. 4.1b), depending on the field history experienced by the sample. In order to produce these configurations, a common process used for magnetic multilayers is the demagnetization that aims to reach non-uniform states : an oscillating external magnetic field is applied with a decreasing amplitude, starting from a field higher than the saturation field, down to zero. It is possible to control the amplitude, the frequency of the oscillation and the direction of the field, which permit the stabilization of a diversity of magnetic configurations. In our films with PMA, an OOP demagnetization procedure (which means that the field is applied perpendicular to the sample with a starting amplitude high enough to reach saturation along ⃗ z) favours a wormy domain state (Fig. 4.1a), while an IP demagnetization (same but along ⃗ x or ⃗ y) tends to stabilize aligned domains, along the field direction (Fig. 4.1b). When comparing the two different states, it appears that the period of the magnetic domains is smaller after an IP demagnetization procedure [START_REF] Kozlov | Domain-period method for determination of the energy of the Dzyaloshinskii-Moriya interaction in [Co/Pd(111)]5 superlattices[END_REF]. This is important for skyrmion stabilization because it has been shown by Moon et al. [START_REF] Moon | Universal method for magnetic skyrmion bubble generation by controlling the stripe domain instability[END_REF] that the smaller the period of the stripes at remanence, the easier is the nucleation of the skyrmions through external field. Note that a study on the annealing of the Ta5|Pt8 buffer is presented in Appendix A combining structural observations (XRD and AFM) with magnetic characterizations to investigate the evolution of the period as a function of the annealing.

The change of the magnetic configuration with the external magnetic field has then been investigated. Starting from a multidomain state, by increasing µ 0 H z , the magnetic configuration can evolve into a uniform state populated by isolated skyrmions. As an example, we have considered (Pt8|Co1.6|Ru1.4) 3 . At remanence, after an IP demagnetization, to minimize the domain period, it presents aligned stripe domains (Fig. 4.2a). When increasing the field along ⃗ z, the domains pointing along the same direction are promoted compare to those along -⃗ z, due to the Zeeman interaction, which keep shrinking in size until they become skyrmions. In this example, it happens when µ 0 H z = 23 mT (Fig. 4.2b). Keeping on increasing the field results in a state with only skyrmions in a uniform ferromagnetic background, as shown by the image acquired at µ 0 H z = 33 mT which is presented in Fig. 4.2c. This configuration is metastable and upon reducing µ 0 H z towards zero, the skyrmions expand and turn into disordered worm domains. Note that the size and density of the skyrmions also depends on the field history of the sample. Indeed, in Fig. 4.2c, the stabilized skyrmions result from the shrinking of existing domains, but skyrmions can also nucleate spontaneously inside a uniform large domain, for example when reducing the external field from a saturated state. This precise point will be discussed later in §4.2 with the analysis of the skyrmion density and diameter as a function of µ 0 H z .

The behaviour depicted here is convenient because it is possible to select the type of structure (stripe domains, wormy domains, or skyrmions) by a field sequence. However, for some experiments, it is not possible to apply an external field depending on the geometry of the setup. It is for example the case for measurements performed at peculiar synchrotron facilities, for which the application of an OOP field is not allowed. It can also be an issue, depending on the way the external field is produced, to reach the needed field amplitude to stabilize skyrmions, etc. It also represents a disadvantage for possible implementation in different technologies, because the application of a field on a device complicates the fabrication process. That is why the stabilization of skyrmions at zero field is an important question. One solution to overcome this issue is to use a bias layer (BL) grown below (or above) a magnetic multilayer. The role of the BL is to generate an effective magnetic field In our case, we have used a BL composed of four repetitions of (Pt0.45|Co0.6) bilayers. This stack presents a strong PMA, resulting in a uniform configuration at remanence, as shown in Fig. 4.3b. If the BL would present a wormy domain configuration, the effective field would vary from one domain type to the other, and the stray fields associated to the domains would also act on the skyrmion layer magnetization. Therefore, we wanted to maximize the anisotropy (provided by the Co|Pt interfaces) to get a bias layer with a uniform magnetization.

The RKKY electronic coupling is made through a thin Pt layer grown in between the BL and the multilayer. It is possible to tune the amplitude of this coupling either by changing the number of repetition of Co|Pt bilayers composing the BL, or the thickness of the spacer. Indeed, the coupling decreases with the Pt thickness as shown in Fig. 4.3c, in accordance with the literature and previous studies from our laboratory about antiferromagnetic skyrmions [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF] and ferromagnetic skyrmions lattices [START_REF] Ajejas | Densely packed skyrmions stabilized at zero magnetic field by indirect exchange coupling in multilayers[END_REF].

As an example of skyrmion stabilization at zero field, using a BL to substitute the external magnetic field, the multilayer (Co1.7|Ru1.4|Pt8) 3 has been grown on top of a BL with Pt spacers of thicknesses t Pt,Spacer of 2.3 nm and 2.6 nm. AGFM loops of the multilayers with and without the BL are presented in Fig. 4.3b. The typical behaviour of a sample hosting skyrmions is observed for the sample without BL (in blue), with a hysteretic opening in field. For the purple curve (the sample with the BL), the opening is increased because the BL presents a strong PMA and thus reverses its magnetization abruptly when its coercive field is overcome. At remanence, the sample without BL has a wormy domain configuration (Fig. 4.4a). For the sample including the BL, for which the Pt thickness is 2.3 nm, at remanence and after saturation of the BL, it presents a magnetic organization with only skyrmions (Fig. 4.4c). As a comparison, for the sample for which the thickness of the spacer is 2.6 nm, at remanence, it presents a state with both domains and skyrmions (Fig. 4.4b). This behaviour is expected because all the domains are not shrunk and did not become skyrmions because the electronic coupling is weaker (lower effective magnetic field).

Increasing the number of repetitions to nucleate hybrid skyrmions and skyrmion lattices

In the search for stabilizing skyrmions at room temperature, multilayers instead of ultrathin single films were introduced in order to increase the thermal stability of skyrmions through the increase of the magnetic volume [START_REF] Moreau-Luchaire | Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at room temperature[END_REF]. Indeed, the energy barrier that has to be overcome to annihilate a skyrmion is scaling with the number of repetitions [START_REF] Legrand | Hybrid chiral domain walls and skyrmions in magnetic multilayers[END_REF]. It then appears interesting to increase this number to further increase their stability with the consequence of an increase of interlayer dipolar effects, which become a dominant energy term and out scale the other magnetic interactions, resulting in the stabilization of a new type of skyrmions: "hybrid skyrmions". For all the multilayered systems studied experimentally up to now, the skyrmions that are stabilized are in fact columnar skyrmions. Skyrmions are present in each of the magnetic layers and are coupled magnetically between each other's (either directly and/or indirectly). Moreover, they all have the same chirality, fixed by the sign of the interfacial DMI. However, when the number of magnetic layers becomes too important, interlayer dipolar effects overcome the DMI effects. When this happens, the dipolar field goes along the DMI field for the layers at the bottom of the structure and against it for the upper layers, for the case of a CCW skyrmion. In the case of the opposite chirality, it is reversed. A simulation of such a case is shown in Fig. 4.5a on which is represented the direction of the DMI and dipolar fields.

The fact that the vectorial sum of the fields is different across the multilayer can lead to the stabilization of skyrmion with changing chirality along the vertical axis. Such configurations, named hybrid skyrmions, have been observed in different magnetic multilayers with high number of repetitions, notably using the circular dichroism of the X-ray resonant magnetic scattering (CD-XRMS) at a synchrotron source [START_REF] Legrand | Hybrid chiral domain walls and skyrmions in magnetic multilayers[END_REF]. They are of interest for the community because the chirality going from CCW to CW along the vertical axis, there might be a transition with a Bloch-type wall in some of the layers along the ⃗ z direction. The position of this Bloch chirality can be tuned by varying the different interactions within the multilayer and the external field [START_REF] Flewett | General treatment of off-specular resonant soft X-ray magnetic scattering using the distorted-wave Born approximation: Numerical algorithm and experimental studies with hybrid chiral domain structures[END_REF]131].

For example, the stronger the DMI interactions, the upper (lower) in the structure this transition happens for D < 0 (D > 0) favouring CCW (CW) chirality. Until a point where no transition is possible (when the DMI field is stronger compared to the dipolar field in the topmost magnetic layers).

We illustrate these ideas with measurements performed on Ta10|Pt8|(Co0.8|Al 2 O 3 1|Pt1) 20 , a sample measured by CD-XRMS and found to host hybrid skyrmions. In order to find the position of this Bloch configuration, and to compare it with the results of the CD-XRMS, we have performed micromagnetic simulations with the magnetic parameters that we have measured by SQUID and AGFM: M s = 1373 kA m -1 , K u = 1430 kJ m -3 . We have used A = 10 pJ m -1 , a value matching with the expected exchange for these 0.8 nm thick Co layers (see Chap. 3). The number of repetition is fixed to 20. Experimentally, it is easier to estimate the period in stripe domain systems and, numerically, it is easier to fix the period. The stripe configuration has also the advantage of being invariant along the direction of the stripes, effectively reducing the numeric problem to a quasi-two dimensional one. We therefore initialize the numerical simulations with a two domains configuration (one along +⃗ z and one along -⃗ z) with periodic boundary conditions, the dimension of the simulation being equal to the period of the stripes. A relaxation method has been used for varying values of D to address the position of the layer at which the chirality is different compared to the deeper layer. As shown in Fig. 4.5b the lower the DMI strength, the faster the CW chirality of the top layers appears. For D > 2.3 mJ m -2 , a single chirality is observed and for D = 0 mJ m -2 , the transition appears in between the tenth and the eleventh layer (in the middle of the sample) [131].

Because this hybridity of the chirality has a consequence on the dynamic of skyrmions, and because one of the goals of this Ph.D. is to perform skyrmion motion, the samples that have been used for current induced experiments have been designed to have a unique chirality, investigated by micromagnetic simulations. One sample, Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 , has also been measured by CD-XRMS and the chirality of the top most layer is CCW, as expected for a multilayer hosting columnar skyrmions with only one chirality (because the Co layer is grown above the Pt layer).

The consequence on the dynamics comes from the fact that the current-induced motion direction of the skyrmions is reversed for opposite chirality. If a multilayer hosting hybrid skyrmions is subject to current pulses, and if one assumes that both parts of the hybrid skyrmions are subject to SOT, they will move along opposite directions. This could slow down the average velocity or even lead to the destruction of the tubular skyrmion if the SOT driving forces become too important.

The increase of the dipolar interaction in multilayers with large number of repetitions has a significative impact on the stabilization of skyrmions with field (and on the current-induced nucleation, which is described in the following sections). Above some threshold, the skyrmion lattice can turn more favourable than the nucleation of isolated textures [START_REF] Mühlbauer | Skyrmion lattice in a chiral magnet[END_REF][132][START_REF] Han | Skyrmion lattice in a two-dimensional chiral magnet[END_REF][START_REF] Srivastava | Resonant dynamics of skyrmion lattices in thin film multilayers: Localised modes and spin wave emission[END_REF]. A skyrmion lattice is a specific arrangement of the skyrmions, when their density is high. In the ideal case of isotropic defect less films with interfacial DMI, due to the skyrmionskyrmion repulsive force, the skyrmions would organize in a densely packed hexagonal structure. Note that because no attraction between the skyrmions is expected (even though they merge when bring very close to each other), the word "lattice" was chosen instead of "crystal", which is mostly used to refer to solid crystal for which the distance between the atoms is fixed by an attractive force.

To investigate this particular configuration, the sample Ta10|Pt8|(Co 10 Fe 70 B 20 0.8|Al 2 O 3 1|Pt2.4) 20 has been considered because its effective anisotropy is smaller compared to the sample Ta10|(Pt8|Co1.6|Ru1.4) 3 shown in Fig. 4.2. It results in the stabilization, at µ 0 H z = -650 mT, of a disordered skyrmion lattice as shown by the MFM image in Fig. 4.6a. The observed organization of the skyrmions slightly differs from the ideal case of the skyrmion lattice, as underlined by the difference in the dotted hexagonals that link the closest neighbours of a few skyrmions. An FFT of this MFM image also gives a not perfect hexagon, which corresponds to a disorganized state. In order to observe better the 6-fold symmetry, the sample has been studied by XRMS to analyse a wider area of the lattice. As depicted by Fig. 4.6b1, the signature of the skyrmion lattice is visible with the presence of six distinct peaks around the diffraction ring. Note also that due to a large number of repetitions, this sample host hybrid skyrmions as shown by the dichroic image presented in Fig. 4.6b2, which is typical of a CW chirality for the topmost layer [START_REF] Legrand | Hybrid chiral domain walls and skyrmions in magnetic multilayers[END_REF][START_REF] Chauleau | Chirality in magnetic multilayers probed by the symmetry and the amplitude of dichroism in X-ray resonant magnetic scattering[END_REF].

The characteristics properties of such skyrmion lattice can be changed under the influence of an external perpendicular field [START_REF] Srivastava | Resonant dynamics of skyrmion lattices in thin film multilayers: Localised modes and spin wave emission[END_REF]. This behaviour has been investigated with the help of Titiksha Srivastava, former postdoc in our group, and I thank her for allowing me to share a part of her work. For this purpose, the sample followed by an increase of the density when the lattice is stabilized (Fig. 4.7b2). For µ 0 H z = 0 mT, a mixed between skyrmions and wormy domain is observed (Fig. 4.7b3). Keeping on increasing the field stabilizes a lattice for values above 250 mT (Fig. 4.7b6), before a decrease of the density when the sample is saturated. In Fig. 4.7c is plotted (in red) the skyrmion density as a function of the external field, extracted from the MFM images. Two peaks are observed corresponding to the skyrmion lattice organization, either at a negative field or at a positive field. The fields at which the lattice is stable are not opposite (from -⃗ z to + ⃗ z), which means that the phenomena behind their stabilization differ. In one case they nucleate from a uniform state, while in the other they are the consequence of the splitting and shrinking of domains. Their density is also different. At µ 0 H z = -250 mT we find close to 10 skyrmions per µm 2 whereas at µ 0 H z = 250 mT the density reaches almost 23 skyrmions per µm 2 . The radius r Sk of the skyrmions as a function of the field has also been evaluated. For this, we have combined information from the evolution of m z (Fig. 4.7a) and the density d: r Sk = (1 -m z )/(2πd). It assumes that for a given field, only skyrmions are stable and all with the same diameter (not only from skyrmion to skyrmion, but also along the thickness). That is why it has been evaluated only for the field at which the skyrmion density is maximum. Results are plotted in Fig. 4.7c (in black). We find that despite the fact that the observed diameter of the skyrmions is reducing from 125 nm at µ 0 H z = 200 mT to 75 nm at µ 0 H z = 320 mT, the density is not evolving. It underlines that the skyrmion diameter evolves with the external field, even in a lattice, and is not only fixed by the number of skyrmions that are present. 

Evolution of the threshold current J n for skyrmion nucleation

For most of the applications, one of the keystone is a proper control of the nucleation, both in time and in space. We have seen how it is possible to stabilize skyrmions with the presence of an external magnetic field in unpatterned multilayers, but the question of a current-induced nucleation has yet to be addressed. For this purpose, we have decided to focus on micrometres wide tracks, to have dimensions large enough compared to the diameter of the skyrmions. The length is varied, depending on the sample, to have a two-point resistance around 50 Ω, in order to match with the different equipments' impedance. All the devices have been designed using a projection lithography, which is an easy and fast technique compared to laser lithography or e-beam lithography.

As an example of current induced nucleation, the following multilayer has been considered: Ta5|Pt8|(Co1.2| Al1.4|Ta3|Pt3) 10 . After positive saturation, it hosts magnetic domains at remanence (Fig. 4.8a). When increasing µ 0 H z towards positive values, domains split and shrink (Fig. 4.8(b-d)) but skyrmions never appear. More over, as shown in Fig. 4.8(e-f), when patterning a 1.5-µm wide track, the remnant state is the saturated one.

We explain these observations by the density of nucleation centres (for field cycling nucleation) that is so low that some of the patterned devices have no nucleation centres. In order to investigate the density of such cen- We have investigated the nucleation by first saturating the film, subjecting it to a high external field (µ 0 H z = +500 mT). An image is then taken at remanence with a uniform saturation of the magnetization for all the squares polarized along the same direction (Fig. 4.9a). A negative field is then applied, and another image is taken at remanence to observe if the magnetization has reversed. The first reversal is found after applying µ 0 H z = -50 mT (Fig. 4.9b). A field far exceeding µ 0 H z,sat in the unpatterned film. The number of squares that have reversed is increasing for higher amplitude of µ 0 H z with the last squares being reversed at |µ 0 H z | > 250 mT (Fig. 4.9f). It means that between the first reversal and the last one, there is a difference of more than 200 mT. This field of reversal is found to depend only very weakly on the dimension of the square. This simple experiment demonstrates that a pre-existing (before patterning) density of defects is not the dominating nucleation mechanism, but that the nucleation rather occurs at edges of the patterned structures. Whatever the nucleation mechanism, in patterned devices, the nucleation is hence appearing at fields exceeding µ 0 H z,sat of the plain film, and that is why when a first texture is nucleated, it immediately evolves into a uniform state and not in a state with textures. Also, due to the relatively large width of the devices, with respect to the domain or skyrmion sizes, changes in the magnetic parameters due to confinement appear negligible. The consequence of the confinement on magnetic textures usually appearing for dimension close to a few hundred of nanometres [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF][START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF][START_REF] Ho | Geometrically tailored skyrmions at zero magnetic field in multilayered nanostructures[END_REF].

In Fig. 4.8g, an AFM image of the resulting track device is shown. The nominal value of the width of the track was fixed to 1.5 µm but after the etching procedure, the measured width is varying between 1.3 µm and 0.9 µm.

As a consequence, for the remainder of this manuscript, devices will be mentioned by their nominal sizes but the calculations (current density for example) will be done with the observed width. AFM measurements (Fig. 4.8g) also reveal the presence of redeposition located at the edges of the track. This phenomenon appears when performing the ion beam etching and, even if in the scope of this Ph.D. it appears as a default (because it makes the observation of the magnetic textures more difficult and questions the current that it could shunt), it is an interesting phenomenon that might be useful to perform 3D nanofabrication [START_REF] Desbiolles | Ion beam etching redeposition for 3D multimaterial nanostructure manufacturing[END_REF]. The fact that the remnant state in the track is the saturated one is an advantage to perform current induced nucleation. Indeed, it is possible to perform experiments in the absence of magnetic domains, even at zero field, to investigate the nucleation process starting always from a uniform magnetization. A protocol has then been defined for different fields, in which the sample magnetization is first saturated by an OOP field (high enough to saturate the magnetization) and then the field is decreased to a given target value. At this stage, the track device never contains neither skyrmions nor domains. After sending a burst of 200 pulses with a duration of 200 ns at a current density of J = 1.8 x 10 11 A m -2 and at a 2.5 MHz frequency (duty cycle η = 0.8), an MFM image is taken. The choice of the number of pulses, as well as their duration (quasi dc during 50 µs) is made to create a large amount of Joule heating. As shown in Fig. 4.10a, without external field, worm domains are nucleated. Their shape is partly defined by the direction of the current induced Oersted field. In this case, the Oersted field is along -⃗ z (which is in the same direction as the magnetization of the nucleated domains) in the left part (relative to the current direction) of the track and along +⃗ z in the right part. This explains the fact that only one long domain, with perpendicular branches, is nucleated from the top part. When increasing µ 0 H z towards positive values, the nucleated domains are disfavoured by the Zeeman energy and domains tend to split in multiple ones (Fig. 4.10b), as already observed for unpatterned films. For µ 0 H z = 8 mT, the first skyrmions are nucleated with apparent diameter around 200 nm (Fig. 4.10c), coexisting with worm domains.

The number of skyrmions nucleated then increases with the OOP field, because more domains have shrunk In this experiment, the current density has been chosen for a certain nucleation at each field (below the saturation field), but one can define J n , the smallest current density needed to nucleate a magnetic texture (a domain or a skyrmion, depending on the value of µ 0 H z ) from a saturation state. This threshold current density J n evolves with different parameters such as the number of pulses applied, the frequency of the train of pulses, the duration of the pulses or the external magnetic field. In order to have a systematic study, in the following experiments (for which the sample is Ta5|Pt5|(Pt3|Co1.2|Al1.4|Ta3) 5 ), only one pulse is applied along the track and always with the same polarity. The duration of the pulse is then varied to depict the evolution of J n .

The experimental procedure is the following, for a specific target field, a first pulse of current density is applied, small enough to avoid the nucleation of any magnetic textures, before doing an MFM image. If the magnetic configuration remains the saturated one, it means that J < J n . The current is then increased progressively until the MFM image exhibits some magnetic textures. In order to address the reproducibility of the nucleation, the experiment is repeated 10 times for each pulse duration and each field value.

As shown in Fig. 4.11a, for a given pulse duration, J n increases with µ 0 H z . To understand this behaviour we refer to the work of Bessarab et al. [START_REF] Bessarab | Lifetime of racetrack skyrmions[END_REF] who have shown by first principle calculations that the energy barrier to nucleate a skyrmion, either by a nucleation located within a track or from one of the edges, is increasing with the external field (Fig. 4.11b). The nucleation from the edges being energetically easier (in blue in the graph) compared to a spontaneous nucleation in a track (in red). They also demonstrated that the energy barrier for skyrmion nucleation differs from the energy barrier for annihilation due to the difference in the attempt frequency, which varies by orders of magnitude for both mechanisms and which is smaller in the case of annihilation [START_REF] Hagemeister | Stability of single skyrmionic bits[END_REF]. To perform nucleation this energy barrier has to be overcame, and, as a consequence, the energy that has to be provided to the system has to increase for increasing µ 0 H z . The increase of J n with the external field goes in this direction, heating scaling with J 2 . Also, if one considers a given field, J n increases when reducing the duration of the pulse. The Joule heating being also proportional to the duration of the pulse, for shorter pulses and in order to overcome the same barrier (which is fixed for a given field), the current density needed to nucleate has to increase, to provide the same amount of energy to the system. We can see however that the total energy brought by a pulse for nucleation, proportional to t pulse J 2 n , is not constant. We observe a saturation in the current as the pulses are increased (t pulse = 50 ns). This could indicate that the effects of the spin-orbit torques must also be considered.

One of the issue when performing skyrmion motion through SOT is the fact that new nucleations can occur before the motion of the skyrmions starts. This happens when J n < J 0 , where J 0 represents the depinning current density, which is the smallest current density that has to be applied to move a skyrmion. A consequence of this result is that, in order to perform skyrmion dynamics, the duration of the pulse appears as a good lever.

Studies on the evolution of J 0 are detailed in Chap. 6, but we can readily understand that increasing J n as much as possible is an objective to reach faster skyrmion motion. This can be done by reducing the duration of the pulse.

In order to increase even further J n , the number of repetitions of the multilayer can be tuned. For this purpose, the same study has been performed on Ta5|Pt8|(Co1.2|Al1|Ta3|Al3|Pt3) N with N the number of repetitions (Fig. 4.12a). In this case, the injected electrical power is plotted, and not the current density, because we already evidenced the thermal mechanism behind the nucleation [START_REF] Legrand | Room-Temperature Current-Induced Generation and Motion of sub-100 nm Skyrmions[END_REF]. The resistance is strongly changing with N , for a device of fixed width and length (70 Ω for 5 repeats , 42 Ω for 10 repeats and 22 Ω for 20 repeats, corresponding to a conductance of 2 mS per repetition), and considering the electrical power allows comparing the different samples together. Interestingly, the slopes dP/dH for 10 or 20 repetitions are nearly identical, suggesting that the field dependence of the energy barrier varies very slowly with the number of repetitions N . This is also supported by the fact that the hysteresis loops for 10 or 20 repetitions samples are very similar in their shape (Fig. 4.12c). For a given field, P n is evolving linearly with the number of repetition (Fig 4 .12b). This observation can be explained with the increase of magnetic material with N because more heat needs to me provided to the system. If we assume that to nucleate a skyrmion (or a domain) the magnetization on a defined surface has to be flipped in each layers, the total volume of magnetization will increase linearly with N and as a consequence the needed Joule heating. The assumption is made that the surface that has to be flipped is constant with N , which might not be the case because for a given field the diameter of skyrmions increases with N . Nevertheless, from Fig 4 .12b, a minimum P 0 threshold, equal to 0.58 W, is found from the linear fitting.

These observations suggest a nucleation dominated by thermal effects. This contribution of the heating to the nucleation process is in accordance with previous studies [START_REF] Legrand | Room-Temperature Current-Induced Generation and Motion of sub-100 nm Skyrmions[END_REF][START_REF] Lemesh | Current-Induced Skyrmion Generation through Morphological Thermal Transitions in Chiral Ferromagnetic Heterostructures[END_REF].

We have also studied the evolution of J n as a function of K u and D. To investigate this, we have changed the suggesting that the evolution of P n is not directly linked to the value of D. If comparing the OOP hysteresis loops for the four samples (Fig. 4.13a), the sample with the largest PMA, the one with Al, is expectedly the one in which the nucleation threshold is the higher. When comparing samples with X = Cu and X = Ru, both AGFM loops are almost similar and so is the evolution of P n with µ 0 H z . This suggests a strong link between P n and K eff , expected as the switching energy is often considered proportional to K eff V .

As a summary of the different studies made on the current induced nucleation of skyrmions, if one of the goals is to increase J n , in order to increase the current range on which the motion occurs without new nucleation events, a solution is to reduce the duration of the electrical pulses, to work with multilayers with large number of repetition and to work with samples with larger PMA. Note that all these recommendations are not always compatible with the skyrmion design, but give important trends.

Skyrmion nucleation at random location

As demonstrated above, the nucleation is mainly driven by thermal energy (see also [START_REF] Legrand | Room-Temperature Current-Induced Generation and Motion of sub-100 nm Skyrmions[END_REF][START_REF] Lemesh | Current-Induced Skyrmion Generation through Morphological Thermal Transitions in Chiral Ferromagnetic Heterostructures[END_REF]). As a consequence, the nucleation is difficult to control because the nucleation is a probabilistic event occurring with larger probability on specific defects, close to which the magnetic parameters change [START_REF] Michels | Microstructuraldefect-induced dzyaloshinskii-moriya interaction[END_REF][START_REF] Schrefl | The role of exchange and dipolar coupling at grain boundaries in hard magnetic materials[END_REF], and which position are not controlled. In order to address this possibility, a systematic nucleation experiment has been performed on one of our samples to identify spots of preferred nucleation. For this experiment, in order to acquire an amount of data allowing significant statistics, MOKE microscopy has been used because it allows for a faster imaging of samples compare to MFM (one minute per image for MOKE, with our focus procedure described in Appendix C, compared to 15 min per image for MFM). The sample used is Ta5|Pt8|(Co1.2|Al3|Pt3) 10 and the procedure is the following: a field of µ 0 H z = 200 mT is applied and then reduced down to µ 0 H z = 20 mT, at which no skyrmions are present. Then, a pulse of J = 1.89 x 10 11 A m -2 and duration w = 20 ns is applied. An image is taken by MOKE microscopy and the experiment is repeated. Fig. 4.14(a1-a6) are examples of images acquired after such a process. One can note that the size of the nucleated skyrmions, as well as their number, do not vary (except for Fig. 4.14a1 in which the density of skyrmions is slightly smaller due to the randomness of the mechanism). Fig. 4.14b is the average of the 25 different experiments. If the skyrmions were nucleated always at the same spot, such an area should appear brighter than the others. However, the averaged image does not present such regions, which means that the nucleation occurs everywhere in the track, except on the "top" part. Indeed, the "bottom" part of the track is brighter than its "top" counterpart because the Oersted field favours nucleation by a local reduction of the effective field, in this specific case at the "bottom". For a reversed polarity of the pulse, we observe indeed that the nucleation is avoided in the "bottom" part. This demonstrates the importance of the Oersted field on the nucleation, which is used, in Chap. 7, in a device with a rounded geometry to perform skyrmion dynamics experiments.

Artificial defects to control the nucleation events

The fact that the current induced nucleation in plain tracks does not allow controlling the precise localization of the nucleations appears as a limitation for most applications. To achieve a finer control, we have considered two approaches, both aiming at a local reduction of J n in order to favour the nucleation of the skyrmion at those specific spots, before it happens in the rest of the device. The first idea relies on the use of focused electron beam induced deposition (FEBID) to create local changes in the magnetic parameter by growing pillars on the substrate, before growing the skyrmion multilayer. It is the approach presented in this section which has been investigated with the help of Dédalo Sanz-Hernández postdoc at CNRS-Thales and in collaboration with Amalio Fernández-Pacheco from Institute of Nanoscience & Materials of Aragon, Spain. As a second deterministic nucleation strategy, we have patterned tracks with notch(es), an approach which is presented in section 4.6.

Before presenting the use of FEBID to control the nucleation, we review techniques that are already used and which have the same goal. Among the different techniques that can be found in the literature, irradiation based [START_REF] Fallon | Controlled Individual Skyrmion Nucleation at Artificial Defects Formed by Ion Irradiation[END_REF][START_REF] Juge | Helium Ions Put Magnetic Skyrmions on the Track[END_REF][START_REF] Kern | Deterministic Generation and Guided Motion of Magnetic Skyrmions by Focused He+-Ion Irradiation[END_REF][START_REF] Hu | Precise Tuning of Skyrmion Density in a Controllable Manner by Ion Irradiation[END_REF] and light induced based [START_REF] Finazzi | Laser-induced magnetic nanostructures with tunable topological properties[END_REF][START_REF] Büttner | Observation of fluctuation-mediated picosecond nucleation of a topological phase[END_REF][START_REF] Je | Creation of Magnetic Skyrmion Bubble Lattices by Ultrafast Laser in Ultrathin Films[END_REF] methods seems to be really promising because they allow to precisely create nucleation spots. As an example, Kern et al. [START_REF] Kern | Deterministic Generation and Guided Motion of Magnetic Skyrmions by Focused He+-Ion Irradiation[END_REF] demonstrated the current induced nucleation of skyrmions on previously irradiated areas (Fig. 4.15a). They also evidenced the possibility to move the skyrmions out of their nucleation spots and the possibility to confine them in irradiated lines to perform skyrmion motion effectively, free from skyrmion Hall effect. In this experiment, the control on the skyrmion nucleation is limited by the resolution of the irradiation technique, which is typically below 10 nm. A drawback of this technique is that it modifies the internal structure of the multilayer. For the irradiation based technique, the goal is to locally change the magnetic parameters, such as the effective anisotropy [START_REF] Mahendra | Tailoring of magnetic anisotropy by ion irradiation for magnetic tunnel junction sensors[END_REF][START_REF] An | Improved spin -orbit torque induced magnetization switching efficiency by helium ion irradiation[END_REF], which reduces J n . If J n is reduced locally to achieve a state where J n,spots < J n,track , when a pulse at J = J n,spots is applied, the nucleation happens only at the previously irradiated spots [START_REF] Büttner | Observation of fluctuation-mediated picosecond nucleation of a topological phase[END_REF]. The benefit of this technique is that it is possible to precisely chose where the sample gets irradiated.

As another example, Büttner et al. [START_REF] Büttner | Observation of fluctuation-mediated picosecond nucleation of a topological phase[END_REF] demonstrated by X-ray holography the possibility to nucleate a bunch of skyrmions within an area illuminated by a femtosecond laser pulse (Fig. 4.15b). In this experiment, the control on the nucleation is limited by the laser spot size that is used. Despite all the possibilities permitted by this technique, it appears difficult to implement it in embedded devices because it requires the use of a laser.

On our side, we have decided to use FEBID to modify the film properties at the scale of the skyrmion. With FEBID it is possible to design 3D objects, for example nanometres size pillars. Then, if a magnetic multilayer is grown on top of them, the presence of the pillars will induce local changes, which will modify J n locally.

Because the FEBID resolution is of the order of a few nanometres, a local control of the nucleation with the same precision as the already presented techniques is expected.

The FEBID process relies on the use of a focused e-beam that will interact with a precursor gas present in a chamber. Some molecules present in the gas are adsorbed at the surface of a substrate and through exposure to the electron beam the molecules are broken, leading to solidification of a part of the materials of interest.

Varying the position of the electron beam (and its exposure time), 3D structures can be grown. For a better understanding of the process, please refer to [START_REF] Skoric | Layer-by-Layer Growth of Complex-Shaped Three-Dimensional Nanostructures with Focused Electron Beams[END_REF]. Despite all the possibilities that are given by FEBID, as a starting point, we have designed arrays of pillars of different height on a SiO 2 substrate. The material used is composed of 60 % Pt and 40 % C and is not expected to have any magnetic or electrical influence in itself. We aim to induce local changes in the multilayer due to the modification of the topography only. The height of the different pillars is controlled by the exposure time with the beam. The pattern is the following (see Fig. Finally, an optical lithography is performed to design the tracks that are used in the experiment to perform current induced nucleation. Our optical lithography allowing an alignment with a precision of 1 µm, it is possible to select the dots with the desired heights (Fig. 4.17d). To perform nucleation, the ones with the largest heights have been chosen (from the first column) hoping for bigger changes in the magnetic parameters. Note that the total thickness of the multilayer is then smaller than the height of the dot (> 100 nm). Pulses of different current densities are then applied through the device. The pulse duration is fixed to 20 ns and the OOP field fixed to µ 0 H z = 40 mT. Column (a) of Fig. 4.18 is for J = 3.65 x 10 11 A m -2 , column (b) for J = 3.75 x 10 11 A m -2 and column (c) for J = 3.86 x 10 11 A m -2 . The images of each line are acquired respectively after 1, 3 and 5 pulses. We see that for the smallest current density, the nucleation is not happening at each pulse. For the intermediate J, one nucleation event happens approximatively every 2 pulses. For those two cases, the nucleation is coming from the area localized above the dot that has been previously designed by FEBID. We expect the same results if the dot is at another position (for example, in the centre of the track) to precisely control the nucleation along all the device.

The case of the highest J is more complicated. Indeed, in this experiment, after 3 pulses, nucleation appeared at the right corner of the track (skyrmion circled in purple) and not only at the FEBID defect. The range of current densities for which the nucleation happens only at the dots positions, without occurring elsewhere along the track, is only of 0.2 x 10 11 A m -2 . The image from Fig. 4.18c also shows nucleation from a dot with a smaller height. After 3 pulses, nucleation from the dot on the left (skyrmions circled in orange and blue) is happening. It means that J n is increasing when reducing the height. Indeed, below J = 3.86 x 10 11 A m -2 , no nucleation was possible from the smaller pillars, while above this value nucleation events start to happen. This suggests the possibility to tune the value of J n by incorporating FEBID objects of different height, and so the large control on the nucleation that is enabled by FEBID with results as good as irradiation techniques. More results on the use of FEBID for the control of magnetic domains (alignment along the track and transition towards a skyrmion state) can be found in Appendix B.

Deterministic nucleation using a notched track

The second approach that we have followed to control the nucleation is to tune the geometry of the device. Indeed, FEBID permits a deterministic nucleation, but the technique is seldomly available (our laboratory does not have a FEBID). As a consequence, we would like to present an alternative process based on optical lithography, which permits to finely tune the nucleation process by inserting a notch at one side of the track.

Because nucleation comes principally from a thermal phenomenon, the idea is to use the shape of the devices to create areas in which the heat will concentrate. As the amount of heat directly depends on the current density, it is equivalent to create areas in which the current density is higher. A way to do so is to create a device with sharp edges, for example to add a "notch" at one side of the track. To investigate this possibility we have combined finite element calculations (using COMSOL Multiphysics [START_REF]Introduction to comsol multiphysics®[END_REF]) and micromagnetic simulations (using MuMax3 [START_REF] Vansteenkiste | The design and verification of MuMax3[END_REF]) for two different notch geometries: one with sharp edges (Fig. 4.19a1) and one with rounded edges, closer to the experimental shape as measured by AFM (Fig. 4.19a2).

In the first place, finite element calculations are performed using the software COMSOL to determine the current density profile within such a device. We have considered a 2048 nm wide track made of only one layer of Pt with thickness of 3 nm, in order to mimic the thickness of the Pt in the actual multilayer. A width of 2048 nm has been considered to later import the results from COMSOL to Mumax3, to keep the same grid mesh. A notch 4.19a in which the norm of the current density is mapped. As expected, the current density is higher at the abrupt corners. An increase of the current density up to 7 times (for the sharp notch) and up to 2 times (for the round notch) is found at the apex of the tip, compared to the rest of the track. The case of the round device is considered as more realistic because optical lithography has been used, and it is difficult to design such sharp edges at such small dimensions with this technique.

Following the finite element calculations, finite difference micromagnetic simulations have been performed.

The parameters used are the following: M s = 956 kA m -1 , A = 10 pJ m -1 , K u = 1014 kJ m -3 , D = 1.65 mJ m -2 and α = 0.02. The simulation size is 2048 x 1024 x 3 with cubic cells of 1 nm 3 . The initial state is uniform along +⃗ z (Fig. 4.19b1) and µ 0 H z = 5 mT. An idealized pulse (instantaneous rising time, no transitory state) is applied in the simulation. After 100 ps at J = 3 x 10 12 A m -2 (Fig. 4.19b2) a small area close to the apex of the notch sees its magnetization switched. After a 200 ps, the area expands enough to give rise to a stable object after relaxation.

In the case of the sharp notch, only 5 x 10 11 A m -2 are enough to nucleate, and it is possible to observe the formation and the ejection of a skyrmion far from the notch in 1 ns (Fig. 4.19c).

First of all, we notice that compared to current induced experiments presented previously, the J value used in the simulations is one order of magnitude higher. This can be explained by the fact that the simulations are performed at 0 K. Also, in these micromagnetic simulations, we have not considered any heating effect (that could be mimicked by local reduction of anisotropy for instance), and all the process results from the spin-orbit torques only. As we demonstrated that the nucleation is rather related to thermal effects in our metallic films, the much larger current densities in simulation compared to experiments could have been anticipated.

We have then designed by optical lithography a device with a notch, with edges as sharp as we could. The multilayer used for this experiment is Ta5|Pt8|(Co1.2|Al3|Pt3) 10 . After ion beam etching, the result is a track of 6 µm width and with a notch at one of the side, due to which the track width is reduced by 20% (Fig. 4.20a).

Note that the curvature of the notch appears as more important, at least in COMSOL calculations, than the actual reduction of the width. To address the behaviour of the magnetization close to the notch when applying electrical currents, preliminary observations have been made using MFM, in order to have a typical resolution of 30 nm. When applying a unique pulse of 30 ns at J = 2.05 x 10 11 A m -2 and at µ 0 H z = 19 mT, a reversed domain (blue area circled in red) is created at the extremity of the notch (Fig. 4.20a). If one applies another pulse, the previously nucleated circular domain is ejected and elongates into a domain. The reason is that skyrmions are not stable (they stripe out) at this field. When performing the same experiment at increasing µ 0 H z , the ejected domains elongate less and less until, at µ 0 H z = 26 mT, only a skyrmion is stable (4.20d). This demonstrates the possibility to nucleate skyrmions with the designed geometry in accordance with the micromagnetic simulations that have been detailed previously.

Following this encouraging observation, the idea is to address the reliability of the process. The goal being to find conditions for which a deterministic nucleation is possible with the formation of a unique skyrmion per electrical pulse. In fig. 4.21(b1-5) are presented MOKE images obtained after applying respectively 1, 5, 10, 15 and 20 pulses at µ 0 H z = 20 mT. Each pulse is 50 ns long at J = 2.37 x 10 11 A m -2 . The current density is estimated for the width of the track without notch (6 µm) but is significantly higher at the tip of the notch, as evidenced by previous COMSOL calculations, but it remains difficult to evaluate it precisely. The different images are taken with a x100 lens in immersion in oil. In order to achieve images with reduced noise, we have developed an For those specific parameters, skyrmions are nucleated from the apex of the notch with apparent diameters close to 200 nm, matching with the preliminary MFM observations. Nevertheless, each pulse does not nucleate precisely one skyrmion. To reach this goal, the same experiment has been performed, but for varying width and varying current density in collaboration with Tristan da Câmara Santa Clara Gomes, postdoc at CNRS-Thales, who helped in the analysis of the images.

In Fig. 4.22a is plotted the number of skyrmions present in the device as a function of the number of pulses for different J values. The pulse duration is fixed to 50 ns and the current density is varied from 2.6 to 3.5 x 10 11 A m -2 . For a fixed current density, the number of skyrmions keeps on increasing with the number of pulses because the skyrmions, nucleated by each previous pulses, are also moving and do not disappear when applying the consecutive pulses. The evolution of the number of skyrmions nucleated per pulse (the slopes in Fig. 4.22a, taken for the ten first pulses) as a function of J is presented in Fig. 4.22b. A linear trend is found and exhibits the possibility to nucleate one skyrmion per pulse at a current density close to 3.3 x 10 11 A m -2 . From this graph is also extracted J n which is found to be 2.6 x 10 11 A m -2 . A quadratic behaviour is expected because thermal dissipation goes as the square of the current. The observed linear trend could indicate the fact that the nucleation by the notch is limited by the repulsion of the previously nucleated skyrmions and so by their velocity (which scales linearly with the time and the current density in the flow regime), or that it is not only a thermally activated event. A second parameter that can be tuned to control the number of nucleation events is the duration of the pulse. For this purpose, the current density has been fixed to 3.2 x 10 11 A m -2 and the duration of the pulse varied (Fig. 4.22c). The number of skyrmions in the track increases quasi linearly with the number of pulses.

The number of nucleated skyrmion per pulse is also evolving linearly with the pulse width (Fig. The linear trend as a function of the duration is expected because the Joule effect energy deposited by the current pulse is proportional to the pulse width (at least for short enough pulses). Note also that after fitting the slope as a function of the pulse duration, a minimum threshold is found. This threshold depends on J and could also be limited by the velocity of the skyrmions. If the duration is not long enough for the skyrmion to be ejected far from the notch, it could impede the stabilization of the following ones.

To conclude this section, I would like to stress on the fact that the position of the notch fixes a part of the electrical parameters. Indeed, for a different depth of the notch (or curvature), the value of the current density is expected to be slightly different. Also, for a wider notch, nucleation is not only appearing at the apex but along all its side creating multiple nucleation in parallel. Nevertheless, this could be interesting for applications because it could permit the nucleation of arrays of skyrmions and not only of isolated ones.

The notch also fixes the polarity of the pulse that has to be used. When reversing the polarity of the current, the skyrmions will move in the opposite direction but with the same skyrmion Hall angle (which only depends on the direction of the magnetization in the core of the skyrmions). The Oersted field also disfavours the nucleation of skyrmions in half of the situations (Fig. 4.23). Moreover, in these same cases, the skyrmions are pushed by the skyrmion Hall effect to the edge of the device. Experimentally, when reproducing the experiments with an opposite polarity compared to Fig. 4.21, the skyrmions would move towards the top right of the device and be directly annihilated. At least, usually, no skyrmion can be observed after such experiment. In this case, the external field needs to be reversed in order to inverse the value of the skyrmion Hall angle. The skyrmions will then move towards the bottom right of the device and be nucleated in the same way. A schematic of the possible configurations is shown in Fig. 4.23.

Chapter 5

Antiferromagnetic skyrmions in synthetic antiferromagnet

Among all the interesting properties of skyrmions, notably related to their topological nature, one of the most interesting one is their ability to have diameter in the range of ten nanometres (and less) while being stable at room temperature [START_REF] Heinze | Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions[END_REF][START_REF] Caretta | Fast currentdriven domain walls and small skyrmions in a compensated ferrimagnet[END_REF]. Their size depends on the balance of the different interactions that have already been presented in Chap. 2. As for the action of the DMI, the higher its amplitude, the larger will be the skyrmion as this interaction favours the rotation of neighbouring magnetic moments [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF][START_REF] Wang | A theory on skyrmion size[END_REF]. A possible solution to reach minimal diameters is to reduce the effective DMI by increasing the thickness of the magnetic layer.

However, as a drawback, dipolar effects will increase and extend the size of the skyrmion. Those two opposite mechanisms make this run towards smaller skyrmions very challenging. A solution has then emerged with systems called synthetic antiferromagnets (SAF), which are the topic of this chapter, for which the stabilization of antiferromagnetic (AF) skyrmions have already been achieved in systems close to compensated anisotropy [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF][START_REF] Chen | Controllable Generation of Antiferromagnetic Skyrmions in Synthetic Antiferromagnets with Thermal Effect[END_REF][START_REF] Juge | Helium Ions Put Magnetic Skyrmions on the Track[END_REF][START_REF] Chen | Evidence for Magnetic Skyrmions at the Interface of Ferromagnet/Topological-Insulator Heterostructures[END_REF]. Those systems exhibit a cancellation of the dipolar interactions due to an antiferromagnetic coupling presents in between the different magnetic layers. They also have appeared as excellent candidates for skyrmions dynamics because a consequence of this antiferromagnetic coupling is a motion free from any skyrmion Hall effect [START_REF] Chen | Controllable Generation of Antiferromagnetic Skyrmions in Synthetic Antiferromagnets with Thermal Effect[END_REF][START_REF] Dohi | Formation and current-induced motion of synthetic antiferromagnetic skyrmion bubbles[END_REF].

In the first section ( §5.1), we present synthetic antiferromagnetic systems and the procedure, depicted in 2019 by Legrand et al. [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF], that has been used to stabilize antiferromagnetic skyrmions. One of the limitations was that in the Co based SAF multilayers that have been used, it was not possible to go beyond a "simple" SAF i.e. 2 layers coupled antiferromagnetically. In the following section ( §5.2), we describe results on the multirepeats CoFeB based SAF systems, with the objective being to enhance the thermal stability of AF skyrmions.

We first show that AF skyrmions can be stabilized thanks to the introduction of an effective magnetic bias field from a uniformly magnetized layers (called bias layer, BL). However, BL has appeared as not well suited for skyrmion motion. To avoid this issue, in §5.3, we present a method to stabilize antiferromagnetic skyrmions, based on the fine-tuning of the number of repetitions and magnetic layer thicknesses and in §5.4, we introduce another method, which relies on the confinement of antiferromagnetic textures in nanodots, and demonstrate the stabilization of antiferromagnetic skyrmions in a system for which the BL was previously mandatory.

An introduction to synthetic antiferromagnetic system

One of the limiting parameters to achieve the room-temperature stabilization of nanometre-scale skyrmions in thin film, and more particularly in multilayers, is the intra-film and/or inter-film dipolar interaction. The amplitude of this long-range interaction is proportional to M s . Consequently, in AF materials, but also in SAFs as the ones considered in this Ph.D., the cancellation of this dipolar interaction can be achieved because their structure, which is made of different sublattices with opposite magnetization [START_REF] Xiong | Antiferromagnetic spintronics: An overview and outlook[END_REF][START_REF] Baltz | Antiferromagnetic spintronics[END_REF], promotes the cancellation of dipolar interaction.

Another promising system are ferrimagnets which have recently shown DMI (for example in GdCo ferrimagnets [START_REF] Morshed | Tuning Dzyaloshinskii-Moriya interaction in ferrimagnetic GdCo: A first-principles approach[END_REF][START_REF] Quessab | Tuning interfacial Dzyaloshinskii-Moriya interactions in thin amorphous ferrimagnetic alloys[END_REF]). They also contain different sublattices as AF, but the overall magnetization is not fully compensated. Skyrmions have been stabilized in such materials and their motion have been observed with velocities exceeding those in ferromagnets [START_REF] Berges | Size-dependent mobility of skyrmions beyond pinning in ferrimagnetic GdCo thin films[END_REF][START_REF] Quessab | Zero-Field Nucleation and Fast Motion of Skyrmions Induced by Nanosecond Current Pulses in a Ferrimagnetic Thin Film[END_REF]. Moreover, due to the presence of a skyrmion in each of the sublattice, therefore with opposite polarity, a cancellation of the skyrmion Hall angle is achieved [START_REF] Quessab | Zero-Field Nucleation and Fast Motion of Skyrmions Induced by Nanosecond Current Pulses in a Ferrimagnetic Thin Film[END_REF]. Despite all those advantages, ferrimagnets remains really sensitive to temperature, contrary to SAF, due to the different behaviour of the magnetization in the two sublattices.

During this Ph.D., we have chosen to work with SAF. One of the simpler possible SAF is composed of two metallic layers, for example Co, separated by a Ru layer. If the thickness of the Ru layer is close to 0.75 nm, both magnetic layers couple antiferromagnetically through the indirect exchange interaction called the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction that is mediated by the conduction electron through the Ru layer. As a consequence, the direction of the magnetization of one layer is found to be opposite in the next one. The sign of this coupling depends on the thickness of the material between the magnetic layers and favours either a ferromagnetic or an antiferromagnetic one [START_REF] Parkin | Systematic variation of the strength and oscillation period of indirect magnetic exchange coupling through the 3d, 4d, and 5d transition metals[END_REF][START_REF] Bruno | Oscillatory coupling between ferromagnetic layers separated by a nonmagnetic metal spacer[END_REF]. Even if all the metals are subject to RKKY coupling, Ir and Ru are the most used because the thickness at which the antiferromagnetic coupling peaks can be easily achieved by magnetron sputtering. Another advantage of SAF, compared to "real" AF, is that it is possible to tune the other magnetic parameters such as D, A or M s , as long as the antiferromagnetic coupling is present.

For example, by using numerous trilayers separated by a Ru spacer. However, as a drawback, SAFs are almost not sensitive to external field compared to ferromagnetic systems (for fields much lower than the coupling strength), because its effect on one of the magnetic layer is reversed on the next one. This characteristic makes the stabilization of skyrmions by external field very challenging in SAF because the Zeeman interaction is usually used for this purpose, as it has been presented in Chap. 4.

In the following, we present results that have been obtained on different SAF systems, mainly CoFeBbased SAFs. However, before presenting them, we would like to describe some results that have already been achieved, and which can be found in the literature, concerning the stabilization of AF skyrmions in SAF. As a starting point, in Fig. 5.1a is presented an OOP hysteresis loop acquired on the following system: 2 repetitions of Pt|Co bilayer separated by a Ru layer with a thickness of 0.75 nm. Note that the use of the Pt|Co|Ru trilayer induces high DMI (see Chap. 3) even for such Ru thickness [START_REF] Legrand | Spatial extent of the Dzyaloshinskii-Moriya interaction at metallic interfaces[END_REF][START_REF] Ajejas | Interfacial potential gradient modulates Dzyaloshinskii-Moriya interaction in Pt/Co/metal multilayers[END_REF]. At remanence, there is a cancellation of the total magnetization, due to a system almost fully antiferromagnetically coupled. From the width of the zeromagnetization plateau, the strength of the RKKY coupling can be estimated using µ 0 H RKKY = 2J RKKY /(t Co M s ). For this given system, we found µ 0 H RKKY = 180 mT, the purpose of this measurement being to quantify the strength of the RKKY coupling.

A strategy has then been developed during the Ph.D. of William Legrand [63] in order to stabilize the antiferromagnetic skyrmions from such a system [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. A first important point is to reduce the effective anisotropy close to zero, to reach the spin reorientation transition (SRT). In such case, no specific orientation of the magnetization is favoured and the presence of DMI induces its continuous rotation, resulting in the stabilization of a spin spiral (Fig. 5.1b). From the spin spiral state, a BL (the one already presented in Chap. 4) is integrated in the multilayer in order to stabilize the skyrmions. The use of a BL is mandatory because SAFs are the arrangement of magnetic layers with opposite direction, and thus external fields have a reduced effect, each layer responding in opposition. Contrary to external field, the effective magnetic field generated by the BL acts only on one of the magnetic layer through an electronic coupling. Therefore, only this layer (which is the deepest layer in our systems because the BL is grown underneath the multilayer) is affected, and the system, while still being a nearly fully compensated SAF, is found to stabilize skyrmions. Note that the strength of this electronic coupling has to be important enough to modify the magnetization organization of the layer above, but to still be below µ 0 H RKKY . This procedure has permitted to observe antiferromagnetic skyrmions in (Pt|Co|Ru) 2 with diameters close to 30 nm by MFM under vacuum (Fig. 5.1(c-d) extracted from [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]). For this system, the increase of the number of repetition has been found to not be possible because the RKKY coupling was not strong enough to compete the interlayer dipolar interactions, which results in a ferromagnetic coupling of the different layers.

In order to overcome this issue, we present in this chapter the study that we have done to develop CoFeB based-SAF for which M s is found to be smaller compared to Co which permits the stacking of more layers.

Reduce magnetization to increase the number of repetition

CoFeB is an alloy of choice for magnetic multilayers. Compared to Co, the presence of boron atoms reduce the overall magnetization [START_REF] Kim | Control of crystallization and magnetic properties of CoFeB by boron concentration[END_REF] and its growth is also more amorphous by magnetron sputtering, which is interesting for dynamics because the magnetic damping is then smaller [START_REF] Liu | Ferromagnetic resonance and damping properties of CoFeB thin films as free layers in MgO-based magnetic tunnel junctions[END_REF][START_REF] Devolder | Damping of CoxFe80-xB20 ultrathin films with perpendicular magnetic anisotropy[END_REF]. On top of that, the skyrmion depining threshold, J 0 , is increasing with the size of the grain (if the grain dimensions are smaller than the skyrmion diameter, as it is in our case [START_REF] Legrand | Room-Temperature Current-Induced Generation and Motion of sub-100 nm Skyrmions[END_REF]). An amorphous growth reduces the average grain size and, as a consequence, J 0 is reduced, permitting the motion of skyrmions at smaller current densities. At last but not least, CoFeB is the magnetic material used in most advanced spintronic devices, e.g. MTJs showing large tunnelling magnetoresistance ratio. Even if this has not been one of the objectives of this Ph.D., we consider that this is one more reason to study CoFeB based SAF multilayers. Note that the composition of the alloy that has been used for all the samples presented in this chapter is Co 40 Fe 40 B 20 , denoted as CoFeB only.

As a starting point, the multilayer (CoFeB0.8|Ru0.75|Pt0.7) 4 , grown above a Ta5|Pt8 buffer, has been studied. The first goal is to find the SRT and to verify that a spin spiral state can be stabilized in this 4-repeats multilayer. An example of OOP hysteresis loop for this sample is presented in Fig. 5.2a. Compared to the loop for a "simple" SAF from Fig. 5.1a, for positive field, two transitions are visible and not only one. The reason is that not all the CoFeB layers flip at the same field. Assuming that the deepest layer (layer 0) is pointing along +⃗ z, the layer above (layer 1) is along -⃗ z (due to the antiferromagnetic coupling), layer 2 along +⃗ z and layer 3 along -⃗ z. The difference between the layer 1 and the layer 3 is that the first "feels" twice the antiferromagnetic coupling (from layers 0 and 2) while layer 3 "feels" it only from the layer 2. In consequence, the upper layer reverses at a smaller field (because its flip increases less the energy associated to the RKKY, compared to the flipping of the deepest one). In this example, it happens at µ 0 H z = 77.5 mT. The layer 1 flips at a bit more than twice this field, at µ 0 H z = 161 mT. The slight difference comes from the fact that the two layers do not have strictly the same anisotropy. The deeper (layer 1) being closer to the thick Pt from the buffer (see Chap. 3 for the comparison of the anisotropy for those two cases).

Using AGFM, it is possible to determine the value of µ 0 H RKKY as a function of the different materials thicknesses (Pt, Ru and CoFeB). We have found that t Ru = 0.75 nm maximizes the RKKY antiferromagnetic coupling, in agreement with literature [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF][START_REF] Lavrijsen | Tuning the interlayer exchange coupling between single perpendicularly magnetized CoFeB layers[END_REF][START_REF] Bloemen | Oscillatory interlayer exchange coupling in co/ru multilayers and bilayers[END_REF]. Concerning the thickness of the Pt layers, we have grown a series of multilayers, and we find that the coupling is decreasing exponentially with t Pt (Fig. 5.2b). However, we cannot decrease too much the Pt layer as it induces PMA and DMI at its interface with Co. In fact, we have also investigated how the PMA and DMI vary with Pt and found that 0.5 nm is enough to reach 90 % of the total PMA and DMI [START_REF] Legrand | Spatial extent of the Dzyaloshinskii-Moriya interaction at metallic interfaces[END_REF]. For this reason, the Pt layer thickness has been fixed to 0.5 nm. Finally, we have varied the CoFeB thickness in order to determine the SRT. This transition can be found at the crossing of µ 0 H sat and 2µ 0 H RKKY versus t CoFeB , because µ 0 H sat = µ 0 H eff +2µ 0 H RKKY and because µ 0 H eff = 0 at the SRT [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. For this specific system, t CoFeB,SRT ≈ 1 nm (Fig. 5.2c) as confirmed by the similar loops for IP and OOP field sweeping in Fig. 5.3a. This optimized sample has then been studied by MFM. Despite the fact that the stray field of SAF is really small compare to ferromagnets [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF], it is still possible to image their magnetization organization. At remanence, the magnetic configuration observed by MFM is a spin spiral state, which validates the successful engineering of the multi-repeat SAF systems with CoFeB. Note that the detailed analysis of this spin spiral observations, and their periodicities, is provided in the next section.

As explained before, in order to stabilize antiferromagnetic skyrmions, a BL that generates an effective field has to be integrated below (or above) the SAF multilayer. The BL which has been used is (Co0.6|Pt0.45) 3 |Co0.6 and the spacer between the BL and the SAF is Pt1.8. After a field sequence aiming at saturating the magnetization of the BL (after saturation of the BL at µ 0 H z = 70 mT and then back to zero), some AF skyrmions can be detected in MFM at remanence. Note that compared to the observation from [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF], the image is performed by MFM at room pressure, and not under vacuum, for which the ratio noise/signal is higher. That can explain the difference in the quality of the image, the imaging of SAF being challenging at ambient conditions. The AF skyrmions appear as circular shape blue dots in Fig. 5.3b. In order to be more quantitative, several line profiles of these skyrmions are shown in Fig. 5.3c. Their apparent diameter is found to be close to 100 nm, which is bigger than the skyrmions that have been found in Co based SAF. However, the apparent skyrmion diameter depends strongly on the size of the tip and the scanning height [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF], and it is therefore difficult to compare both observations.

Following their stabilization, one of the goal of this Ph.D. is to perform skyrmion dynamics. Therefore, we present hereafter some results aiming at controlling the motion of AF skyrmions through SOT. Indeed, AF skyrmions are supposed to move faster than their ferromagnetic counterpart [START_REF] Caretta | Fast currentdriven domain walls and small skyrmions in a compensated ferrimagnet[END_REF] and the skyrmion Hall effect should be completely cancelled [START_REF] Barker | Static and Dynamical Properties of Antiferromagnetic Skyrmions in the Presence of Applied Current and Temperature[END_REF]. Two advantages that would be beneficial for most of the skyrmion based applications. To investigate these current-induced effects, we have designed 4 µm wide tracks by projection lithography and observed them in MFM under vacuum, to work with lower noise/signal ratio. Note that for all this manuscript, MFM images shown with a "cold blue" colour scale are performed under vacuum while MFM images using "red/blue" colour scale are performed at room pressure.

As shown in Fig. 5.4a the skyrmions are still present at remanence after the lithography process, and, as underline by different cut profiles (Fig. 5.4b), their diameter matches with the observation done on unpatterned films (smaller than 100 nm). It means that the dimension of the track does not influence the magnetic texture, as it has been already discussed in Chap. 4. This observation also strengthens the reliability of the image that has been obtained at room pressure. That is why, as far as SAF studies are concerned, starting from this point, we only present images from MFM under vacuum. Indeed, the contrast is 10 times higher and the observation is easier, even if, as a drawback, the images are also longer to acquire. MFM images at room pressure being done at 0.6 Hz while the imaging under vacuum at 0.1 Hz.

Electrical pulses of varying duration and intensity have been applied through the track in order to look for their effects on these AF skyrmions. As a reminder, the structure of the BL is: Ta5|Pt8|(Co0.6|Pt0.45) 3 |Co0.6| Pt1.8 while the structure of the SAF is (Pt0.5|CoFeB0.95|Ru0.75) 4 . Given the varying thicknesses of the Pt, it results that the current is mainly flowing through the thick 8 nm Pt layer from the buffer and the 1.8 nm Pt spacer layer between the BL and the SAF. It makes that after injection of the current pulses, the first observation is that domains are thermally nucleated in the BL (J 0,SAF > J > J n,BL ) and before the motion of any AF skyrmions. As the magnetic contrast in MFM from the BL is ten times higher compared to the contrast from the SAF (see Fig. 5.4c), it makes impossible the imaging (and hence the study) of the current induced dynamics in this structure.

Stabilizing antiferromagnetic textures without bias layer

In order to overcome the difficulties related to the domain nucleation in the BL, we present in this part our approach to achieve the stabilization of antiferromagnetic textures in simpler stacking sequence without BL. The main idea is to rely on SAFs samples with non-zero effective perpendicular anisotropies to stabilize AF metastable skyrmions. For this purpose, a series of SAF with varying number of repetitions and different thicknesses of the CoFeB layer have been grown. In the following, they are labelled by their number of repetitions and their respective thicknesses, i.e. SAF-N -t is Ta5|Pt8|(CoFeB t|Ru0.75|Pt0.5) N -1 |CoFeB t|Al1.5. In this series, the magnetic layer has a thickness ranging from 0.7 nm to 0.8 nm and the number of repetitions varies from 4 to 10. Note that the total number of magnetic layers remains always even in order to achieve the desired antiferromagnetic arrangement. The capping layer is composed of 1.5 nm Al to prevent from oxidation.

Finally, we point out that the Ru layer above the last CoFeB has been omitted, mainly because these samples were prepared for XRMS measurements in which it is important to minimize the capping thickness.

AGFM loops for the different samples are presented in Fig. 5.5 respectively for t CoFeB = 0.7 (b), 0.75 (c) and 0.8 nm (d). As a comparison, Fig. 5.5(a) is the loops for four magnetic layers with the CoFeB thickness of 0.95 nm which has been presented in the previous section (with the last layer being in contact with a Ru layer).

As mentioned in the previous section, the spin reorientation thickness is the one corresponding to K eff = 0.

Previously, we have found t CoFeB ≈ 1 nm for the SRT. Note that for this sample, the top last CoFeB was covered by Ru|Pt|Al while for the following ones we have used only Al for the capping. This difference makes that the SRT changes significantly as for SAF-4, the SRT if found at t CoFeB = 0.75 nm (Fig. 5.5c), underlining the impact of the capping on the overall magnetization behaviour. For the other numbers of repetitions, we find that the SRT also varies with 0.8 nm for SAF-2 (Fig. 5.5b) and 0.7 nm for SAF-8 (Fig. 5.5d). The trend is hence that, because of the impact of the interlayer dipolar fields, and even if we are considering antiferromagnetically coupled layers, the thickness of the individual magnetic layers for which the anisotropy is cancelled decreases when the number of repetitions increases. In fact, the decrease of this thickness allows increasing the effective PMA and thus counterbalances the effect of the dipolar fields. The analyses for the different samples of this series are reported in Tab. 5.1.

To complete the observation made by AGFM, a systematic study of the actual magnetic configuration on the different samples has been performed by MFM under vacuum. Firstly, we record the MFM image in their asgrown state (Fig. 5.6) for which different configurations are found. For the SAFs with large enough PMA i.e. SAF4-0.7 and SAF6-0.7, a uniform antiferromagnetic domain configuration is found, as expected (see Fig. 5.6a(1-2)).

For all the others samples, the magnetic state is found to be a spin spiral state [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. In fact, when K eff is reduced towards zero, the magnetization becomes free to rotate through the layer plane. In presence of DMI, cycloidal arrangements of the magnetic texture are favoured, that are call spin spirals. Note that, in ferromagnetic systems, this spin spiral configuration is not in general observed because of the impact of the non-negligible dipolar interactions that lead to the formation of magnetic stripe domains separated by DWs. On the contrary, in SAF systems as the ones considered here, due to the compensation of distant dipolar interactions, such AF spin-spiral composed of two antiferromagnetically coupled spin spirals are expected, as it has been recently demonstrated in SAF2 [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF][START_REF] Finco | Imaging noncollinear antiferromagnetic textures via single spin relaxometry[END_REF]. As shown in Fig. 5.6(a-c)3, the periodicity of the spin spiral is varying, ranging from 120 nm (SAF6-0.8) to 153 nm (SAF6-0.75). From this periodicity, and considering a constant exchange value, the amplitude of the DM interaction D can be estimated using λ = 4πA/D. Note that this equation is valid in the case of a pure spin spiral state and not in a stripe-like domain state for a ferromagnetic multilayer (or thin films). Using A = 10 pJ m -1 , we find D values ranging from 0.8 and 1 mJ m -2 which are in agreement with D values measured by BLS in similar CoFeB based systems [START_REF] Belmeguenai | Interface Dzyaloshinskii-Moriya interaction in the interlayer antiferromagneticexchange coupled Pt/CoFeB/Ru/CoFeB systems[END_REF].

In Fig. 5.6, we also notice that the MFM contrast is almost constant, despite the fact that the thickness of the CoFeB layers increases. In fact, this is what we expected, as the overall magnetization is compensated in all our SAF multilayers. Note that on some of the MFM images, notably for SAF10-0.75 (see Fig. 5.6b3), we observe that the spin spirals seems to converge to some merging points. This phenomenon is not fully understand yet but could be linked to intrinsic roughness variation which induces changes in the exchange constant or in the PMA [START_REF] Maitre | Interfacial roughness and temperature effects on exchange bias properties in coupled ferromagnetic/antiferromagnetic bilayers[END_REF][START_REF] Liu | Effect of interface roughness on the exchange bias for NiFe/FeMn[END_REF] which might create nucleation (or pinning) centres. Note that if such variations exist, they are not visible in the topography image of the sample.

In Fig. 5.7, we display the MFM images recorded for SAF10-0.7, SAF4-0.75 and SAF6-0.75 at remanence after an OOP demagnetization (Fig. 5.7(a-c)1) and under µ 0 H z = 70 mT (Fig. 5.7(a-c)2). The images for the others samples are shown in Appendix D. Concerning the period of the spin spirals at remanence, it has changed from 146 nm, in its as grown state, to 128 nm after demagnetization for SAF4-0.75, from 150 nm to 146 nm for SAF10-0.7 and did not change for SAF6-0.75. Those changes do not appear significative.

On top of that, after demagnetization, the stabilization of antiferromagnetic skyrmions is already observed, at remanence in CoFeB-based SAF system without the use of any BL, as evidenced by the presence of isolated texture in Fig. 5.7a1. However, the remanent state also presents the spin spiral state at the same time and the skyrmions are not isolated.

When applying an OOP field, the magnetization of the SAFs evolves. For example for SAF with a BL underneath, for a field applied along the direction of the BL magnetization, it is expected that one of the two skyrmions in the SAF will increase its diameter while the other will decrease it, resulting in an increase of the effective skyrmion diameter in the MFM image [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. In our SAF multilayers without BL, the relatively small applied field (µ 0 H z = 70 mT) is large enough to permit the transition from a spin spiral state to the stabilization of denser isolated antiferromagnetic skyrmions, as shown in Fig. 5.7(a-c)2). For both samples SAF4/6-0.75, the observed AF skyrmions at µ 0 H z = 70 mT are present, however with two different polarities as underlined by the presence of bright and dark spots. Several line cuts across different skyrmions are presented in Fig. 5.7(a-b)3.

First, we see that the MFM contrast is slightly different for the two polarities, i.e. -3°vs +6°and as well is their diameter. Those with a positive contrast having an apparent diameter of 50 nm while the other of 60 nm.

This behaviour is not expected because a change of polarity of the skyrmions should be accompanied by a reversal of the surrounding magnetization direction. Indeed, to coexist they need to be stable in backgrounds with opposite magnetization direction and as a consequence, a DW has to be present in between the two backgrounds. Our hypothesis is that all the AF skyrmions are not columnar along the vertical axis. The ones showing the strongest contrast (in white) are attributed to skyrmions present in the last layer (and also in all the others magnetic layers). However, the one with the smaller contrast (in dark) are attributed to columnar skyrmions present only in the magnetic layers in contact with a Ru layer. Such a skyrmion is not present in the last layer, in contact with Al, and that is why it is observed with an opposite polarity (and with a smaller intensity). This hypothesis is supported by the fact that the last magnetic layer has a larger PMA, due to the presence of the Al layer, compare to the others and that the skyrmions might annihilate faster in field.

In Fig. 5.8a, we focus specifically on the sample SAF10-0.7. On the MFM image (1 x 1 µm 2 ), some white spots with a darker ring surrounding each of them can be seen. This specific organization of the magnetization is not related to any features existing in the topography, as demonstrated by the AFM image in Fig. 5.8b. The diameter of the bright spot is found to be close to 30 nm, while the diameter of its surrounding ring is close to 80 nm (Fig. 5.8c).

To get better insights about this novel AF skyrmionic texture, 6 µm wide tracks have been designed by projection lithography and studied at µ 0 H z = 70 mT by MFM. First, we see that the magnetic textures observed in films are still visible in the track (Fig. 5.9a), demonstrating the reliability of the observation. Moreover, to realize this image, the magnetic tip has also been changed by another homemade tip (compared to the MFM images shown in Fig. 5.8). It proves that the observation is not tip related. In Fig. 5.9b, we show the MFM image obtained after a loss of the tip resonance of the MFM. We see that the inner parts have disappeared, while the outer backgrounds, which corresponds to the rings in Fig. 5.8a, are still visible. The consequence of the loss of the resonance is that the MFM scanning height is increased compared to the first image (Fig. 5.9a). It means that the stray field which comes from the inner part is more localized (closer to the surface) compared to the surrounding rings. To confirm this hypothesis, the tip resonance is again reached, and a new image has been taken. The according topography of this new image is shifted to match with the topography of the first image in order to correct a possible drift. This is possible thanks to the presence of a defect of a few nanometres' height on the surface (Fig. 5.9c(1-2)). Both MFM images are superposed on Fig. 5.9c3 and they superpose perfectly. This confirms our hypothesis that the stray field coming from the inner part is really localized, which make the observation of this specific organization of the magnetization difficult.

A possible explanation behind this organization is the presence of skyrmions lattices in the different layers of the SAF. Indeed, compared to samples SAF4/6-0.75, the effective anisotropies of SAF10-0.7 is reduced due to an increase of the number of repetitions. By analogy with the behaviour of ferromagnetic samples, the stabilization of lattices is possible, with opposite polarity in each layer due to the presence of the antiferromagnetic coupling. With the same reasoning as before, the last layer has a higher PMA, which might results in a reduce diameter of the skyrmions composing its lattice. The MFM image could be explained by this change in the diameter, the white spots resulting from the smaller skyrmions present in the last top layer, and the darker rings to the presence of bigger skyrmions in the layers underneath.

To address this possibility, micromagnetic simulations have been performed. The parameters used are the following: M s = 465 kA m -1 , A = 10 pJ m -1 , K u = 95 kJ m -3 , D = 0.95 mJ m -2 and J RKKY = -0.045 mJ m -2 . The simulation size is 1000 x 1000 nm 2 and we have considered six magnetic layers coupled antiferromagnetically together. The value of K u has been chosen to have K eff ≈ 0, and J RKKY is extracted from the AGFM loops. To account for the change of anisotropy in the last layer (due to the presence of the Al and not Ru) and in the deeper layer (due to the presence of the thick Pt from the buffer), K u is considered to be three times higher (285 kJ m -3 ) for those two layers only.

Starting from an initial random organization of the magnetization, the simulation is relaxed in the presence of an external field (µ 0 H z = 20 mT). Under those conditions, a texture is stabilized and the associated MFM image is computed and shown in Fig. 5.10b. It qualitatively matches with the real MFM image (Fig. 5.10a). Note that Fig. 5.10a is a zoom on Fig. 5.8a but with a red/blue colour scale to help in the comparison with the simulated image, despite the fact that the MFM has been obtained under vacuum. This calculated image corresponds to the presence of an AF skyrmion in the multilayer, but with varying diameters across the layers. It is found to be smaller in the last layer, due to an increase of the anisotropy, compare to the layers below. The corresponding organization of the magnetization is displayed in Fig. 5.8c1 for this last layer and in Fig. 5.8c2 for the layer just below. Note that the reversal of the core magnetization of the skyrmion is observed due to the antiferromagnetic coupling. The magnetization for all the layers is also displayed in Fig. 5.8d to stress on the fact that the simulated system is a SAF for which a skyrmion is present in all the layers.

The simulated MFM images have been calculated at different height, the goal being to reproduce the "disappearance" of the central contrast that is observed in the real MFM image when increasing the scan lift. We have Those simulations, despite the fact that the magnetic parameters are not exactly coherent with the actual sample because the choice of K u appears as an overestimation of the actual anisotropy, underline that a difference in the diameter of two antiferromagnetically coupled skyrmions can reproduce our observations. However, up to now, it was not possible for us to reproduce the periodicity of the real observation, the previously exhibited results being part of a larger simulation in which domains are also present.

In summary, we have demonstrated that antiferromagnetic skyrmions can be stabilized in CoFeB-based SAF systems without the presence of a BL. Compared to what was found in William Legrand's Ph.D. in Co based SAF2, we find that AF skyrmions can be present with two different polarities when increasing the number of repetition, and with varying anisotropies along the vertical axis. Their observed diameter is found to be close to 50 nm, but they are expected to be actually smaller due to the correlation between the observation and the size of the tip, as well as the scanning distance [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. Other magnetic textures have also been observed which might evidence the presence of an antiferromagnetic skyrmion lattices in our systems.

Confinement in nanometre-diameter disks

In this part, we want to describe a last approach that has been tried aiming at the stabilization of antiferromagnetic skyrmions without neither an external applied field or an effective one created by a bias layer. To this aim, we have designed by e-beam lithography some disks in SAFs multilayers in order to leverage on the confinement forces. In fact, such approach has been used in the case of ferromagnetic multilayers in order to stabilize skyrmions without need of external magnetic field [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF][START_REF] Ho | Geometrically tailored skyrmions at zero magnetic field in multilayered nanostructures[END_REF][START_REF] Hou | Controlled Switching of the Number of Skyrmions in a Magnetic Nanodot by Electric Fields[END_REF][START_REF] Song | A spin-wave driven skyrmion diode under transverse magnetic fields[END_REF]. Note that the idea of using nanodots to stabilize antiferromagnetic skyrmions has already been proposed [START_REF] Ma | Nano-engineering the evolution of skyrmion crystal in synthetic antiferromagnets[END_REF][START_REF] Li | An Artificial Skyrmion Platform with Robust Tunability in Synthetic Antiferromagnetic Multilayers[END_REF] in which the nanodots are not made in the full multilayer but only one of the magnetic layer is patterned. Up to now, only Batistel et al. [START_REF] Batistel | Magnetic reversal stability of spin textures in synthetic antiferromagnetic nanodots[END_REF] report results on SAF multilayers, based on simulations, but no experimental results can be found yet.

For this approach, we decided to change the magnetic material and to use Co-based SAF system with only two magnetic layers i.e SAF2. The stacking sequence is the following: Ta10|Pt8|Co1.55|Ru0.75|Pt0.6|

Co1.55|Ru0.75|Pt3. The magnetic ground state at remanence in this SAF sample with compensated anisotropy is, as explained before, a spin spiral. The overall period is closed to 300 nm, in excellent agreement with the one from [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. Different disks have been patterned with e-beam lithography with diameter equals to 2.5 µm, 1.5 µm and 1 µm. After the lithography procedure, in order to reinitialize the magnetic configuration and to avoid possible metastable textures due to heating during the lithography process, a perpendicular saturation field has been applied to the SAF disks.

In Fig. 5.12(b-d), we present the vacuum MFM images obtained in the different disks. For diameters above 1 µm, we do not observe any change in the spin spiral texture. More interestingly, for the 1 µm diameter disk (which have a measured diameter close to 450 nm), we see that the spin spiral is no more present and that an isolated antiferromagnetic skyrmion is observed at the disk centre. The maximum MFM signal at the centre of the AF skyrmion is found to be above 0.2°as shown in the black line in Fig. 5.12e. Such a signal is in good agreement with the one found previously for AF skyrmions in plain samples of SAF 2 [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. To compare, the signal recorded outside the disk (see 4 different line cuts in Fig. 5.12e) is of the order of ±0.1°. This experiment clearly evidences the possibility to stabilize antiferromagnetic skyrmions in nanodisk with diameters below 1 µm without the need of an applied field or the insertion of a BL. ▷ Fine-tuning of the anisotropies and number of repetitions to stabilize antiferromagnetic skyrmions in SAFs without the use of BL ( §5.3).

▷ Observation of skyrmions with opposite polarities and of more complex magnetic configurations in SAF for which the last magnetic layer has larger perpendicular anisotropy ( §5.3).

▷ Stabilization of antiferromagnetic skyrmions at remanence in Co-based SAF in disks fabricated by e-beam lithography ( §5.4).

Chapter 6

Increasing the skyrmion velocity through torque optimization

In previous chapters, we have presented the field-induced as well as the current induced nucleation of magnetic skyrmions either in ferromagnetic (Chap. 4) or in synthetic antiferromagnetic multilayers (Chap. 5).

One of their important result that will be very useful in this chapter is that the density as well as the diameter of skyrmions can be precisely controlled in different devices using an external perpendicular magnetic field.

Another key objective of this Ph.D. has been to investigate how the choice of the materials in which the chargeto-spin conversion occurs is crucial for the engineering and the optimization of the different components of the spin-orbit torques (SOTs), that are at the origin of the skyrmion motion.

In the first section of this chapter ( §6.1), we describe the origin and the different actions that the SOT can have on the skyrmion dynamics. We then present the obtained results demonstrating that the insertion of a light metal element at the interface, notably Al, profoundly affects both the nature of SOTs and their efficiency in terms of damping-like (H DL ) and field-like (H FL ) effective fields in an ultrathin Co film that can contain some skyrmions. We then show that the physical mechanism behind this unexpected increase of the SOTs is the presence of a large interfacial Rashba effect at the interface between the magnetic material and the thin-film metal. Another approach to increase the effective SOTs acting on the skyrmion layers, that is presented in §6.2, has been to develop some "double injection" multilayers, including the insertion of a Ta layer which has an opposite spin Hall angle compare to Pt.

Before showing the results of the skyrmion mobility in optimized systems, we present in §6.3 experimental observations on the basic principles of the current induced motion of the skyrmions. We then describe in §6.4 some of the limiting factors of the skyrmion dynamics such as the presence of inhomogeneities, the actual coupling strength between the magnetic layers and the stripe-out behaviour. Finally, we describe in details the skyrmion velocity as a function of the current density in different systems and link the improvement of the mobility to the SOT optimization ( §6.5).

Increasing spin orbit torque via Rashba interfaces

Two main mechanisms (1) spin Hall effect (SHE) and (2) interfacial Rashba-Edelstein effect (REE), which involve spin-orbit coupling, possess the property to convert charge current into spin current or spin accumulation, that in turn can exert a torque on the magnetization. The SHE predominately occurs in the bulk of non-magnetic heavy metal with large spin-orbit coupling [START_REF] Manchon | Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic systems[END_REF][START_REF] Sinova | Spin Hall effects[END_REF], while the REE exists at inversion-asymmetric interfaces and may give rise to non-equilibrium spin accumulation at the interface due to spin band splitting [START_REF] Manchon | Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic systems[END_REF][START_REF] Sinova | Spin Hall effects[END_REF][START_REF] Manchon | New perspectives for Rashba spin-orbit coupling[END_REF][START_REF] Sánchez | Spin-to-charge conversion using Rashba coupling at the interface between non-magnetic materials[END_REF].

Irrespective of the origin of the charge-spin conversion mechanism, the spin current and spin accumulation generated by SHE and REE act in parallel and both contribute to the torques onto the magnetic moment that are non-collinear to the carrier spins. Two projected components can be defined: the damping-like torque (DL) which is proportional to ⃗ m x (⃗ σ x ⃗ m) and the field like torque (FL) which is proportional to ⃗ σ x ⃗ m, with ⃗ σ the spin polarization vector. Up to now, in metallic multilayers, the DL component has been considered as predominant and to originate mostly from SHE effects. Note however that a significant interfacial REE has been measured in Ir|FM|Ta stacks, contributing to the DL torque [START_REF] Dutta | Interfacial and bulk spin hall contributions to fieldlike spin-orbit torque generated by iridium[END_REF]. As for the FL torque, it was pointed out in the pioneer experiments by Miron et al. in Pt|Co|AlOx [START_REF] Miron | Fast current-induced domain-wall motion controlled by the Rashba effect[END_REF], to be predominant at the Co|Oxide interface (larger than the SHE-DL torque from the Pt layer) suggesting the crucial role of a large interfacial electric field at FM|oxide interfaces. However, this REE-FL torque has been considered to be negligible in the type of all-metallic multilayers that we will consider in this chapter.

The most adapted technique to quantify the different components of the SOTs, i.e. DL and FL parts, acting on a magnetic layer is the second harmonic Hall measurement [START_REF] Krishnia | Spin-Orbit Coupling in Single-Layer Ferrimagnets: Direct Observation of Spin-Orbit Torques and Chiral Spin Textures[END_REF][START_REF] Garello | Symmetry and magnitude of spin-orbit torques in ferromagnetic heterostructures[END_REF]. In this section, we present the detailed SOT measurements performed together with Sachin Krishnia, postdoc in the lab, on two different series of Pt|Co|X based systems, where X is an ultrathin metallic element. The first one is Pt|Co|Cu, which is our reference sample for comparing the SOTs, whereas the second one is Pt|Co|Al. Both systems contain the same bottom Pt layer, in which SHE is present and generates a large (and well identified) DL torque. The objective of this study has been mainly to quantitatively determine the impact of the second top interface. To this aim, we have performed a systematic studies of the SOTs as a function of the thickness of the different layers.

First, we have investigated the dependence of the two components of the SOT with the thickness of the magnetic layer, Co. It is known that the mechanism of the spin transfer effect from the spin polarized current onto the local magnetic moment is an interfacial effect. However, in order to maximize the SOTs, the absorption of the transverse part (with respect to the direction of the magnetization of the FM) of the injected spin polarized current should be completely absorbed while traversing the magnetic layer. This happens on a typical length scale called the spin penetration depth, for which the SOT is maximum [START_REF] Ghosh | Penetration depth of transverse spin current in ultrathin ferromagnets[END_REF]. To determine it, Pt8|Co t Co |Al1.4|Pt3 and Pt8|Co t Co |Cu1.4|Pt3 have been grown by sputtering with Co thicknesses varying from 0.5 nm to 1.4 nm. For all those samples we have verified that the PMA was large enough to favour an OOP configuration of the magnetization. The FL and DL efficiency of the SOT, as function of t Co , are shown respectively on Fig. 6.1a and Fig. 6.1b. A first observation is that, for both systems, the DL component is increasing with t Co with a maximum around 1 nm, in accordance with [START_REF] Ghosh | Penetration depth of transverse spin current in ultrathin ferromagnets[END_REF]. The main difference between the two systems is that the magnitude of the SOT is significantly larger, with almost the double (for thick cobalt layers), in the case of Pt|Co|Al compared to Pt|Co|Cu. Concerning the FL component, it increases on reducing t Co , resulting in a dominating FL torque component at small t Co , as underlined by the evolution of the ratio FL/DL (Fig. 6.1c).

However, the SOT magnitude strongly differs between the two series. This significant difference might be re- lated to a smaller contribution of the REE in the case of Pt|Co|Cu, which presents no detectable REE effect [START_REF] Zhang | Role of transparency of platinum-ferromagnet interfaces in determining the intrinsic magnitude of the spin Hall effect[END_REF].

Indeed, one explanation to describe a significant increase of the FLT for the thinner magnetic layer could be related to charge-to-spin conversion from SHE mechanisms in the case when the spin decoherence length (corresponding to the magnetic thickness for which the transverse part of the injected spin current is fully absorbed) becomes larger than the cobalt thickness. In metals, this spin decoherence length is typically around 1-1.2 nm (see maximum in Fig. 6.1a). However, even if this second process can explain the observed trend i.e. an increase of the FLT compared to DLT for Co thicknesses below the spin decoherence length, it cannot explain quantitatively the observed FLT increase. Indeed, as shown in Fig. 6.1c, our model based on Boltzmann equations [START_REF] Krishnia | Spin-Orbit Coupling in Single-Layer Ferrimagnets: Direct Observation of Spin-Orbit Torques and Chiral Spin Textures[END_REF], without including a REE contribution (black dotted line), matches well with the experimental measured ratio of FL/DL only in the case of the Pt|Co|Cu. On the contrary, and this is one of the important results of this study, in the case of Pt|Co|Al, the ratio is twice higher, which is a definite signature that other charge to spin conversion mechanisms have to be taken into account and that we ascribe to a REE happening at the Co|Al interface, which was not expected at all.

In order to get more insights about this additional REE contribution, we have investigated the role of the top interface by varying the thickness of the light element, either Al or Cu in Pt8|Co0.9|Al t Al |Pt3 (red points) and Pt8|Co0.9|Cu t Cu |Pt3 (blue points). The different results are presented in Fig. 6.2. A first observation is that the DL torque is increasing with the Al thickness, while it does not vary as a function of the Cu thickness. An explanation is that the contribution to the effective SOT coming from the top Pt layer is decreasing (thus the effective SOT is increased as the contribution from the bottom Pt is less compensated) when the Al thickness increases whereas for Cu, the effective SOT remains constant because Cu is almost transparent to spin for those thicknesses [START_REF] Zhang | Role of transparency of platinum-ferromagnet interfaces in determining the intrinsic magnitude of the spin Hall effect[END_REF]. For Al, we find a maximum of DLT for t Al = 3 nm. However, the observed behaviour of the ratio of DL over FL for the two light elements' thickness, shown in Fig. 6.2c, underlines that the ratio is also strongly increasing for the Al compared to Cu, and tells us, once again, that the variation of SOT cannot be only understood considering SHE mechanisms, as in such case, the DLT and FLT should behave similarly as a function of the Al thickness, i.e. a constant ratio. This is obviously not what we observe, and this again points out a significant REE contribution in the Al system.

In order to control the contribution from the bottom Pt layer, we have then measured the effective SOT in a series of samples in which we vary the bottom Pt thickness. The effective spin Hall angle (θ eff ) for samples Pt t Pt |Co0.9|Al5, with thickness ranging from 2 nm to 8 nm, is plotted in Fig. 6.3a. This evolution can be fitted using our model and the best fits corresponds to values of the spin diffusion length equal to 1.5 nm and θ eff to 0.09, which are in agreement with literature [START_REF] Zhang | Role of transparency of platinum-ferromagnet interfaces in determining the intrinsic magnitude of the spin Hall effect[END_REF] and previous results from the lab. The ratio FL/DL has been also measured (Fig. 6.3b) and underlines a FL component more than twice larger than its DL counterpart. This happens even if the SHE has not reached its maximum efficiency. This again suggests the large influence of the Co|Al interface on the effective SOT acting on Co that indeed superimposes to the ones related to SHE.

To summarize this section, and keeping in mind that the objective was to improve the skyrmion velocity, we find that the Pt3|Co1.2|Al3 system appears as a good candidate for an efficient SOT. Indeed, the Pt thickness is chosen to be about twice the spin diffusion length. Moreover, the thickness of the Co is chosen to be 1.2 nm to have the maximum DL torque. Note that a thicker Co will lead to of a reduction of the PMA and DMI. Finally, the Al thickness is fixed to 3 nm, as we found that this corresponds to the maximum DL torque.

6.2:

The double injection systems 

The double injection systems

The optimization that has been presented in the previous section aimed at maximizing the charge-to-spin conversion from the bottom Pt, and hence the related SOT, as well as to take advantage of the additional contribution from the Co|Al interface. Another possible approach to improve the SOT has been investigated through the use of materials with opposite θ SHE at the two interfaces of the Co. Indeed, this approach has been proposed previously for example by Beach's group at MIT. By inserting a Ta layer above the Co an increase of the skyrmion velocity is observed [START_REF] Woo | Observation of roomtemperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF][START_REF] Woo | Enhanced spin-orbit torques in Pt/Co/Ta heterostructures[END_REF] as Ta presents a negative θ SHE [START_REF] Liu | Spin-torque switching with the giant spin hall effect of tantalum[END_REF] while Pt a positive one.

Compared to Woo et al. [START_REF] Woo | Observation of roomtemperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF], in this Ph.D., the chosen systems for this "double SHE injection" scheme has been slightly different as we decided to insert another lighter element between the Co and Ta both in order to take benefit from the different analysis presented in Chap. 3 concerning the increase of the DMI and also because of the difficulty to grow a high quality Co|Ta interface. A schematic of this double injection system is presented in Fig. 6.4a. Note that the Ta layer is always followed by a 1 nm thick Al that reduces the spin current emitted by the following Pt layer, as shown in the previous section (see Fig. 6.2). In order to study the impact of this double injection scheme on the effective SOTs, three different series of multilayers have been investigated:

Ta5|Pt8|Co0.9|X1|Ta3|Al1|Pt3 with X = Ru, Cu and Al.

For these series, the DL (Fig. 6.4b) and FL (Fig. 6.4c) fields have been measured by second harmonic measurements. As for the DL, we find that it is almost equivalent for Cu and Ru systems, and larger by about 20 % for the Al series. However, concerning the FL torque, we measure, similarly to what has been described in §6.1, a significant increase in the case of X = Al, that we again attribute to the presence of a Rashba interface between Co and Al.

In order to compare the efficiency of this double SHE approach with other multilayers, we report in Table 6.1 the value of µ 0 H DL at 1 mA for different systems. In summary, we find that the DL torque is three times larger in Pt8|Co0.9|Al1|Ta3|Al1|Pt3 compared to Pt8|Co0.9|Al1|Pt3, which demonstrates the role of the Ta layer.

Note however that a similar amplitude for DL torque is found in Pt8|Co0.9|Al3|Pt3. As explained before, this System µ0H DL at 1mA (mT)

Ta5|Pt8|Co0.9|Al1|Ta3|Al1|Pt3 0.69 Ta5|Pt8|Co0.9|Al1|Pt3 0.24 Ta5|Pt8|Co0.9|Al3|Pt3 0.66 Table 6.1: µ 0 H DL for different systems with and without the insertion of a Ta layer.

large DLT has been explained by the fact that a 3 nm Al thickness corresponds to the maximum of SOT as for this thickness, the spin current contribution from the top Pt layer is annihilated. Note that this observation has been obtained later during the course of this Ph.D. than the study of the impact of the double SHE injection scheme.

It results that the most appropriate choice of the top Al layer for the double injection systems should have been 3 nm of Al instead of 1 nm above the Ta. The correlation of this SOTs optimization with the experimental skyrmion velocity is presented in §6.5.

Skyrmion motion and its mechanism

Before investigating the evolution of the skyrmion velocity in the different optimized systems, we would like to describe in more detail the current-induced motion of skyrmions. For this purpose, MFM observations done for the multilayers Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 are presented. This sample is chosen because the images are the more suited for explanation, despite the fact that it is not the optimal system in terms of SOTs.

In Chap. 4, we have seen that it is possible to nucleate isolated skyrmions within micrometres wide tracks thanks to short electrical pulses and a fine-tuning of the magnetic external field. This procedure has been used in Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 in order to initialize the magnetic configuration with only a few skyrmions before the injection of current pulses for motion (see Fig. 6.5a). In such a way, the velocity can be evaluated more reliably by avoiding as much as possible the skyrmion-skyrmion interactions and by making easier the tracking of the different skyrmions. The external field is fixed to µ 0 H z = 20 mT and the nominal width of the track is 2 µm. A single electrical pulse of 50 ns is then applied, with a current density J = 3.5 x 10 11 A m -2 , along ⃗ x. A MFM image is then acquired to determine the new location of the skyrmions. Then, another single pulse is applied, with the same amplitude and the same sign, and another MFM image is recorded. This procedure is repeated and some selected images are shown in Fig. 6.5.

A first observation is that the skyrmions that are within the track are moving under the successive current pulses, whereas those at the entrance of the track (the skyrmions on the left side in Fig. 6.5) are not moving. This is simply due to the reduced current densities (about 20%, found by COMSOL calculations) in this larger area.

The moving skyrmions have a direction of motion along +⃗ x (Fig. 6.5(b-g)), along the current direction (hence opposite to the direction of the electrons), which is in accordance with the expected sign of the SOT and their chirality imposed by the DMI (Pt layer is below the Co layer, which fixes a CCW chirality). For a sanity check, when reversing the sign of the electric pulses, the skyrmions are moving in the opposite direction (Fig. 6.5(hj)). The general trend of the skyrmion motion as well as the average velocity for a given current density are consistent with the state of the art [START_REF] Woo | Observation of roomtemperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF][START_REF] Legrand | Room-Temperature Current-Induced Generation and Motion of sub-100 nm Skyrmions[END_REF][START_REF] Litzius | Skyrmion Hall effect revealed by direct time-resolved X-ray microscopy[END_REF].

In the example of skyrmion dynamics shown in Fig. 6.5, the skyrmions are actually "easy" to follow for two reasons, first because only a few are present inside the track and second because the nucleation of new skyrmions when we inject the pulses for the motion are scarce. In fact, this is not always the case and in order to show the potential difficulties, we present in Fig. 6.6, a series of MFM images acquired for the very same device and for the same magnetic field, but with a larger current density (J = 4.2 x 10 11 A m -2 ). It can be clearly seen that new skyrmions are created in the right part of the track. In consequence, in order to avoid any overestimation of the mean skyrmion velocity, these "new" skyrmions should not be counted. In order to avoid these mistakes, and also to make the analysis of the images faster, we have developed a Python code able to track in an accurate manner the position of the skyrmions inside the track. The details of the code are presented in Appendix C. An example of the application of this tracking analysis is displayed in Fig. 6.6e in which the position of different skyrmions are plotted as function of the number of pulses already applied. Each colour represent the trajectory of individual skyrmions while the brightness of the points is coding the position of the pulse in the sequence. From this analysis, we clearly observe that only the skyrmions with an x position below

x threshold = 9 µm can be used to extract a "trustable" velocity. The ones above x threshold are the one nucleated.

When the current pulses for the motion are injected, we observe a longitudinal velocity but also a transverse one due to the skyrmion Hall effect. As this gyrotropic motion is related to the skyrmion topological charge, the direction of the motion shall depend on the skyrmion polarity. Performing the same experiment with opposite µ 0 H z allows to stabilize skyrmions with the other polarity and, as expected, we find an opposite deflection along -⃗ y. Note that reversing the field does not change the chirality of the skyrmions, and consequently they keep their motion direction along +⃗ x.

Thanks to this code, it is possible to analyse relatively simply (and quickly) a large data set of skyrmion dynamics experiments in order, for example, to plot the skyrmions velocity as a function of the current density which will be discussed at the end of this chapter. Importantly, we would like to emphasize that, even if the code we developed allows sorting data, a manual verification is always performed in order to confirm the automatic analysis.

Challenges to overcome for an efficient current-driven skyrmion motion

Before presenting the obtained results of the evolution of the skyrmion velocity as a function of the current density in the different multilayer systems, we would like to discuss some issues that we have encountered (and probably that are quite commonly observed by others) when performing experiments of current-driven skyrmion dynamics in such type of multilayers. In the following, we will describe four of them, namely the influence of non-homogeneities of the materials, the weakness of the magnetic coupling between the successive magnetic layers, the skyrmion Hall effect and the stripe-out behaviour. 

Influence of non-homogeneity of the material

In experiments, whatever the growth technique that is used and the chosen material system, some nonhomogeneities of the sample properties are almost always present. These can be associated with the actual roughness of the film, the presence of grains and grain boundaries or the influence of the interface quality, etc.

The presence of such non-homogeneities implies that locally the magnetic parameters can vary, sometimes substantially, across the sample. It can be the actual magnetic anisotropy, the local value of the magnetization or the DMI, and all of these might result in pinning centres [START_REF] Gruber | Skyrmion pinning energetics in thin film systems[END_REF][START_REF] Jeudy | Universal Pinning Energy Barrier for Driven Domain Walls in Thin Ferromagnetic Films[END_REF], which can influence the skyrmion motion under current pulse injection, or even in the worst case scenario, they can stop them. The precise study of these pinning centres is not an easy task and in fact, an indirect (but easy) way to quantify the effect of the pinning centres is to determine J 0 , the so-called depinning threshold that corresponds to the smallest current density above which the torque is able to take the skyrmions out from a given pinning centre resulting in a displacement being large enough for being detected by our imaging techniques. This threshold is known for example to evolve with the grain size and to be maximum when the skyrmion diameter matches with the grain ones [START_REF] Legrand | Room-Temperature Current-Induced Generation and Motion of sub-100 nm Skyrmions[END_REF][START_REF] Salimath | Current-driven skyrmion depinning in magnetic granular films[END_REF]. Note that in our multilayers grown by sputtering deposition, the mean grain size deduced from TEM images analysis has been found to be about one order of magnitude smaller than the mean skyrmion size [START_REF] Mcvitie | A transmission electron microscope study of Néel skyrmion magnetic textures in multilayer thin film systems with large interfacial chiral interaction[END_REF].

However, it should be noticed that the influence of these pinning centres in reality extends over a range of injected current densities, often called depinning regime of dynamics (before reaching a steady state dynamic at higher current densities), in which the skyrmion motion is still dominantly influenced by the presence of pinning centres i.e. some scattering of skyrmions on pinning centres, trapping of the skyrmions or even their annihilation. In Fig. 6.7(a-d), we show a series of MFM images acquired after a series of electrical pulses (from the same dataset that has been presented in Fig. 6.5) in which some highlighted skyrmions are not moving or even disappearing, while others have a motion free from any influence from pinning centres or defects.

This underlines the randomness of the localization of the pinning centres, which can disturb the skyrmion dynamics. Note that some new nucleations of skyrmions are also observed, as shown in Fig. 6.7(d-f). Indeed, due to a possible local reduction of the anisotropy, or DMI [START_REF] Gruber | Skyrmion pinning energetics in thin film systems[END_REF][START_REF] Jeudy | Universal Pinning Energy Barrier for Driven Domain Walls in Thin Ferromagnetic Films[END_REF] at some defect positions, J n is reduced locally and a smaller energy barrier for nucleation is overcome when applying the electrical pulses. However, using them for a deterministic nucleation of the skyrmions appears difficult because they are formed during the growth of the multilayer and thus are not controlled. Some experimental studies have recently explored the possible use of some artificial pinning centres as predefined nucleation sites [START_REF] Fallon | Controlled Individual Skyrmion Nucleation at Artificial Defects Formed by Ion Irradiation[END_REF][START_REF] Gruber | Skyrmion pinning energetics in thin film systems[END_REF][START_REF] Del-Valle | Defect modeling in skyrmionic ferromagnetic systems[END_REF]. However, even if this approach is successful for creating skyrmions, it remains to be proven that the skyrmions can be then detached from these defects at reasonable current densities.

In Chap. 4, we have demonstrated that the current induced nucleation of skyrmions is mainly thermally activated, and that a good control of the Joule heating enables a deterministic nucleation. However, an overflowing of heat can induce some modification of the structural/magnetic properties of the multilayers. In order to illustrate such effects, we present in Fig. 6.8a a MFM image acquired on Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 of the size of the magnetic objects, ranging from 40 nm to more than 300 nm. The automatic detection of the Gwyddion software was used and objects for which the size were below the MFM resolution were excluded.

at µ 0 H z = 15 mT after successive electrical pulses at large current densities. The distribution of the skyrmion diameters, shown in Fig. 6.8b, underlines the disparity of the stable skyrmions, which is a consequence of the heat-induced change in the anisotropy (or the DMI). Their diameter is found to range from 40 nm to more than 300 nm for the bigger ones. Note that an automatic detection has been used with the Gwyddion software [START_REF] Nečas | Gwyddion: an open-source software for SPM data analysis[END_REF] and that objects with diameter below the MFM resolution have not been considered. Even if it is difficult to precisely quantify the actual temperature increase of the sample during the electrical pulses, we believe that in this study, the different interfaces have been damaged locally due to an over-heating, probably favouring for example the formation of Co-Pt alloys for which the anisotropy is increased compared to Co [START_REF] Weller | Magnetic and magneto-optical properties of cobalt-platinum alloys with perpendicular magnetic anisotropy[END_REF].

In order to get more insights about the role of heating on multilayers, we have investigated the impact of annealing in a reference multilayers: Ta10|Pt8|(Co1.6|Ru1.4|Pt8) 3 . The tested annealing temperature are respectively 250 °C, 300 °C, 350 °C and 400 °C and the magnetic properties have then been measured by AGFM.

The different IP hysteresis loops, shown in Fig. 6.9a, underline the different saturation fields of the magnetization and so the temperature induced changes in the effective magnetic anisotropy; the higher the saturation field is, the higher is the PMA. The annealing is found to increase the PMA until it completely deteriorates the multilayer structure at 400 °C. The MFM images at remanence (Fig. 6.9b) and at µ 0 H z = 30 mT (Fig. 6.9c) have also been acquired to observe the magnetization configuration in the annealed samples. In the reference sample, without any annealing, the configuration is composed mainly of wormy domains at remanence and a large density skyrmion state at 30 mT (Fig. 6.9c1). For annealing up to 350 °C, some wormy domains are also visible at remanence, but we find that the one annealed at 400 °C do not present any OOP organization of the magnetization. For both samples annealed at 300 °C and 350 °C, the configuration also contains a mix of domains and skyrmions at µ 0 H z = 30 mT, but with a smaller density compared to the reference sample. Note that such variation of the temperature, is found to not affect the skyrmion dynamics (for example, the skyrmion Hall angle) [START_REF] Litzius | The role of temperature and drive current in skyrmion dynamics[END_REF]. However, for the annealed samples, no change in the skyrmion diameter is observed, while it is the case in the damaged device (see Fig. 6.8). This suggests that more complicated phenomena occur, for example a local reduction of the Curie temperature, which results in some region with lower M s [START_REF] Constant | The magnetic properties of certain Pt-Co and Pd-Co alloys[END_REF][START_REF] Erkovan | Tuning magnetic properties polycrystalline of ptco alloys films with pt[END_REF] and thus with smaller skyrmions.

As explained previously, the use of multilayers instead of single magnetic films was important to increase the magnetic signal of the studied skyrmions and to improve their thermal stability. In fact, working with multilayers can also help to reduce the impact of local pining centres or material non-homogeneities in both the static and dynamical properties of skyrmions. The reason is that the pinning sites in each magnetic films of the multilayers are not uniformly spatially distributed and thus, in average, the columnar skyrmions (or skyrmion tubes) could be less impacted. 

Decoupling of the skyrmions

An issue which might occur when using multilayers is that the amplitude of the magnetic coupling between successive magnetic layers might be weak. Indeed, in most of our multilayers that we have imaged not only by using surface sensitive techniques e.g. MFM or Kerr microscopy but also sensitive ones e.g. STXM, we know that the observed skyrmions are columnar ones, that are ferromagnetically coupled skyrmions along the zdirection. However, it is known that in some cases, for example when the number of magnetic layers becomes large, leading to large interlayer dipolar fields, hybrid skyrmions can be formed (see Chap. 4). In the case of smaller dipolar effects, the magnetic layers become on the contrary less coupled together, and in the extreme case, each of them can be considered almost independent of the others. We have been able to observe this behaviour by MOKE microscopy for Ta5|Pt8|(Co0.8|Al1.4|Pt3) 10 in a Hall bar device (Fig. 6.10). For this sample, the magnetic anisotropy is large and all the layers are aligned along the same axis after saturation; in this case, along -⃗ z after applying µ 0 H z = -100 mT. The field is then increased to generate the nucleation of magnetic domains along +⃗ z. For µ 0 H z = +26 mT, a domain is formed from the top branch of the Hall bar (Fig. 6.10a) and expands in all the device, represented by a darker contrast. Without varying the external field, we can see that another domain is nucleated from the bottom part of the device and also expands. Two dark contrasts are clearly visible (Fig. 6.10b), that corresponds to the reversal of the magnetization of at least two different layers.

A third and even a fourth contrast are even observed for longer waiting time (Fig. 6.10c). The total duration time before a uniform reversal of all the layers is found to be 30 s in this example.

This phenomenon related to a weak magnetic coupling, presented previously for domains, is also existing when skyrmions are considered. A track has been designed in the following stacking, Ta5|Pt8|(Co1.2|Al3|Pt3) 3 , and some electrical pulses have been applied to generate the nucleation and motion of skyrmions. The external field was fixed to µ 0 H z = 2 mT. In Fig. 6.11, we present different MOKE images acquired after the application of pulses in which different contrast are visible. Each contrast represents the behaviour in a different layer. The issue is that because each layer is weakly coupled to the neighbouring ones, they all interact through dipolar coupling at long range, and the dynamics becomes difficult as it is possible that the nucleated skyrmion tubes A way to increase the coupling is to either increase the thickness of the magnetic layers, or to increase the number of repetitions. Note that such decoupling is visible, even without performing imaging experiments, in hysteresis loops acquired by AGFM or transport techniques, and thus can be anticipated. Except for this section, all the results that are presented in this thesis are for multilayers in which all the layers are strongly-enough coupled in order to avoid the complex configuration of the magnetization described before.

The skyrmion Hall effect and its consequences

The skyrmion Hall effect has already been discussed in this manuscript (see Chap. 4). In this part we would like to underline a bit more in details what are the consequences of this phenomenon, that is intrinsically related to the topological nature, on the skyrmion dynamics. When moving, by spin-orbit torques in our case, the skyrmions are deflected towards the edges of the track devices. At the edges, all magnetic properties change abruptly and, in most cases, the skyrmions will simply be pinned and annihilated. This limitation impedes the motion of skyrmions over a large distance because the width of the devices has to be large enough to delay the annihilation of the skyrmions. However, a consequence of larger width is that for a given current, the current densities are smaller and so are the measured skyrmion velocities. It is hence an important issue as soon as in general the aim is to study the skyrmion dynamics in the low current density range [START_REF] Yu | Skyrmion flow near room temperature in an ultralow current density[END_REF][START_REF] Luo | Skyrmion lattice creep at ultra-low current densities[END_REF].

For some of the targeted applications, not to say all of them, the skyrmion Hall effect is often considered as an issue that must be tackled, as its main consequence is that the moving skyrmions will sooner or later reach the device edges. This is why a large research effort has been made in the skyrmionic community to avoid the skyrmion Hall effect, for example by investigating skyrmions in ferrimagnets or even AF skyrmions in synthetic antiferromagnetic systems (SAF) (see Chapter 5). In the case of ferromagnetic systems, several solutions to circumvent the skyrmion Hall effect have been studied by several groups, such as irradiation [START_REF] Juge | Helium Ions Put Magnetic Skyrmions on the Track[END_REF] or gate voltage [START_REF] Fillion | Gate-controlled skyrmion and domain wall chirality[END_REF]. However, they usually alter the samples and/or are difficult to use.

On another side, if properly designed, the repulsion force from the device edge should be able to counterbalance the driving force coming from the skyrmion Hall effect. Indeed, considering the Thiele equation for describing the skyrmion dynamics and adding this repulsion force, it is predicted that the skyrmions will be accelerated once they reach the edges, somehow turning the apparent disadvantage of the skyrmion Hall effect into a positive outcome [START_REF] Zhang | Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory[END_REF][START_REF] Toscano | Suppression of the skyrmion Hall effect in planar nanomagnets by the magnetic properties engineering: Skyrmion transport on nanotracks with magnetic strips[END_REF][START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Martinez | Theory of current-induced skyrmion dynamics close to a boundary[END_REF]. A fine analysis of the skyrmions behaviour close to device's edges is presented in Chap. 8.

The stripe-out behaviour

The last experimentally observed behaviour we would like to discuss here is the stripe-out behaviour. In Fig. 6.12a, we present four images acquired after (a) 0, (b) 2, (c) 5 and (d) 10 pulses within a 6 µm wide track made of Ta5|Pt8|(Co1.2|Al3|Pt3) 10 . The pulses are applied along +⃗ x and all the textures are moving in the same direction, as expected for this chirality with the Pt film being below the magnetic layer. However, even if all the textures are moving, the observed dynamics is quite different depending on the nature of the magnetic objects. Some of them keep their size and their shape (highlighted with red and blue circles) while others are elongating into larger domains (highlighted with a green circle). This behaviour observed by other groups has been named the stripe-out phenomenon [START_REF] Litzius | The role of temperature and drive current in skyrmion dynamics[END_REF][START_REF] Van Duijn | Skyrmion elongation, duplication, and rotation by spin-transfer torque under spatially varying spin current[END_REF][START_REF] Koibuchi | Mathematical modeling of skyrmion shape deformation under uni-axial stresses[END_REF][START_REF] Yang | Control of the Half-Skyrmion Hall Effect and Its Application to Adder-Subtractor[END_REF]. Note that even if this phenomenon is present, the velocity and the skyrmion Hall angle for both objects are found to show similar trends, as depicted by Fig. 6.12e.

The white lines, which go through all the positions, are identical for the three objects which underline that the three skyrmions behave dynamically in a very similar way, in agreement with [START_REF] Zeissler | Diameter-independent skyrmion Hall angle observed in chiral magnetic multilayers[END_REF]. Note also that the opposite behaviour, which means shrinking of elongated skyrmions, can be also observed.

A first hypothesis to explain this behaviour is related once again to the influence of the pinning. Indeed, if a skyrmion is pinned at only one of its end, then the other side shall move, resulting in an elongation of the skyrmion [START_REF] Hirata | Vanishing skyrmion Hall effect at the angular momentum compensation temperature of a ferrimagnet[END_REF]. However, in this hypothesis, the pinned side should not move at all, contrary to what we observe in these experiments as a motion along +⃗ x is still visible even for these elongated skyrmions. The second possible explanation is related to the current induced Oersted field. Due to the application of current along +⃗ x, the total magnetic field is smaller at the "right" of the track compared to the "left" side. Thus, an increase of the total magnetization along -⃗ z is favoured along the right side of the track, which is the case of the skyrmions, which could be at the origin of the observed elongation. This explanation goes however against the fact that we can also observe some elongated skyrmions close to the centre of the track.

The last hypothesis to be discussed might be related to the impact of the field like torque component. In order to test this scenario, we have performed some micromagnetic simulations using the Mumax3 package. with v x the longitudinal velocity, v y the transverse velocity, α the Gilbert damping parameter and n and d being dimensionless coefficients which represents respectively the topology of the magnetic texture and the magnetization rotation length. In the case of skyrmions, n is equal to ±4π (depending on the polarity of the skyrmion).

Concerning d, it can be approximated for skyrmion radius larger than the domain wall width parameter ∆ by d = 2πR/∆ [START_REF] Berges | Size-dependent mobility of skyrmions beyond pinning in ferrimagnetic GdCo thin films[END_REF] with:

∆ = A K u (6.
2)

K eff = 1 2 H K M s = K u - µ 0 M 2 s 2 (6.3) 
For Pt|Co|Al sample, H K is estimated to be 1 T, M s = 1390 kA m -1 (measured by SQUID) and A = 10 pJ m -1

(extracted from Chap. 3). It gives ∆ ≈ 2.3 nm which is negligible compared to the skyrmion radius that is around 100 nm. Eq. 6.1 is then approximated by:

ρ = 1 α 4π 2π ∆ R = 2 α ∆ R (6.4)
As an estimation, we have considered α = 0.05 [START_REF] Mizukami | Gilbert damping in perpendicularly magnetized Pt/Co/Pt films investigated by all-optical pump-probe technique[END_REF]. It gives ρ ≈ 1 which results in θ Sk = arctan(ρ) ≈ 45 °. The measured deflection of the skyrmions is found to be in excellent agreement with the expected value.

In order to evaluate the increase in the skyrmion velocity due to the optimization of the SO torques we have made the same type of characterization in samples with double injection scheme. Note that the external OOP field has been tuned for the different samples in order to study the motion on skyrmions having always the same diameter (close to 200 nm), thus avoiding the fact that the observed increase of velocity could be only related to the increase in their diameter. Note that the actual current density has been estimated for the total thickness of the multilayer for all the samples. In Fig. 6.15a, we plot the evolution of the skyrmion velocity with current density for Ta5|Pt8|(Co1.2|X1|Ta3|Al3|Pt3) 10 with X = Ru, Cu and Al. We first notice that for X = Al, the depinning threshold is higher compared to the two other samples. In collaboration with T. Deneullin from Peter Grünberg in Jülich, we have performed STEM+EDX imaging on the three types of multilayers to investigate for possible change in the grain size which might explain this shift of J 0 [START_REF] Legrand | Room-Temperature Current-Induced Generation and Motion of sub-100 nm Skyrmions[END_REF][START_REF] Salimath | Current-driven skyrmion depinning in magnetic granular films[END_REF]. However, this TEM experiments do not provide any difference between them that could explain the observed variation (see Appendix. E for the STEM+EDX images).

In order to conclude on the role of the charge/spin conversion effect in Ta on the skyrmion velocity, we have added in Fig. 6.15b the velocity as a function of J for Ta5|Pt8|(Co1.2|Al3|Pt3) 10 . The result for this sample has to be compared with the double injection system with X = Cu in which all the spin current generated in Ta is effectively diffused and transferred to the Co magnetization. This is due to the fact, as described in §6.1, that Cu is almost transparent to the spin current generated in the Ta top layers. Another argument is that in Ta5|Pt8|(Co1.2|Cu3|Pt3) 10 , we find that no skyrmion motion can be observed before reaching J n because the SOT from both Pt layers were compensating each other. Comparing those two systems, it confirms that, as expected, the skyrmions are moving faster when inserting Ta.

Finally, in the case of X = Al, we find that the skyrmion velocities match with those in Ta5|Pt8|(Co1.2|Al3|Pt3) 10 .

The reason is that, as described in §6.1, the DL torque at the Co|Al interface is increasing with t Al while in the double injection system, the presence of Al1 is reducing the contribution from the top Ta layer. Lastly, the sample Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 has been measured in order to conclude on the impact on skyrmion dynamics of using a 3 nm thick Al layer in between the Ta and the Pt ones. Indeed, we find that the skyrmion mobility is significantly decreased in this case, that we attribute to a lowering of the effective SOT amplitude because of the filtering of the spin current coming from the top Pt layer. We have summarized in Table 6.2 the observed skyrmion mobility and depinning threshold, hence confirming that the SOT optimization that we Chapter 7

Comparative study of skyrmion and domain wall dynamics

In spintronics and nanomagnetism, the investigation of current induced dynamics has generated a lot of interest in the last two decades both for fundamental reasons, as it can be a model object to better understand the symmetries of spin transfer torque contributions [START_REF] Miron | Perpendicular switching of a single ferromagnetic layer induced by inplane current injection[END_REF][START_REF] Haazen | Domain wall depinning governed by the spin Hall effect[END_REF][START_REF] Ryu | Chiral spin torque at magnetic domain walls[END_REF][START_REF] Emori | Spin Hall torque magnetometry of Dzyaloshinskii domain walls[END_REF][START_REF] Thiaville | Dynamics of dzyaloshinskii domain walls in ultrathin magnetic films[END_REF], as well as for potential applications like in the flagship device, i.e. the DW racetrack memory [START_REF] Parkin | Magnetic Domain-Wall Racetrack Memory[END_REF]. As previously mentioned, it is now known that the current induced motion of DWs is possible notably by spin transfer torque (STT) or by spin orbit torque (SOT). Their speed can today exceed a few km s -1 [START_REF] Kim | Current-driven skyrmion dynamics in disordered films[END_REF]. However, these DWs, contrary to skyrmions, are not 0D objects or in other words, localized magnetic quasi-particles. Moreover, they are not topologically non-trivial and this is why a lot of research, including this Ph.D. work, has been motivated by understanding and optimizing the current induced dynamics of small magnetic skyrmions. In this chapter, the main objective will be to compare, in the same material systems, the dynamics of DWs and skyrmions in multilayers optimized for SOT.

In the first section of this chapter, we compare experimentally the current induced dynamics of skyrmion with the one of DWs. We show that we can find some conditions for which the skyrmions can be faster than DWs, for a given current density, contrary to what can be found in literature in most cases( §7.1). The studied system will be a Pt|Co|Al multilayer. Then, in §7.2, we focus on the current induced dynamics of DWs in presence of an IP field transverse to the current. We then show an increase of the DW velocity by about two orders of magnitude for two opposite IP fields. Such observation is explained by the presence of a large FL SOT, due to the Co|Al interface, which induces a tilt of the magnetization within the DW ( §7.3), that can strongly influence their dynamics.

Comparison of domain wall velocity with skyrmion velocity

As presented in Chap. 6, the optimized system Pt3|Co1.2|Al3 has been found to exhibit a very large component of the FL torque (Chap. 6), that was unexpected at the beginning of this Ph.D. in such all-metallic systems.

It can be then anticipated that for the skyrmion dynamics, this SOT component impact the skyrmion motion because at low external magnetic µ 0 H z such SOT-induced field result in their elongation, described as the stripe-out behaviour. Despite this elongation, the FL torque is found to not modify the effective velocity as a function of the current density, as also presented in Chap. 6. However, up to our knowledge, the actual impact of a large FL torque on the DW propagation properties has yet to be addressed. To tackle this interesting question, we have performed some experiments on DW motion in the same optimized systems in order to compare their dynamics with the one of the skyrmions. This study has been done in collaboration with Stefania Pizzini from Institut Néel, Grenoble, France where the measurements have been performed.

A device lithographed on Ta5|Pt8|Co1.2|Al3|Pt3 has been designed with 20 two-micrometres wide tracks in parallel, in order to extract simultaneously more data. Note that we have used the same multilayer as used for skyrmions dynamics studied in Chap. 6, but we consider here a single repetition. All the presented measurements have been done at room temperature and at zero external field, which are the condition to make favourable the presence of DWs in our tracks device. A schematic of the design is represented in Fig. 7.1a. Due to the large PMA in the Ta5|Pt8|Co1.2|Al3|Pt3 sample, after applying a field higher than µ 0 H sat , the remnant magnetic configuration is a uniform magnetic domain.

In order to prepare magnetically the sample, we first apply a perpendicular field pulse of a few nanoseconds in order to nucleate locally magnetic domains with opposite direction within the tracks, and as a consequence, to form magnetic DWs. An image is taken by Kerr microscopy as a reference and then some short electrical pulses are applied. The difference in the Kerr contrast between the images recorded after the current pulses corresponding to the case of the nucleation of only one DW in the track (after the application of the pulse field at the previous step) and c2 & c4 to the nucleation of two DWs. Note that even if some DWs are present in a track, if they are not moving when applying the electrical pulses, they will not appear on the difference image. As mentioned earlier, the actual distance of displacement of the DWs is extracted from the length of the contrasted areas, which permits to quantify their velocities. This experiment has been repeated for varying current densities in order to determine the evolution of the velocity as a function of J.

In Fig. 7.2a, we report in red points the experimental DW velocity vs current density in Ta5|Pt8|Co1.2|Al3|

Pt3. We find a threshold current density of about 6.2 x 10 11 A m -2 and a maximum velocity that remains relatively modest around 10 m/s for a current density of 9 x 10 11 A m -2 . In order to compare with the dynamical properties of skyrmions, we have added as black points in Fig. 7.2a the experimental values for skyrmion velocity vs current density in Ta5|Pt8|(Co1.2|Al3|Pt3) 10 . Note that these points are the same data that the ones presented in Chap. 6. Note also that the current densities have been estimated by considering the total thickness of the multilayer, as we usually do. A clear conclusion is that the skyrmions are, for a given current density, moving significantly faster than DWs. We find that the mobility (µ = dv/dJ) in the flow regime (constant slope) is roughly twice as large for skyrmions compared to DWs, and the current density threshold for motion is also reduced by about 36% for the skyrmions. This result is indeed surprising because in the case of a dynamic governed by the action of the DL SOT, as it was believed, the skyrmions and DWs should reach the same velocity when they reach the flow regime [START_REF] Kang | A Comparative Crosslayer Study on Racetrack Memories: Domain Wall vs Skyrmion[END_REF].

To investigate the origin of this difference in behaviour, we have reproduced the same type of compara- Chap. 6, for a given current value, the DL torque component for this Ru based system is found to be comparable with the one from Pt|Co|Al (Fig. 7.3a). On the contrary, we have demonstrated that the FL component is only one fourth of the one found in Pt|Co|Al (Fig. 7.3b). In Fig. 7.2b, we present the comparison between DW and skyrmion dynamics for this second system. Interestingly, we find that both objects reach the same velocities in the constant mobility regime. The small difference is only that the threshold current density for motion is larger for DWs than for skyrmions, probably related to a stronger pinning of the DWs on the edges of the tracks.

These experiments hence suggest that when the FL torque is large (i.e. Pt|Co|Al system), the DWs, unlike the skyrmions, are much more affected and are slower.

DW motion in the presence of IP fields

In order to further investigate the action of the FL component on the DW dynamics, the same Kerr microscopy experiments have been repeated in the presence of an IP field along ⃗ y, i.e. IP and transverse to the charge current. In such case, this applied IP field vectorially adds to the contribution of the FL torque. Note that in the absence of a sizeable FLT, the application of such transverse IP field is expected to tilt the magnetization inside the DW [START_REF] Boulle | Domain wall tilting in the presence of the Dzyaloshinskii-Moriya interaction in out-of-plane magnetized magnetic nanotracks[END_REF], that is of Néel-like symmetry, and as a consequence to restrict the motion under DL torque [START_REF] Khvalkovskiy | Matching domain-wall configuration and spin-orbit torques for efficient domain-wall motion[END_REF].

In Fig. 7.4b, we display the current induced DW velocity as a function of the IP field µ 0 H y . It is to be noticed that we have reproduced the same measurements after changing the current polarity because reversing the direction of the current leads to a reversal of the field associated to FL torque; either along -⃗ y for a pulse along +⃗ x, or along +⃗ y for a pulse along -⃗ x. A direct consequence it that it should result in an opposite effect on the DW velocity (see Fig. 7.4a for a schematic of the field and current directions). The main result shown in Fig. 7.4b is that the evolution of the velocity as a function of the IP field is found to be indeed symmetric for opposite current polarity, only with a small offset of about 20 mT, that might be due to the small shift in the current densities (+0.95 x 10 12 A m -2 versus -0.97 x 10 12 A m -2 ). Looking at the curve for positive current (black points in Fig. 7.4b), we find that the DW velocity is decreasing for negative µ 0 H y and increases for positive µ 0 H y . Moreover, in case of negative values, we conclude that the IP field goes in the same direction as the FL torque (the Oersted field being in this case in the same direction as the FL torque), resulting in an even poorer DW dynamics due to a higher tilt angle inside the DW. On the contrary, for positive values, the IP field counterbalances the action of the FL torque, thus leading to an improved dynamic.

As a comparison, the velocity, as a function of µ 0 H y , and normalized by the velocity without any IP field, is plotted for the two samples in Fig. 7.4c. A similar trend is observed for both systems, i.e. a noticeable velocity increase for positive IP applied fields, but with a larger amplitude in the Pt|Co|Al, in which the FL is larger. In total, we find that the DW velocity can change by about two orders of magnitude in this system, in addition providing a new knob for a tunable DW dynamics using the amplitude of the IP field as a tuning parameter.

Field like torque and magnetization tilting

In order to better understand this observation in presence of an IP field, we have performed complementary measurements in order to be more conclusive on the tilting of the magnetization in the DW. One of them has been to measure the bubble expansion velocity under OOP field pulses as a function of the IP field µ 0 H x .

From these types of measurements, the amplitude of µ 0 H DMI can be estimated, allowing to determine D [START_REF] Ajejas | Tuning domain wall velocity with Dzyaloshinskii-Moriya interaction[END_REF].

The results for Pt|Co|X|Ta|Al (with X = Al and Ru) are shown in Fig. 7.5a. We find that µ 0 H DMI = 160 mT (D s = -0.94 pJ m -1 ) for the case of Al and µ 0 H DMI = 100 mT (D s = -0.82 pJ m -1 ) for the case of Ru. These measurements of D s are consistent with previous results [START_REF] Ajejas | Tuning domain wall velocity with Dzyaloshinskii-Moriya interaction[END_REF] and are in agreement with values determined by BLS technique recently [START_REF] Ajejas | Interfacial potential gradient modulates Dzyaloshinskii-Moriya interaction in Pt/Co/metal multilayers[END_REF].

For the current densities that have been used in the previous sections, the relative amplitude of the FL is around 70 mT for the sample with Al and 20 mT for the one with Ru. As a consequence, µ 0 H y + µ 0 H FL remains always smaller in amplitude than µ 0 H DMI , meaning that the DWs never achieved a complete transition towards a Bloch configuration. However, the angle between the DW magnetization and the DL torque is varying with µ 0 H y + µ 0 H FL and that is why a change in the velocity is measured [START_REF] Thiaville | Dynamics of dzyaloshinskii domain walls in ultrathin magnetic films[END_REF]. Note that increased amplitude of the DMI, which is the case for the Al based sample [START_REF] Ajejas | Interfacial potential gradient modulates Dzyaloshinskii-Moriya interaction in Pt/Co/metal multilayers[END_REF], also results in an enhancement of the variation of the velocity with the application of a transverse field [START_REF] Boulle | Domain wall tilting in the presence of the Dzyaloshinskii-Moriya interaction in out-of-plane magnetized magnetic nanotracks[END_REF].

We have measured the evolution of the DW velocity vs OOP field for the two samples in unpatterned films (see Fig. 7.5b). The depinning field threshold is found to be close to 60 mT in the case of the Al-based sample, which is larger compared to the Ru-based one in which µ 0 H 0 = 5 mT. This difference in the depinning field had already been measured in [START_REF] Ajejas | Tuning domain wall velocity with Dzyaloshinskii-Moriya interaction[END_REF] and has been attributed to the difference in the perpendicular magnetic anisotropy for the two samples (H K,Al = 1 T, H K,Ru = 0.53 T). Note that for the current-induced motion of skyrmions, the X = Al based sample is also the one for which the threshold current density J 0 is the largest.

These measurements also underline that the maximum velocity for the sample with Ru is higher compared to its Al counterpart, by looking at the slope of the velocity as a function of the field in the flow regime. This trend in the maximum velocity being expected to be the same in the case of a current induced motion.

Finally, as a complementary measurement of the current induced motion in the presence of IP field, we have also performed some OOP field induced motion of skyrmions in the presence of IP field. The purpose has been to observe the impact of µ 0 H y on the skyrmion (or skyrmionics bubble) dynamics without considering the action of SO torques. For this purpose, an OOP field for which the maximum velocity is achieved for both samples has been used to drive the DWs for varying values of µ 0 H y . In Fig. 7.5c, we present the change in the normalized velocity (the normalization is done compared to the velocity without IP field) for samples Pt|Co|Al and Pt|Co|Ru|Ta|Al. *

In the case of the field driven dynamics, the velocity (taken vertically from the top of the skyrmions) is increasing whatever the direction of µ 0 H y and with the same amplitude for both samples. The results are found to not be perfectly symmetric in field, but this offset could be linked to the actual calibration of the field. However, these (preliminary) results still underlines that for the current induced dynamic experiments, the presence of the external field only is not enough to explain the slowing-down of the DWs compared to skyrmions.

Our hypothesis is that the FL torque tilts the magnetization in the DW, which results in a reduced efficiency of * Regarding the previous field induced dynamic experiments, we assume that the results on Pt|Co|Al|Ta|Al are the same as those on Pt|Co|Al but due to time constraints they could not be obtained before the writing of this thesis. the SOT. In order to analyse the experimental results, we have started recently to perform some micromagnetic simulations. However, due to time constraint before finishing the manuscript, we have not been yet able to find a quantitative agreement with the observations that we have measured. However, an increased tilting of the magnetization has been found for increasing amplitude of the FL torque with, at the same time, a reduction of the velocity. Note however that other phenomena might also induce changes in the DW velocity, such as the presence of pining at the edges, which results in different velocities in the top and the bottom of the tracks [START_REF] Kim | Magnetic domain-wall tilting due to domain-wall speed asymmetry[END_REF]. represents the position after the 300 pulses. A coloured point is drawn every 5 pulses. From this data set, it is clear that some skyrmions exhibit a linear displacement, free from skyrmion Hall effect, when they are close to the edge of the device. Others are subject to the deflection until they approach the edge of the track, close to which they have a straight motion. This observation is explained by the repulsion from the edge, which is strong enough to counterbalance the normal component of the force driving the skyrmions.

In order to quantify the amplitude of the repulsion, the same experiment has been reproduced for increasing current densities (see Fig. 8.2). We have found a threshold above which the skyrmions annihilate at the edge. This threshold is overcome when J > J R,edge ≈ 2.2 x 10 11 A m -2 . Above this precise current density, the velocity of the skyrmion is exceeding 7 m s -1 . From this observation, the value of the repulsion force from the edge (F R,edge ) is estimated using equations from the Thiele formalism [START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Yoo | Current-driven skyrmion expulsion from magnetic nanostrips[END_REF][START_REF] Iwasaki | Colossal spin transfer torque effect on skyrmion along the edge[END_REF] (see Chap. 2): where F is the total force driving the skyrmion, G the amplitude of the gyrovector and η = α[D]/G the ratio between the dissipation and deflection components. For current densities smaller than J R,edge , when a skyrmion follows the edge, the driving force is the vectoral sum of the forces from the SOT and from the repulsion.

v Sk = F 1 + η 2 G (8.1) θ Sk = arctan 1 η (8.2) G = 4π M s t FM γ (8.3)
Combining equations 8.1 and 8.2 gives:

F R,edge = sin θ sk v sk 4π M s t FM γ 1 + 1 (tan θ sk ) 2 (8.4)
Supposing that at the threshold current for skyrmions annihilation on the edge F R,edge = F SOT , and applying Eq. 8.4 with M s = 1200 kA m -1 , t FM = 1.2 nm, θ Sk = 15 °(measured in Chap. 4 for this current density value), v Sk = 7 m s -1 and γ = 1.76110 11 s -1 T -1 [START_REF] Panigrahy | Skyrmion inertia in synthetic antiferromagnets[END_REF][START_REF] Barnett | Gyromagnetic Ratios of Iron, Cobalt, and Many Binary Alloys of Iron, Cobalt, and Nickel[END_REF] gives F R,edge ≈ 0.4 pN.

To double-check those calculations, we have evaluated the repulsive force from the edge by measuring the enhancement of the velocity due to the repulsion. For this purpose, Kerr images that have been acquired on Ta5|Pt8|(Co1.2|Ru1|Ta3|Al3 |Pt3) 10 are presented. This sample has been chosen because it hosts states with a high density of skyrmions, which permits to follow simultaneously the velocity at different positions in the track.

The initial configuration of the magnetization, for an OOP field µ 0 H z = -30 mT, presents a high number of skyrmions, randomly distributed, with the presence of a few domains (Fig. 8.3a1). After the application of pulses of 20 ns at J = 1.6 x 10 11 A m -2 the skyrmions move, and it is possible to extract their velocity. Note that the velocity is averaged on 20 frames, but only the fifth (Fig. 8.3a2) and tenth (Fig. 8.3a3) are shown.

8.2:

The special case of the crowded systems Fifteen skyrmions have been chosen randomly along the track for which the velocity has been extracted.

The velocity is here considered as v = v 2

x + v 2 y and plotted as a function of the initial position of the skyrmions. From the equations presented in Chap. 2 the ratio between the velocity of a skyrmion far from the edge over the velocity of a skyrmions that is accelerated is:

v free v edge = η 1 + η 2 (8.5)
With a ratio v edge v free = 1.46 we extract η = 0.88. Using this value in:

F = v edge G η (8.6)
gives a total driving force F ≈ 0.9 pN. This force includes the SOT and the repulsion from the edge. From the ratio of the velocities, almost a third of the total force come from the edge, which gives

F R,edge ≈ 0.3 pN.
This value is close to the 0.4 pN that has been calculated by the previous method. However, note that all those calculations assume that the skyrmions are rigid, with a fixed diameter, which is probably not the case here. The small difference that is found can also come from the fact that the first experiment considers isolated skyrmions while the second has been performed in a system with a high density of skyrmions, close to a "crowded system" (see next section).

The special case of the crowded systems

Crowded systems are subject to a lot of investigations because this kind of physic can be applied to a large diversity of topic such as biology, sociology and spintronics. The idea is to analyse the behaviour of a high density of objects and to study how it evolves when increasing the number of subjects, reducing the space they have or inserting obstacles. It is then possible to model the different observations and to apply those results to the different topics, which behave more or less the same. In the case of this manuscript, we have considered a crowded system because skyrmions are supposed to be "solid" and to repulse each other (they should not merge together) and are confined in a finite space, for example a track (they should not get annihilated at the edges). It should then be possible to make an analogy between the dynamic of skyrmion with the motion of other particles (not subject to any anticipation in their displacement [START_REF] Echeverría-Huarte | Anticipating Collisions, Navigating in Complex Environments, Elbowing, Pushing, and Smartphone-Walking: A Versatile Agent-Based Model for Pedestrian Dynamics[END_REF]).

To investigate the behaviour of skyrmions in the "crowded" case, the sample Ta5|Pt8|(Co1.2|Ru1|Ta3|Al3|

Pt3) 10 has been used because we can prepare a state with a high density of skyrmions. Skyrmions are firstly nucleated at a fixed field, µ 0 H z = -30 mT, using a sequence of high intensity pulses. Pulses of 20 ns are then applied for increasing current densities in order to extract the mobility of the skyrmions in this crowded state (Fig. 8.4a). After having annihilated a large fraction of the skyrmions on the edge for current densities higher than J R,edge , and hence drastically reduced their density, the polarity of the pulses is reversed. Reversing the current, the skyrmions move towards the opposite side of the track and we can follow their motion for the "isolated" skyrmion state (Fig. 8.4b).

The velocities measured for both cases are reported in Fig. 8.4c. We observe that the depinning threshold is the same, but the mobility doubles from the crowded case (µ ≈ 0.25 x 10 -9 m 3 s -1 A -1 ) to the isolated case (µ ≈ 0.55 x 10 -9 m 3 s -1 A -1 ). The reduced mobility is probably not associated to a reduction of their diameter, which appears constant in the case of isolated and crowded skyrmions. From previous studies [START_REF] Legrand | Room-Temperature Current-Induced Generation and Motion of sub-100 nm Skyrmions[END_REF], we suspect that skyrmions are affected by the grain structure of the films. In particular, isolated skyrmions can move around grains constituting local maxima of potential, and continue their progression. In the crowded case, all skyrmions are constrained by the global motion of the disordered lattice, and therefore their ability to avoid potential hills is reduced. Moreover, in the lattice case, a pinned skyrmion might slow down skyrmions around it through skyrmion-skyrmion repulsion.

By analogy with the motion of particles, changing the shape of the device could help to overcome this issue.

For example, by inserting pillars along the track. Skyrmions could then be an affordable system to study crowds.

Moving skyrmions over micrometer distances

The repulsion that is provided by the edges at low enough velocity (for J < J R,edge ) enables the use of longer devices in which the skyrmions are expected to move as long as they are subject to SOT. To test the feasibility of moving skyrmions over large distances, a pattern with a rounded geometry has been designed by projection lithography (see Fig. 8.5a). The width, taken normal to edges, is kept to 6 µm for all the device. However, the curvature is changing as a function of the position. For this device, we define ⃗ x ′ and ⃗ y ′ respectively the tangential and normal vectors in the plane of the track.

The choice of a rounded geometry is motivated by the possibility to create preferential nucleation spots.

Indeed, the same procedure, depicted in Chap. 4, has been performed to check for the current density profile with COMSOL. The result, presented in Fig. 8.5b, underlines that the current density is not uniform and can vary from 70% to 140% along ⃗ y ′ , compared to the one in a straight segment. The consequence is that when applying a pulse, to nucleate skyrmions for example, the heat will be concentrated in the high current density locations, here at the spots named A2, B1 and C2. On top of that, the Oersted field that is generated when applying current is also position dependant. If we consider a pulse with polarity along + ⃗ x ′ , a positive component of H z is added on spots A1, B1 and C1 while on spots A2, B2 and C2, the field is reduced. As a consequence, the nucleation spots can be selected by acting on both the curvature sign and the current pulse direction (for a given background magnetization orientation). To summarize, among the six different spots, three are more favoured due to Joule heating: A2, B1 and C2. Among them, two are subject to a negative contribution of the Oersted field, A2 and C2, and one to a positive contribution, B1.

Those predictions have been tested in the actual device. We have firstly fixed the external field µ 0 H z = +20 mT (magnetization of the track is pointing up, skyrmions core down) and applied a 500 ns pulse with J > J n (Fig. 8.5c). The nucleation appears at the only two spots that are expected (A2 and C2). Fig. 8.5d is the result of the same experiment but at µ 0 H z = -20 mT (magnetization of the track is pointing down, skyrmions core up). In this case, the nucleation happens at the other spot (B1). Note that if the current density is reversed, the effect of the Oersted field is also reversed, but not the contribution of the Joule heating. It results in a reversal of the nucleation spots.

To observe the motion of skyrmions over micrometres distances, we have decided to nucleate them at only one precise spots and that is why the OOP field has been fixed to µ 0 H z = -20 mT, for positive current pulses.

First, a high density of skyrmions has been nucleated at the unique spot B1 (see Fig. all the skyrmions reach the output of the device after enough pulses. The ones which did not, have either got pinned, by grains or by domains, or got annihilated due to skyrmion merging. When they reach the output, they all agglomerate because the current density is not high enough to drive them further away. We would like to strengthen here the fact that they have moved over a distance exceeding thirty micrometers, which demonstrates the potential of skyrmions in our systems, even if still limited to relatively low velocity (≈ 3 m s -1 ).

In addition to the demonstration of skyrmion motion over large distances, these observations reveal other interesting phenomena. The first one is that this curved device permits the modulation of the skyrmion velocity as a function of the position of the skyrmions. Indeed, due to its current distribution, some areas exhibit faster skyrmions compared to others. For this, we have considered six different skyrmions with different initial x ′ positions. Their trajectory has been extracted from the first 100 pulses, with a point every 5 pulses, and is shown in Fig. 8.7d. One can see that the distance that has been travelled by the dark blue skyrmion is longer compared to the one from the light blue skyrmion. Such effect should not be neglected during device conception, as the current distribution determines the local velocity.

Skyrmion-Skyrmion repulsion

Another phenomenon that has been observed in this experiment is the skyrmion-skyrmion repulsion. Due to their solitonic behaviour, skyrmions are known to repel each other [START_REF] Zhang | Skyrmion-skyrmion and skyrmion-edge repulsions in skyrmion-based racetrack memory[END_REF][START_REF] Capic | Skyrmion-skyrmion interaction in a magnetic film[END_REF]. This repulsion has been found

to help pinned skyrmions getting out of their pinning centres when pushed by another skyrmion, increasing the when the driving force from the SOT, added to the repulsion force from the new coming skyrmion, exceeds the pinning force. Note that this particular example is not unique and several of such type of events have been observed in several samples, also using MFM. The pinning in this peculiar situation is relatively mild and is effective due to the low current densities (close to J 0 ) in the outer part of the curve.

This phenomenon of repulsion is also visible at the exit of the track. Indeed, because the current density is lower in this area where the track width diverges, skyrmions at the front stop their motion and therefore interact with the newcomers. From those interactions, we have extracted the value of the skyrmion-skyrmion repulsion force. In Fig. 8.9a are presented different images close to the exit of the device, from the same dataset, after different numbers of pulses. The first image (Fig. 8.9a1) corresponds to the moment when the first skyrmion (circled in red and that we refer as SK1) stops its motion. Indeed, due to a reduction of J, the driving force from the SOT is smaller than the pinning force. However, because of a continuous flow of skyrmions reaching this area, the position of SK1 changes due to the repulsion from the others (Fig. 8.9a(1-6)), which add to the force from the SOT. We have observed that, at some point, the position of SK1 is fixed, despite the increasing number of new coming skyrmions. It matches with the moment at which the new skyrmions are merging with the ones already present. This final position of SK1 is underlined by the red circle in Fig. 8.9a7 which has been acquired after 395 pulses. For this reason, we consider that this image coincides with the stationary situation.

To strengthen this hypothesis, we have averaged all the images that compose the whole experiment and, as visible in Fig. 8.9b, an area with a darker contrast is found. It corresponds to the area in which skyrmions are always present because they get stuck (circled in green). In order to extract the skyrmion-skyrmion repulsion force, we have started by performing COMSOL simulations to estimate the current densities, and hence the SOT force, at each positions along the track. We have considered a geometry as close as possible from the MOKE images and worked assuming a uniform current distribution through the thickness of the multilayer. This method has already been presented in Chap. 4 to simulate the current distribution in a device with a notch for deterministic current induced nucleation. It permits to find the relative variations of J. The result of the calculation is shown in Fig. 8.9c. We have found that the current density is reduced by 15% at the final position of SK1 (purple dashed line), by 5% at the first position of SK1 (red dashed line) and is not significantly reduced for the skyrmions that enter the stacking area (green dashed line). Note that those variations are estimated for the centre of the track along which SK1 is moving.

According to this model, when SK1 stops for the first time, it was subject to a torque that was reduced by 5%. The whole experiment being performed at J = 2 x 10 11 A m -2 , SK1 was driven by only 1.9 x 10 11 A m -2 at that time. As a first approximation, we have considered that it stops because J became lower than J 0 , the depinning threshold. In this system, J 0 ≈ 1.8 x 10 11 A m -2 and thus, a good correlation between our model and the measurements is found. Indeed, the value of J 0 is an average for a track, and for such pinning centres related to disorder, local variations of several percent could be expected.

To estimate quantitatively the repulsion force (F R,Skyrmion ) we have considered that at its last position, SK1 is subject to the repulsion of all the skyrmions queuing behind it, adding to the contribution of the SOT. For a new coming skyrmion, the net force (F SKn,initial ) is the one from the SOT, from which is subtracted the repulsion force. We end with the following set of equations:

F SK1,final = F SOT,final + F R,Skyrmion (8.7) 
F SKn,initial = F SOT,initial -F R,Skyrmion (8.8) At the equilibrium, F SK1,final = F SKn,initial . Indeed, if the force driving the new skyrmions is higher than F SK1,final , the whole pack is expected to move. On the contrary, if the force is lower, the new coming skyrmions does not merge with the others but is repelled. The observation of merging events indicates that this equilibrium is reached.

The COMSOL calculations have demonstrated that F SOT,final = 85% F SOT,initial . Combining these equations together gives:

F R,Skyrmion = 1 -0.85 2 F SOT,initial (8.9) 
Considering that F SOT,initial is the force that is provided by the SOT and is defined by Eq. 8.6, it results in F R,Skyrmion = 0.02 pN , which is about 10% of F R,edge , the repulsion force from the edges. 

Skyrmion-Domain repulsion

Having determined the skyrmion-skyrmion and the skyrmion-edge repulsion, we now tackle the repulsion of skyrmions due to the presence of a large domain with polarization parallel to the skyrmions core. Such interactions have also been observed from the same dataset. Indeed, due to the presence of a large FL torque, some skyrmions are elongated and got pinned. The consequence is that worm domains are on the trajectory of the skyrmions. In some cases, the domain blocks the skyrmions' motion. However, skyrmion and domain repel each others [START_REF] Yang | Control of the Half-Skyrmion Hall Effect and Its Application to Adder-Subtractor[END_REF], and the skyrmion's trajectory is modified, sometimes allowing the skyrmion to circumvent the worm domain. On the other side, the domains also feel the repulsion from the skyrmions and are found to deform. In Fig. 8.10 are presented MOKE images in which a domain is deformed through the repulsion of the skyrmions that are driven by SOT. Note that before the approach of the skyrmions the domain was not evolving despite the application of several electrical pulses. That is why we attribute this deformation to the repulsion force and not to the presence of SOT. Note that it is probably a combination of both.

In order to use this repulsion to enhance the skyrmions dynamics, we have considered a device with a notch (already presented in Chap. 4) in order to perform individual skyrmion motion in the presence of a domain. We have stabilized a long worm domain going through the entire track, joining both exits of the device, without any other magnetic textures. We obtained this state following three steps: (1) demagnetization to stabilize domains joining both extremities of the track; (2) increase of the external field to reduce their size and to reach the field at which the experiment is performed; (3) application of current pulses to move out of the track everything that is not parallel to the current. The configuration that has been reached after such a procedure is shown in Fig. 8.11a in which we have superposed a dashed yellow line to help materializing the domain. Following the domain stabilization, taking advantage of the notch, skyrmions are nucleated and their interaction with the domain has been investigated. Note that the whole experiment has been performed at µ 0 H z = 20 mT.

After having nucleated a bunch of skyrmions by a current pulse of J > J n (Fig. 8.11b), pulses with smaller J < J n values (along -⃗ x) have been applied to start their motion. Far from the DW, the skyrmions have the expected trajectory (Fig. 8.11(c-d)). However, when they get closer to the domain, they cannot go further along -⃗ y and, as a consequence, they follow the domain. The presence of the domain is behaving as the presence of an edge (Fig. 8.11(e-j)). Indeed, the repulsion skyrmion-domain is strong enough to force their motion along -⃗ x only. Some of them have moved along tens of micrometers, while others disappeared. Those have faced a bending of the DW and to overcome this obstacle a motion along +⃗ y is mandatory, which is not allowed here.

Note that in other datasets, skyrmions are able to overcome this kind of obstacle if the curvature of the DW is smaller. However, in the case of a domain purely parallel to the current, the DW acts as the edge of the track.

As it was already shown in 2013 [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF], the magnetization configuration at edges of PMA films with large enough DMI is the same as a truncated DW. Therefore, the cost in exchange (A and D) must be the same, but the dipolar effects must change as the "vacuum" is replaced by a magnetization parallel to the one in the skyrmion's core over a domain width. In order to extract the repulsion force from a domain, the same experiment has been performed for increasing J. The goal is to find the threshold velocity above which the skyrmions are annihilated. We have found a threshold close to 5 m s -1 . Using the same approach as presented in §8.1, we have measured the repulsion force:

F R,Domain ≈ 0.3 pN.
This value is found to be close to the 0.4 pN that have been measured for the edge of the device, suggesting a major contribution of the DMI.

This experiment has demonstrated the feasibility to use domains as guide for skyrmion motion, and we think that this approach can be used in different devices, for example to guide the skyrmions in different outputs channels depending on the position of the domain.

Summary -Chapter 8 -Skyrmion interactions with edges and magnetic textures ▷ Demonstration of the skyrmion-edge repulsion, which accelerates the dynamics of the skyrmions ( §8.1).

▷ Comparison of the dynamics of skyrmions in isolated and crowded systems. Skyrmions are found to be faster when they are isolated ( §8.2).

▷ Demonstration of the motion of skyrmions on distances exceeding tens of micrometers ( §8.3).

▷ Measurement of the skyrmions-edge repulsion (0.4 pN ( §8.1)), skyrmion-skyrmion repulsion (0.02 pN ( §8.4)) and skyrmion-domain repulsion (0.3 pN) ( §8.5).

▷ Demonstration of the feasibility to use domains to guide skyrmions over micrometers distances ( §8.5). precise control of the skyrmion number in a track.

In Chap. 5, the case of antiferromagnetic skyrmions in CoFeB based SAF systems has been presented in multilayers with increased number of repetitions, for higher thermal stability and larger signal for magnetic imaging compared to the previous studies of AF skyrmions realized in the lab. However, the stabilization of AF skyrmions using a BL can indeed be a limitation for dynamic experiments due to the nucleation of magnetic textures in the BL during the application of the current pulses. Another approach relying on the increase of the number of repetitions has led to the stabilization and observation of AF skyrmions without any biasing. We have found that the fine balance of the different existing magnetic interactions at play in such synthetic antiferromagnetic systems leads to the existence of more complex magnetic textures than "simple AF skyrmions" that we have been able to image. Finally, we have also investigated how the confinement forces existing in nanodisks of different diameters allow to transform an AF spin spiral into a unique AF skyrmion in the disk center, which opens a new method to form antiferromagnetic skyrmion for example for use in MTJs.

In Chap. 6, the current induced motion of isolated skyrmions has been presented. A thorough optimization of the SO torques has been performed, notably with some interesting development on one hand in the Pt|Co|Al trilayer underlining the existence of a strong FL torque component related to an unexpected Rashba-like conversion mechanisms at the Co|Al interface, and on the other hand with the insertion of a Ta layer (above) which contribution adds to the one of the Pt (below). Both approaches have been compared and exhibit an increase of the skyrmion mobility, correlated with an increase of the total SO torques. The most interesting system is Ta5|Pt8|(Co1.2|Cu1|Ta3|Al3|Pt3) 10 , because it presents a reduced J 0 (=125 GA m -2 , which is typically 70% of the J 0 of the unoptimized system) as well as a higher mobility (among the ones that have been studied during this Ph.D.), reaching 0.25 × 10 -9 m 3 s -1 A -1 . All these results validate the choice done in the engineering of the multilayer composition to improve the SO torques while keeping the parameters to obtain small skyrmions at room temperature.

In Chap. 7, the main result is the detailed comparison of the current induced dynamics of skyrmions and DW in the same Pt|Co|Al samples, in which an increased FL torque is present. This FL component of the SOT has been found to significantly reduce the velocity of the DWs whereas it does not impact the one of skyrmions.

This slower DW motion can be counterbalanced with the application of an in-plane field that diminishes (or enhances, depending on its direction) the magnetization tilting inside the DW and permits to recover a higher velocity. This system with high FL torque, Pt|Co|Al, might be a system of interest for studies concerning the interaction of skyrmions with DWs due to the chance for skyrmions to catch up DWs.

In Chap. 8, the reliability of the skyrmion motion, i.e. their ability to be moved over long distances without being annihilated, in different tracks' geometries is discussed. In particular, we present for the first time to our knowledge the skyrmion acceleration due to the repulsion from the edges. In addition, from this observation,

we have been able to estimate the repulsion force from the track edges. Thanks to the quality of sample fabrication and the fact that our skyrmions are not annihilated when they reach the sample edges, we have been able to detect some current induced skyrmion motion over large distances, larger than 30 micrometres.

In the same multilayers, the skyrmion-skyrmion repulsion force has been determined through the observation 9.2: Some perspectives of skyrmion merging at the exit of a device and its comparison to finite element calculations (using COMSOL Multiphysics). The typical forces at play are of the order of a few tenths of pN in our multilayers, and find mostly their origins in the chiral DM interaction. Finally, the motion of a skyrmion along a DW parallel to the track is evidenced. This could provide an interesting (and reconfigurable) alternative to control the skyrmion trajectories, needed for example in skyrmion logic devices.

Some perspectives

As a following of my Ph.D., I believe that the skyrmion nucleation at artificial notches could be further investigated, for example with a systematic study on the impact of their lengths, depths and curvatures. It might open new ways to nucleate "easily" skyrmions (or a bunch of skyrmions) in actual devices without relying on demanding techniques such as irradiation or FEBID as often proposed for a deterministic nucleation. Moreover, the easiness of the developed process for fabricating the notches makes that it can be implemented into already-existing devices.

The precise physical mechanisms of skyrmion creation in multilayers and the related timescale at which it occurs is still an open question. Some studies described in literature have recently addressed it through the use of ultrashort laser pulse. It would be interesting to study at short timescale the current driven (combining thermal and SOT) nucleation. To this aim again, the developed notches should be reliable enough to allow for pump-probe time resolved experiments. Finally, I believe that the presented results using FEBID for controlling the nucleation are encouraging. However, they should be completed in order to study for example the role of the height of the pillars or to design some lines (also designed by FEBID) to create channels for the skyrmions through repulsion effects.

Concerning the motion of the skyrmions, our results have demonstrated that the motion of a high number of skyrmions altogether is possible. Their velocity is comparable to those already reported in the literature and is measured, in our case, on a large number of frames taking into account possible pinning effects, which might occur during the motion, and by avoiding possible confusions with new nucleation events. An increase of the skyrmion mobility is observed, and could be even improved by working with shorter pulses' duration. Indeed, nucleation events are happening when the current density overtakes the nucleation threshold J n , limiting the range of J 0 < J < J n for which we can follow the dynamics of the skyrmions. Shorter current pulses in the range of the nanosecond or below (the shorter pulse that has been applied in this Ph.D. had 20 ns duration)

will increase the value of J n and hence enable the observation of faster skyrmions.

The comparison of the DW and skyrmions dynamics in Pt|Co|Al multilayers have proven the possibility to achieve faster skyrmions compared to DWs due to the presence of a large FL torque. The role of the inplane field on the magnetization tilting, within the DW, has been investigated but should be completed with an investigation on its role on the dynamics of the skyrmions. This field transverse to the current might for example reduce the stripe-out behaviour, which has appeared as a limitation in our studies because the skyrmions deform during their motion.

Nowadays, it appears possible to combine the different building blocks which are the nucleation and motion (presented in this Ph.D.), with the detection of the skyrmions, to propose their implementation in future technologies. For example, the motion of skyrmions over large distances opens new prospect for devices. To go one step further, the maximum velocity that they can reach before annihilating at the edges should be increased, for example with a work on the sharpness of the edges, and more studies on the use of domains to guide the skyrmions should be performed to consider this as a solution for skyrmions logic technologies.

The last point of potential improvement concerns the material family. In particular, there have been recently a strong (renewed) interest for garnet materials because they are systems with ultra-low damping [START_REF] Soumah | Ultra-low damping insulating magnetic thin films get perpendicular[END_REF] and in which the velocity of domain walls have been measured to exceed 4000 m s -1 [START_REF] Caretta | Relativistic kinematics of a magnetic soliton[END_REF]. The stabilization of skyrmionic bubbles in such insulating ferrimagnets has been achieved [START_REF] Büttner | Thermal nucleation and high-resolution imaging of submicrometer magnetic bubbles in thin thulium iron garnet films with perpendicular anisotropy[END_REF] as well as their dynamics [START_REF] Vélez | Current-driven dynamics and ratchet effect of skyrmion bubbles in a ferrimagnetic insulator[END_REF]. In complement to this Ph.D. thesis, I have been working in strong collaboration with Diane Gouéré, Ph.D. in the laboratory, on the stabilization of ultra-small bubbles in Bi-doped YIG samples. Through an engineering of the pulsed laser deposition growth conditions, it has been possible to grow samples with reduced effective anisotropy [START_REF] Gouéré | Temperature-independent ferromagnetic resonance shift in Bi-doped YIG garnets through magnetic anisotropy tuning[END_REF]. With this reduction of the effective anisotropy, the contribution of the magneto-crystalline anisotropy is enhanced and gives rise to interesting phenomena. For example, the application of an external field along the different crystallographic axis permits to control the formation of magnetic bubbles with reduced diameters and to tune their density, from the stabilization of isolated bubbles to the formation of dense lattices. The different MOKE observations are supported by various micromagnetic simulations, which both underline a 6-fold symmetry (which becomes a 3-fold symmetry when an external field µ 0 H z is applied), symmetry related to the magneto-crystalline anisotropy. To strengthen the observations, NV-center images have also been acquired, from which have been extracted the diameter, which is below 300 nm. Their current induced nucleation has also been achieved through the deposition of a Pt layer above the ferrimagnet insulator. Up to now, it is not clear if the nucleation is related to the heat produced by the current flowing through the Pt or if it is linked to spin currents diffusing within the Bi-YIG. BLS measurements have also been performed, indicating that the DMI is not significantly different from zero. The bubble stabilization along magnetic domain walls, formed between two domains aligned along two different crystallographic axes, have also been observed and is explained by the presence of Bloch lines within the bubble which enhance their stability. These bubbles forming rows along the DWs are moving with the DWs when an IP field is applied: the presence of this field extends the magnetic domains, which results in the displacement of the domain walls and, as a consequence, of the bubbles. The different results of this study can be found in Diane Gouéré's Ph.D. [START_REF] Gouéré | Investigation of ultrathin ferrimagnetic insulators with perpendicular magnetic anisotropy, grown and optimised by pulsed laser deposition[END_REF]. I strongly think that garnets are really promising systems that might be used for efficient dynamics of magnetic textures.

Openings

Finally, some more recent developments in nanomagnetism and spintronics in terms of materials, or novel conversion mechanisms for generating larger torques acting on a magnetization could be of high interest for the topic of topological spin textures in general.

9.3: Openings

• The first one is the recent modulation of the parameters along the vertical axis. The idea is to confine the "standard" columnar skyrmions into skyrmionic cocoons [START_REF] Grelier | Threedimensional skyrmionic cocoons in magnetic multilayers[END_REF]. Such 3D objects have been observed recently by MFM during Matthieu Grelier's Ph.D. in our lab. In order to achieve a 3D resolution of the actual spin textures of these novel objects, several synchrotron techniques have been used such as laminography, tomography and X-ray holography [START_REF] Wolf | Unveiling the three-dimensional magnetic texture of skyrmion tubes[END_REF][START_REF] Donnelly | Experimental observation of vortex rings in a bulk magnet[END_REF][START_REF] Grelier | X-ray holography of skyrmionic cocoons in aperiodic magnetic multilayers[END_REF]. Complementary to these imaging characterizations, it has been shown that a specific electrical signature can be found in both longitudinal and transverse transport measurements [START_REF] Grelier | Threedimensional skyrmionic cocoons in magnetic multilayers[END_REF].

These results are of interest towards the use of the third dimension to create new functionalities. However, one of the missing elements for the moment is the demonstration of the current induced dynamics and how this dynamics differs between different type of magnetic objects, e.g. columnar skyrmions and cocoons.

• The second is the use of orbital torques as a possible alternative (or complementary) to induce the dynamics of skyrmions. My Ph.D. work has focused on the reduction of J 0 , the increase of J n and the optimization of the SO torques to improve the dynamics for current densities between these two limits. However, the orbital angular momentum of the electrons is predicted to be significantly larger than their spin angular momentum [START_REF] Salemi | First-principles theory of intrinsic spin and orbital Hall and Nernst effects in metallic monoatomic crystals[END_REF] which might permit to improve the dynamics of the skyrmions by increasing the total torque acting on them. The effect of the orbital current on the magnetization being not direct, the finding of materials with high orbital to spin conversion factors are crucial [START_REF] Ding | Harnessing Orbital-to-Spin Conversion of Interfacial Orbital Currents for Efficient Spin-Orbit Torques[END_REF] before the incorporation of this new torque mechanisms in actual skyrmionics multilayers.
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  1.1c), which corresponds to the helicity of the skyrmions. Its value permits to discriminate between Bloch and Néel skyrmion types: ϕ = 0 or π for Néel skyrmions and ϕ = π/2 or 3π/2 for Bloch skyrmions. It also discriminates the sense of rotation of the magnetization, either clockwise (CW) or counter-clockwise (CCW). In Fig. 1.2 are represented the eight possible configurations with CW Néel (Fig. 1.2(a1,b3)), CCW Néel (Fig. 1.2(a3,b1)), CW Bloch (Fig. 1.2(a4,b2)) and CCW Bloch (Fig. 1.2(a2,b4)).

Figure 1 . 1 :

 11 Figure 1.1: Schematic of a (a) Bloch and (b) Néel skyrmion profile with a representation of the orientation of the magnetization ⃗ m. Red corresponds to moments aligned with +⃗ z, blue with -⃗ z and white in the plane of the magnetic material. For Bloch skyrmions, the twisting is in the plane while for Néel skyrmions, the rotation of the magnetization is perpendicular to the plane. Both schematics are extracted from [2]. (c) Representation of the polar referential that have been used to describe the skyrmions.

Figure 1 . 2 :

 12 Figure 1.2: Magnetization organization of skyrmions as a function of their polarity and their helicity. Line (1) corresponds to P = 1 and line (2) to P = -1. Column (a) is for ϕ = 0, (b) ϕ = π/2, (c) ϕ = π and (d) ϕ = 3π/2.

Figure 1 . 3 :

 13 Figure 1.3: Examples of skyrmion stabilization from the literature. (a) SP-STM image of the first skyrmion lattice obtained on Fe above Ir(111) performed at 11 K, extracted from [17]. (b) Observation of isolated skyrmion stabilization at µ 0 H z = -2.97 T in PdFe bilayer, extracted from [19]. (c) Observation by STXM of isolated skyrmions at room temperature in a (Ir|Co|Pt) 10 multilayer, adapted from [20].

Figure 1 . 4 :

 14 Figure 1.4: Current induced experiments of nucleation and motion. (a) MOKE observation of current-induced skyrmionic bubble, "blowing" a worm domain by the diverging current at the exit of a constriction. The first image is obtained before the application of an electrical pulse, and the second after. Adapted from [23]. (b) Observation of high velocity skyrmion motion in Pt|CoFeB|MgO multilayer. Each image have been obtained by STXM and acquired after the application of a 5 ns pulse. Adapted from [21]. (c) Observation of the skyrmion Hall effect in Ta|CoFeB|MgO. Each MOKE image is obtained after the application of a 50 µs pulse. Adapted from [26].

Figure 1 . 5 :

 15 Figure 1.5: Electrical detection experiments of skyrmions. (a) Detection of skyrmions with a change of the TXMR between the ferromagnetic background and the centre of the skyrmion. The resistivity is measured through the tunnelling of the current between a tip and the sample. The change in the TXMR is due to the angle of the magnetization. Extracted from [27]. (b) Electrical detection of skyrmions at room temperature in a Hall bar device. The change in resistivity is due to the contribution of the anomalous Hall effect, which is proportional to m z . Extracted from [29]. (c) Detection of skyrmions in MTJs for which the change in the resistivity is due to the presence of skyrmions in the free layer which have a magnetization opposed to the one of the reference layer. Extracted from [30].

Figure 1 . 6 :

 16 Figure 1.6: Examples of applications for skyrmions. (a) Schematic of a skyrmion racetrack memory extracted from[START_REF] Monchesky | Skyrmions: Detection with unpolarized currents[END_REF]. The skyrmions, which encode the information, are moved toward the reading area thanks to the application of an electrical current. (b) Example of a skyrmion demultiplexer adapted from[START_REF] Sisodia | Programmable skyrmion logic gates based on skyrmion tunneling[END_REF]. The repulsion between two skyrmions allows selecting the output channel that will be taken by the moving skyrmion. (c) Example of a reshuffler skyrmion based device adapted from[START_REF] Zázvorka | Thermal skyrmion diffusion used in a reshuffler device[END_REF]. Based on the Brownian motion of skyrmions, it produces an output signal, uncorrelated with the input signal, but with the same p value. The two plots in the

irradiation and denoted T 1 ,

 1 which is the input of the demultiplexer. Along this track, a hole is opened to divide channel T 1 into two distinct channels O 1 & O 2 , which act as the two different outputs of the demultiplexer. The selection of the output channel is made by the presence of a skyrmion in a channel T 2 , parallel to T 1 . In order to select output O 2 (Fig.1.6b1), channel T 2 should not have any skyrmions. The input skyrmion moving along T 1 will spontaneously move towards O 2 due to the skyrmion Hall effect. To select O 1 (Fig.1.6b2), a skyrmion has to be stabilized within T 2 . Due to the repulsion between the static skyrmion with the moving one, the latter keeps a straight motion and ends in channel O 1 . They also proposed to combine multiple demultiplexers together to perform the others logical operations such as AND and OR gates.
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 21 Figure 2.1: Schematics of the interfacial DMI in an atomistic model. (a) Schematic of the interfacial DMI, adapted from [25], in which the magnetization (in red) that is held by the magnetic atoms (grey spheres) rotates along the interface plane. The blue arrow represents the DMI vector. (b) Inversion of the stacking order results into an opposite chirality. (c) Illustration of an additive mechanism using two different interfaces with opposite properties.

2 . 3 ,

 23 for negative values of D, the DMI favours a counter-clockwise (CCW) rotation of the magnetization while positive values favours a clockwise (CW) rotation. Because of its interfacial origin, in the systems used in the scope of this Ph.D., we also define D s which is related to D with the formula D = Ds t FM . A schematic view of the underlying atomistic DM interaction is shown in Fig 2.1a, which underlines the rotation of the magnetic moments depending on the direction of ⃗ D. In this atomistic interaction picture, ⃗ D is a vector and the DMI energy of a pair of neighbouring spins S i is ⃗ D ij • (S i × S j ). A consequence of the chirality that is induced by this interaction is that symmetrical interfaces give a total effective D close to zero [51] because inverting the position of the HM ends in reversing the DMI (Fig 2.1b). However, it is possible to enhance it by using different materials at the two interfaces of the magnetic layer for which D is opposite when Co is grown on top of them (Fig 2.1c) [58, 59]. The effective DMI D eff in the sample is then the sum of the DMI at the top and bottom Co interfaces. Note that in the scope of this manuscript, the (Pt bottom)|(Co top) interface has been used in every systems, favouring a CCW chirality of the domain walls and skyrmions.
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 22 Figure 2.2: (a) Evolution of the energy associated to each contribution as a function of the radius of the topological soliton. The image is extracted from [7]. (b) Total energy as a function of the skyrmion radius for µ 0 H z = 50 mT and 37.5 mT. The energy barrier E B is defined as the difference between the minimum energy and the energy at r Sk = 0. Adapted from [63]. (c) Evolution of the bubble energy as a function of its radius for
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 23 Figure 2.3: Charge to spin conversion at an interface NM|FM by (a) REE and (b) SHE. Both mechanisms engender a DL and a FL torque, represented respectively by a large blue and a large red arrow. The small red and blue arrows represent the spin accumulation at the interface. The images are extracted from [69].
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 24 Figure 2.4: Examples of different simulation works related to the skyrmion-edge repulsion. (a) Trajectory of a skyrmion, subject to the skyrmion Hall effect, which is repelled by the edge. Extracted from [80]. (b) Time dependent snapshot of the position of a skyrmion. The yellow arrows represent its direction of motion as well as its velocity. Close to the edge, the skyrmion is repelled. Extracted from [86]. (c) Variation of the DMI and exchange fields as a function of the position of the magnetic moments in a track. The edges are delimited by the black dotted line. A tilt of the magnetization close to the edge is observed. Extracted from [81].
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 25 Figure 2.5: Examples of different simulation works related to the skyrmion-skyrmion repulsion. (a) Distance between two skyrmions and amplitude of the corresponding repulsive force as a function of the running simulation time for different initial distance (d i ) between them. Extracted from [36]. (b) Comparison between the model proposed by Brearton et al. in[START_REF] Brearton | Magnetic skyrmion interactions in the micromagnetic framework[END_REF] and the result from micromagnetic simulations. It represents the evolution of the energy density associated to the repulsion of two skyrmions as a function of the distance between them. Adapted from[START_REF] Brearton | Magnetic skyrmion interactions in the micromagnetic framework[END_REF].
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 31 Figure 3.1: XRR measurements performed on different samples. Points represent the measurements and lines the fits which include as free parameters the thickness, the roughness, and the density of the different layers. (a) For samples Ta10|Pt8|Co1.7|Pt3 and Ta10|Pt8|Co1.7|Au5. The thicknesses extracted from the fits are shown in Tab 3.2. (b) For sample Ta5|Pt5|(Pt3|Co1.7|Ru1.4) 5 |Pt3.

  3.2b(1)(2)(3)(4), the goals are to check for a possible oxidation of the Co layer and to investigate the intermixing. For this purpose, the position of the Ta, Pt, Co, Al and O atoms have been studied. The mapping for the different elements are displayed in Fig.3.2b and underline clear interfaces. For a better visibility, a cut was done along the vertical axis (Fig.3.2c). We found well-defined interfaces between the different materials (highlighted in the figure by coloured area), with layers' thicknesses close to their nominal values. Those clear delimitations underline a small intermixing between the different layers. Note also that with few-tens of nm thick lamellae, roughness along the beam direction would also appear as intermixing, and
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 32 Figure 3.2: STEM images obtained on the sample Ta5|Pt8|Co0.7|Al1.4|Pt3. (a) HAADF image without (left) and with (right) a high-pass filtering. (b) EDX mapping for the following elements: (b1) Ta, (b2) Pt, (b3) Co, (b4) Al and (b5) O. (c) Profile along the height of the sample representing the atomic fraction of the different elements that have been investigated.
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 33 Figure 3.3: XPS measurements performed on Al|Pt t Pt with t Pt = 1, 2 and 3 nm. A Mg source was used and the pressure in the chamber was 3.10 -9 mbar. (a) Intensity as a function of the binding energy, showing the screening of the Al 2p peak by the Pt 4f peaks. (b) Intensity as function of the binding energy for the Al 2s peak. Gaussian-Lorentzian fits are performed to underline the contribution from the AlOx peak (119.5 eV) and the metallic Al peak (118 eV). (c) Measurements extracted from [94] showing the evolution of Al 2s peak as a function of the oxidation time.
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 34 Figure 3.4: (a) Example of a tip made by FIB that is used to perform the atomic probe microscopy. Atomic reconstruction of the tip for (b) Pt5|(Pt3|Co1.8|Al1.4) 5 |Pt3 and (c) Pt5|(Pt3|Co1.8|Ru1.4) 5 |Pt3. Each colour represents a different element.
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 35 Figure 3.5: (a) Mapping of ∂E ∂x (λ) for different A and D values obtained by micromagnetic simulations. The fixed parameters are M s = 1373 kA m -1 , K u = 1430 kJ m -3 and µ 0 H z= 0 mT. The dark line goes through the couples for which ∂E ∂x (λ) = 0, to match with the measured period λ = 161 nm. (b) Representation of the best {A,D} for different λ and different µ 0 H z . A parabolic fit has been performed for each simulation to estimate the values on a larger range. The crossing points, indicated by the large circles, strongly depend on the period.
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 36 Figure 3.6: (a) Evolution of M s ×t Co as function of t Co for different samples used in this Ph.D. For comparison, M s is divided by the surface of the sample and the number of repetition of the Co layer. The linear slope gives the value of M s = 1390 ± 40 kA m -1 . (b) Evolution of A as function of t Co , measured in different Pt|Co|X samples by BLS. (c) Evolution of A as function of t Ru in the sample Ta10|Pt8|Co1.7|Ru t Ru |Pt3. The graph is extracted from [51].
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 37 Figure 3.7: OOP hysteresis loops for (Co1.5|Al1.4|Pt3) 4 |Co1.5|Al1.4 grown on different buffers. (a) Pt buffers without a Ta seeding with varying Pt thickness from 4 to 12 nm. (b) Buffers with a varying thickness of the Ta above which a 8 nm Pt is grown.
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 38 Figure 3.8: (a) Evolution of K eff t Co as a function of t Co in (Pt0.6|Co t Co |Ru1.4) 10 . t SRT is defined by K eff (t SRT ) = 0. (b) Evolution of K eff t Co as a function of t Co for different samples. Samples differ by the Pt thickness below the Co layer. A linear fit is performed with a fixed slope equal to µ 0 M 2 s /2. The intercept with the y-axis gives the value of K u,s .
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 39 Figure 3.9: (a) Evolution of the interfacial DMI constant D s in Ta10|Pt8|Co1.7|Pt t Pt |Au5 as a function of the thickness of the above Pt layer (b) and in Ta10|Pt8|Co1.7|Ru t Ru |Pt3 as a function of the thickness of the above Ru layer. The error margin represents the 1-σ and the 2-σ confidence interval extracted from the fit performed on the measured BLS data. Both graphs are extracted from [51].

Figure 3 .

 3 Figure 3.10: (a) Evolution of the DW velocity driven by µ 0 H z in the presence of a static IP field. The field at which the velocity is minimal gives the value of µ 0 H DMI . Results for the system (a1) Pt|Co|Al and (a2) Pt|Co|Ru. (b) Evolution of D s as a function of the difference in works functions ∆Φ for different Pt|Co|X trilayer. Filled points are data from [100] while open dots are extracted from literature. A linear fit is performed with a correlation factor R = 0.96. Adapted from [100].
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 41 Figure 4.1: MFM images obtained at zero external field for (Pt3|Co1.5|Al1.4) 5 after (a) OOP and (b) IP demagnetization. Insets represent the FFT of the corresponding image.
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 42 Figure 4.2: MFM images of (Pt8|Co1.6|Ru1.4) 3 performed at increasing magnetic fields, (a) µ 0 H z = 0 mT after an IP demagnetization, (b) µ 0 H z = 23 mT and (c) µ 0 H z = 33 mT.
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 43 Figure 4.3: (a) Schematic sideview of the structure with a bias layer under a skyrmionic multilayer. (b) AGFM hysteresis loops for sample (Co1.7|Ru1.4|Pt8) 3 with (purple) and without a BL (blue). In red is the loop for the BL only. (c) Evolution of µ 0 H bias as a function of t Pt,spacer .

Figure 4 . 4 :

 44 Figure 4.4: (a) MFM image at remanence for the sample (Co1.7|Ru1.4|Pt8) 3 . (b-c) MFM images for the same sample grown above a BL for different thickness of the Pt spacer, respectively: 2.6 nm (b) and (c) 2.3 nm.
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 45 Figure 4.5: (a) Simulation of a multilayer in which the DMI field (in black) is competing with the dipolar fields (in red when it is against the DMI field and in green when it is with the DMI field). (b) Evolution of the layer index at which the chirality goes from CCW to CW. Insets represent cuts along the ⃗ x axis of the magnetization for a simulation with D = 0.3 mJ m -2 and D = 1.3 mJ m -2 . The black circle represents the layer in which the chirality changes from CCW to CW. The arrows represent the m components while the colour represent the m z component, either -⃗ z (in red) or +⃗ z (in blue). The image is adapted from [131].

Ta10|Pt8|(Co 10

 10 Fe 70 B 20 0.8|Al 2 O 3 1|Pt0.8) 20 |Pt2.2 has been imaged by MFM at different µ 0 H z (Fig. 4.7b). Images underline a change in the skyrmion density with, at the lower field, only isolated skyrmions (Fig. 4.7b1),
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 46 Figure 4.6: (a) MFM image of Ta10|Pt8|(Co 10 Fe 70 B 20 0.8|Al 2 O 3 1|Pt2.4) 20 at µ 0 H z = -650 mT. The dashed lines underline the relative order of the skyrmion lattice that is expected to be hexagonal and the inset is the according FFT image. (b1) XRMS and (b2) CD-XRMS measurements of the same sample performed at the Fe L-edge (705.9 eV) showing the 6-fold symmetry of a skyrmion lattice. The blue and red colours indicate positive and negative dichroism.

Figure 4

 4 Figure 4.7: (a) Evolution of m z

  tres, different squares of different lateral sizes (5 µm, 10 µm and 20 µm, multiplying each time the surface by a factor 4) have been designed and observed by MOKE microscopy. Compared to unpatterned films, where only one nucleation centre is enough to propagate the formation of magnetic domains in all the film, one expects small areas to switch later. In fact, supposing a uniform density of defect d d (H) (associated to local magnetization switching at external field H), the expectancy e to have switching should scale with the film area A film , e(H) = d d (H)A film .

Figure 4 . 8 :

 48 Figure 4.8: MFM images of sample Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 in an unpatterned thin film at (a) µ 0 H z = 0 mT, (b) µ 0 H z = 5 mT, (c) µ 0 H z = 10 mT and (d) µ 0 H z = 15 mT. (e) Topography and (f) MFM images at remanence, after positive saturation, of the sample patterned in a track. (g) Height profiles through the width of the track presented in (e).
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 49 Figure 4.9: MOKE images of patterned squares for sample Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 . A saturation field µ 0 H z = 500 mT has been applied to saturate the magnetization in all the squares, and a reference image has been taken (a). A negative field has then been applied before taking a new image at remanence. When one square is found to be white, it means that the magnetization has reversed. MOKE images after applying (b) µ 0 H z = -50 mT, (c) µ 0 H z = -80 mT, (d) µ 0 H z = -100 mT, (e) µ 0 H z = -150 mT and (f) µ 0 H z = -250 mT.
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 410 Figure 4.10: MFM images of domains and skyrmions nucleated from a saturation state after applying 200 pulses (w = 200 ns, J = 1.8 x 10 11 A m -2 and f = 2.5 MHz) at (a) µ 0 H z = 0 mT, (b) 4 mT, (c) 8 mT, (d) 12 mT, (e) 17 mT, (f) 21 mT and (g) = 26 mT. The direction of the Oersted field and external field are displayed in (a).
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 411 Figure 4.11: (a) Evolution of J n as a function of the pulse duration and applied OOP field in Ta5|Pt5|(Pt3|Co1.2|Al 1.4|Ta3) 5 . (b) Energy barrier for skymions nucleation as a function of the external OOP field. The calculations are done for Pd|Fe|Ir(111) system in a hcp orientation of the Pd. Red curve represents mechanisms happening within a stripe, while the blue curve represents mechanisms occurring at the boundaries. The figure is extracted from [33].
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 412 Figure 4.12: (a) Evolution of P n as a function of the number of repetition in Ta5|Pt8|(Co1.2|Al1|Ta3|Al3|Pt3) N for a pulse duration of 50 ns. (b) Evolution of P n at µ 0 H z = 0 mT as a function of N. (c) OOP hysteresis loops for N = 10 and N = 20.
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 4 Skyrmion nucleation at random location

Figure 4 . 13 :

 413 Figure 4.13: (a) AGFM hysteresis loops performed in an OOP configuration for the four samples: Ta5|Pt8|(Co1.2|X1|Ta3|Al1|Pt3) 10 where X is Cu, Ru, Ir and Al. (b) Evolution of P n as a function of the material at the top Co interface, for a pulse duration of 50 ns.
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 414 Figure 4.14: (a) MOKE images of nucleation experiments at µ 0 H z = 20 mT in a 6 µm wide track of Ta5|Pt8|(Co1.2|Al3|Pt3) 10 . The pulses used for the different nucleation have a 20 ns duration and J = 1.89 x 10 11 A m -2 . (b) Average of the 25 nucleation images.
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 415 Figure 4.15: Two examples of deterministic skyrmion nucleation reported in recent literature. (a) STXM image of a current-induced skyrmion nucleation in a track containing irradiated dot array. A scheme of the structure is display out of the image with the irradiated areas displayed in purple. The experiment is performed at µ 0 H z = 40 mT. The image is extracted from [121]. X-ray holography images (b1) before and (b2) after a single laser pulse at µ 0 H z = 19 mT. The image is adapted from [117]. For both experiments, the sample is a Pt|CoFeB|MgO based multilayer.

  4.16a): four columns, for which 3 x 3 different heights, are defined and repeated three times. The TEM images of the four different columns are presented in Fig. 4.16b. The current used is 43 pA in all cases, and the exposure time are respectively 600, 900 and 1200 ms for the first column (Fig. 4.16b1), 240, 270 and 300 ms for the second column (Fig. 4.16b2), 150, 180 and 210 ms for the third column (Fig. 4.16b3) and 60, 90 and 120 ms for the last column (Fig. 4.16b4). The height of the dots is found to be ranging from 230 nm to 22 nm while the diameter for all the pillars is ≈ 100 nm. The next step is to deposit the magnetic multilayer by magnetron sputtering on top of the substrates containing the 3D structures. The stacking that has been used is Ta5|Pt8|(Co1.2|Al3|Pt3) 10 . The full stack thickness (85 nm) is hence in the middle of the range of the deposited FEBID structures. AFM and MFM images are then acquired to check for possible holes in the film that has been grown. The three pillars of the third column (Fig. 4.17a) have been investigated, and their heights are close to the ones from the TEM images, respectively: 45, 39 and 32 nm (Fig. 4.17b). The associated MFM image (colour-coded on top of the topography represented in pseudo-3D) from Fig. 4.17c also indicates a continuity of the magnetic stacking, because the domains do not seem perturbed by the pillars.
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 416 Figure 4.16: (a) TEM images showing the pattern used for the FEBID process. The height of the objects is respectively (from top to bottom) (b1) 128 , 176 and 229 nm, (b2) 57, 57 and 79 nm, (b3) 39, 48 and 66 nm and (b4) 22, 44 and 39 nm, for approximative diameters of 100 nm
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 417 Figure 4.17: (a) AFM image performed on the three dots from the third column after deposition of Ta5|Pt8|(Co1.2|Al3|Pt3) 10 by magnetron sputtering. (b) Profile corresponding to the line in (a). The heights are respectively 45, 39 and 32 nm. (c) Superposition of the MFM image on the 3D topography of image (a) . (d) Image of the final device with a track designed by optical lithography.
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 418 Figure 4.18: MOKE images after, for each line, (1) 1 pulse, (2) 3 pulses and (3) 5 pulses and at µ 0 H z = 40 mT. The current density is, for each column, (a) J = 3.65 x 10 11 A m -2 , (b) J = 3.75 x 10 11 A m -2 and (c) J = 3.86 x 10 11 A m -2 .
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 419 Figure 4.19: Current density profile of a 3 nm Pt device with a notch using COMSOL calculations for (a1) a sharp and (a2) a round notch. Note that the colour scale is twice higher for the case of the sharp notch. (b) Maps of m z as calculated by Mumax3 micromagnetic simulations (b1) as initialized before pulse, (b2) after 100 ps and (b3) 200 ps at J = 30 x 10 11 A m -2 . (c) Same but with the sharp notch and at (c2) 500 ps and (c3) 1 ns using J = 5 x 10 11 A m -2 and µ 0 H z = 20 mT. Insets are zooms close to the notch.
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 420 Figure 4.20: MFM images of current-induced nucleation by the notch. (a) Image after one pulse of 30 ns at J = 2.05 x 10 11 A m -2 and µ 0 H z = 19 mT in order to start the nucleation. Images after the procedure of image (a) followed by a unique pulse of 30 ns at J = 2.05 x 10 11 A m -2 for different applied fields, (b) µ 0 H z = 19 mT, (c) 22 mT and (d) 26 mT.
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 421 Figure 4.21: (a) Microscopy image of the device with a notch. The width at the apex of the notch is 80 % of the width of the track, which is 6 µm. (b) MOKE difference images of a Ta5|Pt8|(Co1.2|Al3|Pt3) multilayer at µ 0 H z = 20 mT after (b1) 1, (b2) 5, (b3) 10, (b4) 15 and (b5) 20 pulses of 50 ns at J = 2.37 x A m -2 . The reference image is taken in the saturation state of the multilayer.
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 422 Figure 4.22: Evolution of the skyrmions nucleation probability as a function of the pulse parameters. (a) Number of skyrmions in the device after a certain number of pulses for varying current densities. The pulse duration is fixed to 50 ns. (b) Evolution of the slope, which represents the number of skyrmions nucleated per pulse, as a function of the current density. The error bars represent the standard deviation extracted from the linear fitting. (c) Number of skyrmions in the device after a certain number of pulses for varying pulse duration. The current density is fixed to 3.2 x 10 11 A m -2 . (d) Evolution of the slope as a function of the pulse duration. The error bars represent the range of values obtained for three different experiments.

  4.22d). In this graph, the error bars represent the range of values for 3 different experiments performed to address the reproducibility of the nucleation process.
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 423 Figure 4.23: Schematic of the skyrmion nucleation by a notch at one side of a device. Depending on µ 0 H z and the direction of the pulses, only two configurations are allowing the nucleation of stable skyrmions. One for each polarity of the skyrmions.
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 51 Figure 5.1: Adapted from [41]. (a) Hysteresis OOP and IP loops of the system (Pt|Co|Ru0.75) 2 . Under vacuum images at remanence of (b) a spin spiral state and (c) the system BL+Pt2.2|Co1.47|Ru0.75|Pt0.6|Co1.47|Ru0.75|Pt3, which demonstrate the presence of antiferromagnetic skyrmions. (d) Magnetic profile according to the different line cuts displayed in (b).

Figure 5 . 2 :

 52 Figure 5.2: (a) OOP hysteresis loop for the following SAF: Ta5|Pt8|(CoFeB0.8|Ru0.75|Pt0.7) 4 |Al5. The inset is a schematic of the structure to underline the difference between layer 1 and layer 3, which results in two transitions in the hysteresis loop. (b) Evolution of µ 0 H RKKY as a function of the Pt thickness in (CoFeB0.8|Ru0.75|Pt t Pt ) 4 |Al5. (c) Evolution of µ 0 H sat and µ 0 H RKKY as a function of the CoFeB thickness in (CoFeB t CoFeB |Ru0.75|Pt0.5) 4 |Al5. The spin reorientation thickness is found when µ 0 H sat = 2µ 0 H RKKY . The error margins for µ 0 H RKKY show the field range on which the flipping of the layers happen
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 53 Figure 5.3: (a) OOP and IP hysteresis loops for sample (Pt0.5|CoFeB0.95|Ru0.75) 4 . (b) MFM image recorded at remanence and in room conditions of the same SAF grown above the following BL : (Co0.6|Pt0.45) 3 |Co0.6|Pt1.8. Four antiferromagnetic skyrmions are highlighted (c) with their corresponding profile. The apparent skyrmion diameter is found to be close to 100 nm.
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 54 Figure 5.4: (a) MFM image performed under vacuum of a 4 µm track of a CoFeB-SAF above a BL in which antiferromagnetic skyrmions are stable at remanence (after saturation of the BL). (b) Line cuts for a few skyrmions from the corresponding MFM image underlining a diameter close to 100 nm. (c) Nucleation of magnetic domains in the BL due to the application of electrical pulses. The contrast is ten times higher than the one from an antiferromagnetic texture.
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 55 Figure 5.5: (a) AGFM hysteresis loops for SAF-4 with 0.95 nm of CoFeB capped with Ru|Pt|Al. It is the same loops as already displayed in Fig. 5.3a. AGFM hysteresis loops for SAF-2/4/6/8/10 with different CoFeB thicknesses, for which the capping is only Al, respectively (b) 0.7 nm, (c) 0.75 nm and (d) 0.8 nm. The IP loops are displayed in each panel in grey for the sample closer to the SRT. We find that the SRT thickness is different for the different CoFeB series; respectively (b) 0.7 nm for SAF-8, (c) 0.75 nm for SAF-4 and (d) 0.8 nm for SAF-2.
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 56 Figure 5.6: Vacuum MFM images for different SAF, in their as-grown configuration, respectively for each line (a) t CoFeB = 0.7 nm, (b) t CoFeB = 0.75 nm and (c) t CoFeB = 0.8 nm and for respectively each column (1) 4 magnetic layers, (2) 6 magnetic layers and (3) 10 magnetic layers.
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 57 Figure 5.7: Under vacuum MFM images of SAF after an OOP demagnetization (line 1) for samples (a) SAF4-0.75, (b) SAF6-0.75 and (c) SAF10-0.7 with their image at µ 0 H z = 70 mT (line 2). Line (3) shows the corresponding line cuts for the images from the second line. Plain lines are for negative contrast of the MFM (dark skyrmions) and dotted lines for positive contrast (bright skyrmions).
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 58 Figure 5.8: (a) Vacuum MFM images of SAF10-0.7 at µ 0 H z = 70 mT (b) with the corresponding topography. (c) Line cuts along 3 different objects showing an inner diameter of 30 nm and an outer diameter of 80 nm.
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 59 Figure 5.9: (a) Vacuum MFM of SAF10-0.7 inside a 6 µm wide track performed at µ 0 H z = 70 mT. (b) Same area after losing the tip resonance. The brighter spots are not visible anymore due to a higher scanning height. (c) Procedure to superpose the new MFM images after correcting the tip's frequency with (c1) both topography images, (c2) a superposition of the defect at the surface and (c3) the superposition of both MFM images with the same shift observed in the topography. The white spots are again visible and did not move.
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 510 Figure 5.10: (a) Zoom on the under vacuum MFM image of Fig. 5.8a, to focus on only one of the texture. The red/blue colour scale has been used to help in the comparison. (b) Simulated MFM image of the magnetic organization that is displayed in (d) for a lift height of 40 nm. Snapshot of m z for (c1) the last layer and (c2) the before last layer of the multilayer. Blue corresponds to the magnetization along -⃗ z, red along +⃗ z and white in the plane. The diameter of the skyrmion is found to be smaller in the last layer compare to the penultimate one. (d) 3D view of the AF skyrmion in all the different layers.
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 511 Figure 5.11: Simulated MFM images of the structure presented in Fig. 5.10 for different lift height: (a) 20 nm, (b) 30 nm, (c) 40 nm and (d) 50 nm.

Figure 5 . 12 :▷

 512 Figure 5.12: (a) Under vacuum MFM image of Ta10|Pt8|Co1.55|Ru0.75|Pt0.6|Co1.55|Ru0.75|Pt3 at remanence, hosting a spin spiral with a period of 300 nm. (b-d) Images of disks with nominal diameters equal to (b) 2.5 µm, (c) 1.5 µm and (d) 1 µm. (e) Profiles along the different cut lines from image (d). (f) Corresponding topography image with in the inset the height profile along the centre of the disk.
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 61 Figure 6.1: (a) DL efficiency and (b) FL efficiency vs Co thickness for Pt8|Co t Co |X1.4|Pt3 with X = Al (in red) and Cu (in blue). (c) Evolution of the ratio FL/DL vs Co thickness. Red and blue lines are fits to experimental data points using a theoretical model developed by H. Jaffrès in our lab. The black line in (c) from a theoretical model, with experimental data inputs including REE, while the black line consider only SHE mechanism.

Figure 6 . 2 :

 62 Figure 6.2: (a) DL field and (b) FL field for samples Pt8|Co0.9|X t X |Pt3 with X = Al (in red) or Cu (in blue). (c) Evolution of the ratio FL/DL for Al (in red) and Cu (in blue).

Figure 6 . 3 :

 63 Figure 6.3: (a) Evolution of θ eff in Pt t Pt |Co0.9|Al5 as a function of t Pt . The line is a fit from which is extracted the spin diffusion length equal to 1.5 nm. (b) Evolution of the ratio FL/DL for different Pt thicknesses.

Figure 6 . 4 :

 64 Figure 6.4: (a) Schematic structure of the double SHE injection scheme. Due to opposite θ SHE for Pt and Ta, both materials contribute jointly to the net SOT acting on the Co magnetization. (b) DL field and (c) FL field for Ta5|Pt8|Co0.9|X1|Ta3|Al1|Pt3 with X = Ru, Cu and Al.

Figure 6 . 6 :

 66 Figure 6.6: (a) 2 µm wide track MFM image of Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 in a state with isolated skyrmions. The external field is fixed to µ 0 H z = 20 mT. (b-d) MFM images after applying (b) 4, (c) 6 and (d) 8 pulses of 50 ns at a current density J = 4.1 x 10 11 A m -2 . The black dot-dashed lines represent the geometry of the track. The black dotted line represents the positions of one defect on the track. Coloured dashed lines are guides to the eye to underline the motion of a few skyrmions. (e) Tracking of the positions of skyrmions during the complete experiment. Each colour corresponds to a unique skyrmion while the brightness of the point represents the number of applied pulses. The brighter, the later in the experiment.

Figure 6 . 7 :

 67 Figure 6.7: 2 µm wide track MFM images of Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 . The external field is fixed to µ 0 H z = 20 mT. (a-d) MFM images after applying (a) 0, (b) 1, (c) 2, and (d) 3 pulses of 50 ns with a current density J = 3.5 x 10 11 A m -2 , underlining the annihilation of one skyrmion. (e-h) MFM images after applying respectively (e) 0, (f) 1, (g) 2, and (h) 3 pulses of 50 ns with a current density J = 3.5 x 10 11 A m -2 , underlining the nucleation of two skyrmions. Coloured dashed lines are guides to the eye to help for the visibility of both phenomena.

Figure 6 . 8 :

 68 Figure 6.8: (a) MFM images of a Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 track after applying 200 pulses of 200 ns with f = 2.5 Mhz and J = 2.8 x 10 11 A m -2 at µ 0 H z = 15 mT. The nominal width of the track is 4 µm. (b) Histogram

Figure 6 . 9 :

 69 Figure 6.9: (a) AGFM IP loops of sample Ta10|Pt8|(Co1.6|Ru1.4|Pt8) 3 annealed at different temperature. MFM images obtained at remanence for the sample without annealing (b1), annealed at 200 °C (b2), 300 °C (b3) and 350 °C (b4). MFM images obtained at µ 0 H z = 30 mT for the sample without annealing (c1), annealed at 300 °C (c2) and 350 °C (c3).

Figure 6 . 10 :

 610 Figure 6.10: MOKE images of a Hall bar of Ta5|Pt8|(Co0.8|Al1.4|Pt3) 10 at a fixed field µ 0 H z = 26 mT. (a) Image at t 0 , when a first domain is nucleated, in one of the layer, from the top part. (b) Image at t 0 + 5s with the nucleation of a new domain from the bottom, after the propagation of the previously nucleated one. (c) Image at t 0 + 10s with the presence of three different domains in three different layers. The change in contrast indicates that different number of layer have flipped together. In this example, at least 4 different layers are not coupled.

Figure 6 . 11 :

 611 Figure 6.11: MOKE images of a 4 µm track of Ta5|Pt8|(Co1.2|Al3|Pt3) 3 for which the layers are not fully coupled. (a) Reference image and images after (b) 1 pulse, (c) 2 pulses, (d) 3 pulses and (e) 4 pulses.

Figure 6 . 12 :

 612 Figure 6.12: (a) MOKE image of Ta5|Pt8|(Co1.2|Al3|Pt3) 10 sample with isolated skyrmions. The field is fixed to µ 0 H z = 20 mT. Images after (b) 2 pulses, (c) 5 pulses and (d) 10 pulses. Red and blue circles highlight the position of skyrmions which are not elongated, and green circles highlight the position of the tip of an elongated one. (e) Summary of all the positions superposed to the image (d). The white lines go across all the positions and are identical for the three objects.

Figure 6 . 13 :

 613 Figure 6.13: Micromagnetic simulation of three magnetic layers. Only m z is shown. Column (1) to (4) are the result at t 0 (1), after 5 ns (2), 10 ns (3) and 15 ns (4) when applying a current along -⃗ x at J = 5 x 10 11 A m -2 . Line (a) is the simulation without any FL component, and line (b) is the simulation with a ratio FL/DL ≈ 20.

Figure 6 . 14 :

 614 Figure 6.14: (a) MOKE images of a skyrmion motion experiment on Ta5|Pt8|(Co1.2|Al3|Pt3) 10 . (a1) is the reference image, (a2) the image after 5 pulses and (a3) after 10 pulses. The width of the pulses is fixed to 20 ns and the current density to J = 2.11 x 10 11 A m -2 . (b) Evolution of the skyrmion velocity (black) and averaged skyrmion Hall angle (red) for different J values.

Figure 6 . 15 :

 615 Figure 6.15: Evolution of the skyrmion velocity as a function of J (a) in Ta5|Pt8|(Co1.2|X1|Ta3|Al3|Pt3) 10 with X = Ru, Cu and Al. Linear fits have been performed to extract the mobility of the skyrmions. (b) Addition of the systems Ta5|Pt8|(Co1.2|Al3|Pt3) 10 and Ta5|Pt8|(Co1.2|Al1.4|Ta3|Pt3) 10 .

Figure 7 . 1 :

 71 Figure 7.1: Current induced motion of DWs as observed by MOKE. (a) Schematic of the device composed by 20 tracks of 2 µm width and 20 µm length. The pink area represents the multilayer and the blue area the Ti5|Au150 deposition, for efficient electrical contact. (b) MOKE image showing the displacement of DWs in Ta5|Pt8|Co1.2|Al3|Pt3 after 100 electrical pulses of 20 ns duration at J = 1.39 x 10 12 A m -2 . (c) Schematic of the different possible configurations corresponding to the presence of a single DW in a track (c1 and c3) and to the presence of multiple DWs (c2 and c4). The first schematic represents the initial state, the second one shows the state after the application of a pulse, and the third the corresponding MOKE image which is the difference between the second and the first schematics.

Figure 7 . 2 :

 72 Figure 7.2: Skyrmion (black) and DW (red) velocities as a function of J for (a) Ta5|Pt8|Co1.2|Al3|Pt3 and (b) Ta5|Pt8|Co1.2|Ru1|Ta3|Al3|Pt3. In all cases, the current densities are estimated by considering the total thickness of the sample.

Figure 7 . 3 :

 73 Figure 7.3: Comparison of the torque components and velocities in Pt|Co|X|Ta|Al with X = Al and Ru. (a) DL field and (b) FL field for samples with X = Ru (in green) or Al (in red). (c) Comparison of the DW velocities for the two systems as a function of J.

Figure 7 . 4 :

 74 Figure 7.4: DW velocity as a function of µ 0 H y . (a) MOKE image of DW dynamics with IP field. Current pulses are applied from top to bottom and µ 0 H y from left to right. In this example, µ 0 H y = 0 mT and J = 0.95 x 10 12 A m -2 . (b) Evolution of the DW velocity for different fields and different pulse polarities, J = 0.95 x 10 12 A m -2 in black and J = -0.97 x 10 12 A m -2 in red. (c) Velocity normalized by the one at zero IP field for different µ 0 H y and for samples Ta5|Pt8|Co1.2|X1|Ta3|Al3|Pt3, with X = Ru (in green) and Al (in red). Inset is the velocities without normalization.

Figure 7 . 5 :

 75 Figure 7.5: OOP field driven DW motion experiments for different samples: Ta5|Pt8|Co1.2|X1|Ta3|Al3|Pt3, with X = Ru (in green) and Al (in red). (a) Velocity as a function of µ 0 H x from which is extracted µ 0 H DMI . (b) Velocity as a function of µ 0 H z from which is extracted the depinning field. (c) Same experiment at a high value of µ 0 H z but with the presence of an IP field. The velocities that are plotted are normalized by the one at zero IP field and are plotted for different µ 0 H y .

  Further simulations are ongoing to conclude on this remaining open question. Summary -Chapter 7 -Comparative study of skyrmion and domain wall dynamics ▷ Comparison of the DW and skyrmions dynamics in Pt|Co|Al systems. The skyrmions are found to be faster than the DW due to the presence of a large FL torque ( §7.1).▷ Investigation on the DW velocity in the presence of µ 0 H y to enhance or counterbalance the effect of the FL torque ( §7.2).▷ Investigation of the FL torque effect on the DW dynamics. Its presence might induce a tilt of the magnetization in the DW, which results in slower velocities ( §7.3).
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 81 Figure 8.1: Skyrmion dynamic experiment on Ta5|Pt8|(Co1.2|Al3|Pt3) 10 at µ 0 H z = 20 mT (background magnetization is up). The pulses are 20 ns long and J = 2 x 10 11 A m -2 . Images after (a) 0, (b) 20, (c) 40, (d) 60, (e) 80, (f) 100 and (g) 120 pulses. Coloured dots are here to mark the positions of different isolated skyrmions. (h) Image after 300 pulses, on which is superposed the positions of the different skyrmions that were able to move over 20 µm by following one edge of the device.

Figure 8 . 2 :

 82 Figure 8.2: Motion experiment for sample Ta5|Pt8|(Co1.2|Al3|Pt3) 10 at µ 0 H z = 20 mT for different current densities. Column (a) J = 1.9 x 10 11 A m -2 , (b) J = 1.95 x 10 11 A m -2 and (c) J = 2.2 x 10 11 A m -2 . Line (1) reference image, (2) image after 5 pulses and (3) after 10 pulses. The pulse duration is fixed to 20 ns. The threshold for which the skyrmion annihilate at the edge is found to be 1.95 x 10 11 A m -2 < J b ≤ 2.2 x 10 11 A m -2 .

Figure 8 . 3 :

 83 Figure 8.3: Dynamic experiment on Ta5|Pt8|(Co1.2|Ru1|Ta3|Al3|Pt3) 10 in a high density state. (a1) Reference image, (a2) image after 5 pulses and (a3) after 10 pulses. The field is fixed to µ 0 H z = -30 mT, the pulse duration is 20 ns and J = 1.57 x 10 11 A m -2 . Velocity of different skyrmions, dispatched randomly within the track, as a function of their initial (b) y position and (c) x position.

Fig. 8 .

 8 Fig. 8.3(b-c) are respectively the velocity depending on the x initial position and y initial position. The abscissa axis limits for Fig.8.3b represent the edges of the device. Depending on the x position, the skyrmions' velocities are found to be distributed randomly along a mean velocity of 8.4 m s -1 . However, depending on their y position, the velocities increase linearly, and the skyrmions are faster when they are closer to the edge. This happens when v y goes down to zero and when the repulsion increases the total speed. The faster skyrmion has a velocity 1.46 times higher compare to the slower one.

Figure 8 . 4 :

 84 Figure 8.4: MOKE images of Ta5|Pt8|(Co1.2|Ru1|Ta3|Al3|Pt3) 10 in a crowded regime (a) and in an isolated regime (b). Line (1) is the reference image for both cases, (2) image after 10 pulses and (3) after 20 pulses. The pulse width is fixed to 20 ns, J = 1.8 x 10 11 A m -2 and µ 0 H z = -40 mT. The polarity of the current is reversed between both experiments. The white dots on the images for the column (b) are the positions of the remaining skyrmions after the experiment of column (a). (c) Comparison of the skyrmions velocity for crowded and isolated skyrmions as a function of the current density.

  8.6a). The current has then been reduced below J n and J R,edge in the high current density areas (J = 2 x 10 11 A m -2 ) and 500 pulses with a duration of 500 ns have been applied, taking an image after each of them. Few acquired MOKE images are shown in Fig. 8.6(b-j) with the images after (b) 40, (c) 80, (d) 120,..., and (j) 340 pulses. All the skyrmions, at the beginning, have a displacement towards + ⃗ x ′ and -⃗ y ′ . It is expected because the current polarity is also along + ⃗ x ′ and the core of the skyrmions is along +⃗ z. Thus, the skyrmion Hall effect is along -⃗ y ′ . When they reach the bottom edge, they are repelled, and have a displacement only along + ⃗ x ′ . Except for a few of them,

Figure 8 . 5 :

 85 Figure 8.5: (a) Optical image of the device. The width is fixed to 6 µm along all the track. Six different areas are evidence to help for comprehension. (b) COMSOL calculations of the current distributions. Spots A2, B1 and C2 have twice higher current density compared to spots A1, B2 and C1. Nucleation experiments evidencing the mapping of the Oersted field performed at (c) µ 0 H z = +20 mT (magnetization up) and (d) µ 0 H z = -20 mT (magnetization down).
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 86 Figure 8.6: MOKE images of Ta5|Pt8|(Co1.2|Al3|Pt3) 10 after respectively (a) 0, (b) 40, (c) 80, (d) 120, (e) 160, (f) 200, (g) 240, (h) 280, (i) 320 and (j) 340 pulses. The length of the pulses is 500 ns and J = 2 x 10 11 A m -2 at the entrance of the track. It varies with the position, as shown in Fig. 8.5b.

Figure 8 . 7 :Fig. 8 . 6 .

 8786 Figure 8.7: MOKE images of Ta5|Pt8|(Co1.2|Al3|Pt3) 10 after respectively (a) 0, (b) 10, and 20 pulses of 500 ns at J = 2 x 10 11 A m -2 . Coloured points represent the positions of a few chosen skyrmions. (d) Summary of the positions of different skyrmions after 100 pulses. A point is added every 5 pulses.

Figure 8 . 8 :

 88 Figure 8.8: Sequence of Kerr images extracted from the previous experiment on Ta5|Pt8|(Co1.2|Al3|Pt3) 10 underlining the repulsion of two skyrmions overcoming the pinning effect. The images are acquired after (a) 0, (b) 4, (c) 8, (d) 12, (e) 16 and (f) 20 pulses. The dashed lines are here as guides to the eye.

Figure 8 . 9 :

 89 Figure 8.9: Different MOKE images extracted from the previous experiment on Ta5|Pt8|(Co1.2|Al3|Pt3) 10 underlining the repulsion of skyrmions and their merging. The images are acquired after (a1) 0, (a2) 15, (a3) 30, (a4) 45, (a5) 60, (a6) 75 and (a7) 395 pulses. (b) Average of the 500 images that compose the full experiment. The area circled in green is the area in which the contrast is higher. It corresponds to the area where the skyrmions get stuck. (c) Normalized current density calculated by COMSOL. We underline the reduction of J at three different positions in the centre of the device (coloured lines are guides to the eye). The red one corresponds to the initial stop position of the first skyrmion, the purple to its ending position, and the green to the beginning of the stopping area.

Figure 8 . 10 :

 810 Figure 8.10: Sequence of MOKE images selected from the previous experiment on Ta5|Pt8|(Co1.2|Al3|Pt3) 10 and underlining the deformation of a domain due to the force applied by a moving skyrmion. The images are acquired after (a) 0, (b) 1, (c) 2, (d) 4, and (e) 6 pulses. The circled area underlines the deformation of the domain.

Figure 8 . 11 :

 811 Figure 8.11: Skyrmions-domain interaction. (a) MOKE images of Ta5|Pt8|(Co1.2|Al3|Pt3) 10 with the nucleation of a long worm domain parallel to the track and joining both extremities of the device. The field is kept constant for the whole experiment, µ 0 H z = 20 mT. (b) Images after the nucleation of a few skyrmions with the notch. Images after (c) 10, (d) 20, (e) 30, (f) 40, (g) 50, (h) 60, (i) 70 and (j) 80 pulses. The pulse width is 100 ns and J = 1.89 x 10 11 A m -2 . The yellow dotted line is a guide to the eye to underline the position of the domain from image (a).
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4.6: Deterministic nucleation using a notched track Summary -Chapter 4 -Control on the stabilization and nucleation of skyrmions ▷ Stabilization of magnetic skyrmions with the use of external field in magnetic multilayers either by the shrinking of existing domains or by a spontaneous nucleation from a saturated state ( §4.1).

▷ Demonstration of the possibility to stabilize skyrmions at zero field by the use of a bias layer underneath the magnetic multilayer ( §4.2).

▷ Current induced nucleation of skyrmions in micrometre wide tracks and investigation of J n , the current density threshold for nucleation. Results demonstrate a thermally activated process ( §4.3).

▷ Investigation of the randomness of the skyrmion nucleation in tracks ( §4.4).

▷ Deterministic nucleation of skyrmions thanks to the presence of pillars, deposited by FEBID, under the skyrmionic multilayer ( §4.5).

▷ Utilization of a notch, made by projection lithography, to fully control the number of skyrmions nucleated via electrical pulses by a fine-tuning of the pulse duration and the current density ( §4.6). Chapter 6: Increasing the skyrmion velocity through torque optimization

6.3: Skyrmion motion and its mechanism

The input parameters for the magnetic multilayer are the following: M s = 956 kA m -1 , A = 10 pJ m -1 , K u = 1014 kJ m -3 , D = 2 mJ m -2 and µ 0 H z = 10 mT. No periodic boundary conditions have been used, and three magnetic layers along ⃗ z have been considered. A uniform current is applied along -⃗ x with a current density J = 5 x 10 11 A m -2 . A first simulation is performed without any FL component (Fig. 6.13a) and a second one with a ratio FL/DL ≈ 20 (Fig. 6.13b). Note that in order to compare properly the role of the FLT in both cases, the DL torque has been taken to be the same for the two simulations. In the first scenario, the skyrmions are moving along -⃗ x, with a -⃗ y component because of the skyrmion Hall effect. On the contrary, for the second scenario, they also move in the same direction, but the stripe out phenomenon is clearly observed. The larger the FL component is, the stronger is the stripe-out.

Skyrmion mobility in optimized systems

In this section, we finally present the results on current induced skyrmion dynamics observed in Ta5|Pt8| (Co1.2|Al3|Pt3) 10 , that is the multilayer system that has been optimized for efficient SOT injection. The first objective is to investigate the skyrmion velocity and the evolution of θ Sk as a function of the injected current density J. In this sample, at µ 0 H z = 20 mT, the static skyrmion diameter is around 200 nm, that is a large enough diameter allowing us to carry out the study of the skyrmion dynamics using MOKE microscopy (instead of MFM). The studied devices are 4 µm wide tracks designed by projection lithography. The procedure for each experiment is the following: first the magnetization is saturated under a large perpendicular field, then this field is decreased down to µ 0 H z = 20 mT. Then, current pulses are injected in order to nucleate a few skyrmions in the track. After that, a single pulse with a 20 ns duration is applied and an image is taken in the best possible condition (see Appendix C for details about the image acquisition). This procedure is repeated 20 times in order to average velocities on a large number of frames. An example of experiment can be found in Fig. 6.14a for

For each experiment, the velocity of a few skyrmions is extracted and reported in Fig. 6.14d. Note that the skyrmions that are taken into account for describing the dynamics are only the ones for which the motion is visible on the whole frames and importantly the ones that are not elongating upon injection of current pulses. The depining threshold J 0 is found to be 1.75 x 10 11 A m -2 . We find a linear increase of the velocity with increasing J which is consistent with a steady regime and not the creep regime of the skyrmion dynamics [START_REF] Berges | Size-dependent mobility of skyrmions beyond pinning in ferrimagnetic GdCo thin films[END_REF][START_REF] Luo | Skyrmion lattice creep at ultra-low current densities[END_REF][START_REF] Reichhardt | Thermal creep and the skyrmion Hall angle in driven skyrmion crystals[END_REF].

The slope of this curve gives the mobility of the skyrmions, µ = 0.2 x 10 -9 m 3 s -1 A -1 . We also report the value of the skyrmion Hall angle (θ Sk ), which saturates around 45°for J above 2.5 x 10 11 A m -2 .

A comparison between the measured θ Sk and the expected value from the theory can be done. Considering the Thiele equations presented in Chap. 2, the ratio of the transverse velocity over the longitudinal velocity is defined as: have performed permit an improvement of the skyrmion dynamics.

Summary -Chapter 6 -Increasing the skyrmion velocity through torque optimization ▷ Investigation and optimization of the SOT thanks to the presence of a Rashba interface in Pt|Co|Al samples ( §6.1).

▷ Optimization of the SOT with the insertion of a Ta layer ( §6.2).

▷ Description of the different mechanisms which disrupt the skyrmion dynamics ( §6.4).

▷ Measurements of the skyrmion Hall angle in an optimized system in excellent agreement with the theoretical calculations ( §6.5).

▷ Enhancement of the skyrmion mobility in systems optimized for SOT ( §6.5).

Chapter 8

Skyrmion interactions with edges and magnetic textures

The skyrmion nucleation and motion have already been discussed in the previous chapters of this manuscript.

However, before their possible application in technologies, the question of their reliability as information carrier has to be addressed. Skyrmions have been found to be stable at room temperature on a timescale of the order of ten years. Indeed, different theoretical studies have been performed to address their lifetime in perfect systems [START_REF] Bessarab | Lifetime of racetrack skyrmions[END_REF][START_REF] Bernand-Mantel | A micromagnetic theory of skyrmion lifetime in ultrathin ferromagnetic films[END_REF][START_REF] Von Malottki | Skyrmion lifetime in ultrathin films[END_REF]. On the other side, in experimental systems, the demonstration of skyrmions moving along large distances, exempt from any annihilation, has not been proven so far. Skyrmions usually getting annihilated at the edges of the different devices that they reach in a few micrometres due to the skyrmion Hall effect. The purpose of this chapter is precisely to demonstrate that the skyrmions can survive in different devices, and to examine how they behave at the edges or in the presence of other magnetic objects such as other skyrmions or domains.

Among the mechanisms disrupting the smooth skyrmion motion in long tracks, one is the skyrmion Hall effect. Indeed, skyrmion Hall effect deflects the skyrmions toward the edges, where they usually annihilate because the edge repulsion is not large enough. However, in §8.1, we describe our system in which the edge repulsion that is exerted on the skyrmion permits to prevent them from "escaping" the track [START_REF] Bessarab | Lifetime of racetrack skyrmions[END_REF][START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Desplat | Thermal stability of metastable magnetic skyrmions: Entropic narrowing and significance of internal eigenmodes[END_REF],

and we quantify the amplitude of this repulsion. We also demonstrate their acceleration when they reach the edge, a mechanism that is expected theoretically. Then, we discuss the velocity of the skyrmions depending on their density in a track and compare the case of isolated skyrmions with the one of "crowded" systems ( §8.2). Following those results, in §8.3, we demonstrate that skyrmions survive, while moving them in a device, on distances exceeding tens of micrometres. In this experiment we have observed different phenomenon of skyrmion-skyrmion repulsion and we have been able to quantify experimentally the strength of this repulsion ( §8.4). Finally, we investigate the skyrmion-domain wall repulsion and use it as an advantage to move skyrmions along magnetic domains, free from skyrmion Hall effect ( §8.5).

Faster skyrmions at the edge

The skyrmion Hall effect drives the skyrmions towards the edges of the track, where the edges repel them.

Depending on the strength of the repulsion, the skyrmion either "escapes" from the track, leading to its disappearance, or gets repelled, and the extra force accelerates its motion along the edge [START_REF] Jiang | Direct observation of the skyrmion Hall effect[END_REF][START_REF] Sampaio | Nucleation, stability and current-induced motion of isolated magnetic skyrmions in nanostructures[END_REF].

To investigate this repulsion, current induced dynamic experiments have been made on the sample Ta5|Pt8|

Chapter 9

Summary and perspectives

Summary

The field of physics of magnetic skyrmions, especially in metallic multilayers, has been growing almost exponentially in the last ten years. An extensive number of experimental, numerical and/or theoretical studies have been published, improving a lot the understanding of the skyrmion creation and stabilization as well as their dynamical properties. In this context, in my Ph.D., I have tried to tackle more specifically some of the most interesting skyrmion properties, notably the current induced deterministic nucleation or the spin torque motion and to improve some of their performance having in mind the possible implementation of these skyrmions in different types of devices.

In Chap. 3, the use of magnetron sputtering as a technique of choice for elaborating high quality multilayers containing skyrmions has been demonstrated, a growth method already widely used in industry. A large number of structural and magnetic characterizations have been performed, proving the smoothness and continuity of very thin layers: permitting to deposit multilayers with high quality interfaces as well as a wide tunability of the different magnetic interactions through the adjustment of the thicknesses of the different materials [START_REF] Legrand | Spatial extent of the Dzyaloshinskii-Moriya interaction at metallic interfaces[END_REF][START_REF] Ajejas | Densely packed skyrmions stabilized at zero magnetic field by indirect exchange coupling in multilayers[END_REF][START_REF] Ajejas | Interfacial potential gradient modulates Dzyaloshinskii-Moriya interaction in Pt/Co/metal multilayers[END_REF]. In this chapter, the evolution of the different magnetic parameters has been studied to propose optimized systems for skyrmion stabilizations at room temperature.

In Chap. 4, the nucleation of Néel skyrmions has been detailed with either the use of external magnetic fields in the case of unpatterned samples, or with the application of electrical pulses in the case of patterned devices.

In the case of "infinite" samples, the stabilization of skyrmions at zero field has been achieved thanks to the use of a "bias layer" (BL) and the stabilization of skyrmion lattices in multilayers with high number of repetitions has been observed. In the case of patterned samples, their thermal nucleation (induced by electrical pulses) has been investigated through the evolution of J n as a function of different parameters (µ 0 H z , duration of the pulse, number of repetitions and choice of the materials in contact with the FM). It provides different possibilities to tune this nucleation threshold, for example to make it larger than J 0 . This thermal-driven nucleation, which is intrinsically non-localized, has been controlled by two different approaches : (1) the incorporation of artificial defects below the skyrmionic multilayer by FEBID and (2) the incorporation of notches on the edges of devices.

The first method reducing locally the value of J n and the second increasing locally the value of J. The later one demonstrating the possibility to nucleate a precise amount of skyrmions (one skyrmion per pulse of 50 ns at

) on demands and which appears as a simple procedure for any applications demanding a
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Annealing of the Ta5|Pt8 buffer

In this appendix, I present a complementary study concerning the annealing of the buffer with the aim to control the period of the stripes at remanence and reduce pinning effects. Indeed, the temperature of annealing of the buffer is found to be correlated with the anisotropy of the multilayer grown above.

For this purpose, the multilayer (Co1.5|Al1.4|Pt3) 5 has been grown on different SiO 2 |Ta5|Pt8 buffers, for which the Pt structure is changed by annealing. The PMA coming mainly from the Pt|Co interface, and depending on the structural properties of the Pt layer, if the crystalline organization of the Pt atoms within the buffer changes, it will result in a change in the anisotropy. To be more precise, when the distance between the Co atoms increases, the PMA also increases. This result has been demonstrated by first principle calculation in [START_REF] Bairagi | Experimental and theoretical investigations of magnetic anisotropy and magnetic hardening at molecule/ferromagnet interfaces[END_REF][START_REF] Yang | Strain induced enhancement of perpendicular magnetic anisotropy in Co/graphene and Co/BN heterostructures[END_REF]. A practical way to vary this distance is to produce a strain on the Pt layer (either tensile or compressive). This strain induces a change in the Pt lattice parameters, which affects the distance between the Co atoms during their deposition.

The SiO 2 |Ta5|Pt8 buffers have been annealed (before the deposition of the multilayer) at different temperatures: 300 °C, 400 °C and 500 °C. X-ray diffractions have then been measured to check for a possible strain of the Pt. A shift of the Pt (1 1 1) peak position is observed towards higher values after the annealing (Fig the IP hysteresis loops, for the four different samples. An increase of µ 0 H z,sat , together with a decrease of µ 0 H x,sat is observed with the annealing temperature, underlining a decrease of K eff . This decrease between the not annealed buffer and all the others can be explained by the presence of the strain as shown in Fig. A.1a, but to understand the differences between all the annealed buffers together it is important to consider other parameters than K eff .

Indeed, the magnetic period of the domains results from the balance between the dipolar energy gain and the domain wall energy cost. The domain wall energy density, for Néel walls, is given by 4 √ AK -πD, where K nealing temperature is increased, we have observed an increased presence of defects (looking like particles on the surface). These particles are also larger for higher annealing temperature. In the extreme case of the one that has been annealed at 500 °C, the presence of defects with a height close to 10 nm is observed. This increase of the roughness affects the magnetic organization through local changes of the magnetic constants [START_REF] Maitre | Interfacial roughness and temperature effects on exchange bias properties in coupled ferromagnetic/antiferromagnetic bilayers[END_REF][START_REF] Liu | Effect of interface roughness on the exchange bias for NiFe/FeMn[END_REF] and might explain the observed variation of the period.

To conclude, annealing of the buffer is a good method to decrease the period of the magnetic domains.

Nevertheless, for the rest of the samples grown in the context of this Ph.D., SiO 2 |Ta5|Pt8 buffers without annealing are used, firstly to simplify the fabrication process, but also because those changes in the roughness can alter the dynamics of the skyrmions.

Complementary measurements on the use of FEBID

In this appendix, I present complementary measurements that have been performed on Ta5|Pt8|(Co1.2| The fact that their nucleation is localized specifically in this area might be a consequence of different structural inhomogeneities in this particular device.

Pulses of smaller current densities are then applied in order to move off the different textures. At this value of J, new nucleations events are not observed (J < J n ). We have observed that all the magnetic textures are moving along the same direction (domains and skyrmions having the same chirality). However, an interesting phenomenon is occurring. Indeed, the domains are highly pinned above the different disks, and they are not able to get out of them. As a consequence, they aligned with the different pinning centres and become parallel to the track (Fig.

B.1c).

When the device presents only aligned domains, a pulse with a higher current density is applied in order to nucleate new domains, perpendicular to the track as discussed previously. We have observed that these new domains nucleate from the already present ones, but perpendicularly to them. As a consequence, a change of topology happens due to the closure of the domains together. Indeed, when the already present domains area between the second (yellow) and third (green) line of dots when the nucleation has been induced from a saturated state makes us believe in the previously formulated hypothesis.

Further experiments are needed to better investigate this possible change of topology, as well as various micromagnetic simulations to reproduce the observed behaviour.

Appendix C

Imaging and tracking of the skyrmions

In this appendix, I present in more details the imaging procedure that has been used to acquire the different MOKE images, which has been developed conjointly with Dédalo Sanz-Hernández, postdoc in the laboratory. The focus is made on this technique and not on the MFM because the different MFM images have been acquired

with a classic two pass technique in tapping mode, one to acquire the topography, and a second at a fixed lift height which is sensitive to the gradient of the field ∂H Demag,z /∂z. I also present here the code that has been written in Python to track automatically the skyrmions on the MFM and MOKE images.

C.1 Acquisition of the images by Kerr microscopy

The different MOKE images that have been presented along this manuscript have been acquired with a x100 lens in immersion in oil. The use of immersed lens permits to work with an increased numerical aperture (NA) and to be closer to the sample. This increase of NA improves the resolution, and thus it is possible to image smaller and closer objects. Indeed, the resolution is given by the formula: λ light /(2NA). In our case, we have worked with blue lights for which λ light = 445 nm, and the NA of our lens is 1.3. Our resolution is then closed to 170 nm and that is the reason why we are able to image skyrmions of 200 nm diameter and to discern two skyrmions close to each other (the distance between two skyrmions being typically of the order of their diameter).

However, it requires reaching a perfect focus of the image. In our setup, the sample is mounted above a piezoelectric and thus a fine control of the z position is possible to meet this condition. It permits to acquire "easily" static images, but our goal is to automatize the imaging procedure with our pulse generator, to acquire large dataset of images and to investigate the dynamics of skyrmions. On top of that, the setup might drift in time and even the presence of small vibrations, for this resolution, disrupt a lot the images. For this purpose, we have developed an automatic procedure aiming to acquire new images with the best possible focus.

Starting from a focused configuration, achieved at z focus,0 , after the application of an external field, electrical pulses, etc, the focus is not perfect anymore. We then acquire tens of images at positions ranging from z focus,0 +ϵ and z focus,0 -ϵ, ϵ being typically 1 µm and the steps typically 100 nm. Out of them we automatically determine the one for which the focus is the best through the application of a convolution matrix quantifying the sharpness of the contours. Because we always have a magnetic texture in our image (or edges in the case of a device), lines (or circles) are present, and the sharper is their contour, the better is the focus. This process can be repeated for each image (around z focus,i-1 ). Note that this procedure notably increases the time needed to acquire one image (≈ 3 minutes). In parallel, we also correct the x-y drift with the piezoelectric to keep the object of interest within the imaged area.

As one can see, the total number of acquired images to extract only a hundred of "good" images is around two thousand. The hundred selected images are then aligned one with the others to obtain, for example, a complete video of the skyrmions motion. Note that the alignment procedure is firstly performed on the whole hundred images with as a reference the first image of the dataset, then on the whole images but this time with, as the reference, the averaged image of the firstly aligned dataset. Finally, the images are aligned a third time together, and we make the difference with the first image to enhance the contrast. At each step, the images considered "far" from the reference are omitted but are still aligned in the last step to not lose any information (and to not skip any frame).

The full procedure is depicted in 

C.2 Automatic tracking of the skyrmions

With this automatization of the images' acquisition, large set of data are collected (because the user have not to be in front of the setup any more), and it appears difficult to manually analyse each of them. Especially when one of the goal is to follow the motion of skyrmions over large distances. For this purpose, a code has been developed in Python to help in sorting the data. The code is presented hereafter for images obtained by MFM, but is easily transposable to MOKE images.

One of the first step is to define an area for the tracking. It permits to reduce the computation time by avoiding pixels on which the code will work (pixels that are mainly noise). This area is typically the one of a device. Secondly, the value of each pixel is compared to different thresholds. Indeed, on the image ( if not i > track_sup:

to 5 the value of the pixels of the potential skyrmions

After this first cleaning procedure, some pixels might still not be associated to skyrmions. The second criteria that have been used, to distinguish skyrmions from defects, is the number of connected pixels. We assume that skyrmions have a minimal area, and thus the number of pixels which compose them is higher than a given value. All the remaining pixels which are not close to at least this threshold are considered to be artefacts.

Example of associated Python Code

# Remove remaining defects

for i in range ( len(data) ):

for j in range ( len(data[i]) ):

if (4 < data[ i-delta : i+delta , j-delta : j+delta ]).sum() < threshold_Sk:

# The comparison to 4 is here to consider only the remaining pixels data[i][j] = 0 # We put to 0 the value of the pixels associated to potential defects At this point, we consider that the remaining pixels are all part of a skyrmion. The next step is to extract their position. The method that have been used is to perform a 2D gaussian fit around all the pixels that are still present. In principle, it should be enough to perform this step for only one pixel of each skyrmions, but it requires extracting them before. That is why we naively perform it for every pixel and then remove the equivalent positions. if not i in useless:

Example of associated Python Code

real_positions.append( positions[i] )

At this point, the code is able to detect the position of the different skyrmions present on one image. It is useful, for example, to count them in order to extract a density. This procedure is then used on sets of images, each image being acquired, for example, after the application of an electrical pulse. We then end with the positions of all the skyrmions for each image. The last remaining step is to link the positions altogether to extract a trajectory. To achieve it, it is mandatory to find for each skyrmions its positions on every frame. The approach that have been used is to consider that the skyrmions present on the frame i are still present on the next frame i + 1.

For each skyrmion of the frame i, we check every found positions of the frame i + 1 and the one which is closer to the position in i is considered to be the new position of the skyrmion. The reciprocity is also checked.

This approach assumes that the displacement of a skyrmion is always smaller than the distance between two distinct skyrmions. This precise point is discussed in Chap. 7.

The different images exhibit interesting patterns at the exit of the track (highlighted by the dotted green circle). In the case of CCW Néel skyrmions, with a SOT coming from a Pt layer under the magnetic layer, and for an electrical pulse along +⃗ x, the skyrmions move along +⃗ x (with a deflection along ⃗ y because of the skyrmion Hall effect). During the application of the burst, the nucleated skyrmions are also moving. This motion occurs for every pulse that constitutes the burst. When they reach the end of the track, the SOT that drives them decreases (because of an increasing track width). The consequence is a variable velocity of the skyrmions.

The distance between two consecutive skyrmions then reduces, and they organize in the patterns observed in As expected, the current density is higher at the abrupt corners, when the track starts to increase in size. The current density then decreases with the width, down to a few A m -2 . The result is then mapped in a 2048 x 1024 grid and serves as an input for the micromagnetic simulations.

The Mumax3 grid is chosen to be 2048 x 1024 x 3 cells of respectively 2 x 2 x 1 nm 3 . The actual left width of the track in the simulation is then 1024 nm (see Fig.