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Titre: Skyrmions magnétiques dans des multicouches antiferromagnétiques synthétiques à base de cobalt Mots clés: Skyrmion, Magnétisme, Antiferromagnétisme, Spintronique Résumé: Les skyrmions magnétiques sont des textures topologiquement protégées qui se comportent comme des particules et qui pourraient être utilisées dans de futurs dispositifs de spintronique. Dans les matériaux ferromagnétiques, leur vitesse induite par le courant électrique est limitée et ils souffrent d'une déviation liée à leur topologie non triviale (déflection gyrotropique). Dans ce travail, nous explorons leurs propriétés dans les antiferromagnétiques synthétiques (SAF, deux couches ferromagnétiques séparées couplées antiferromagnétiquement à travers un espaceur), qui ont été proposés pour surmonter ces limites. Dans un premier temps, nous explorons théoriquement les propriétés nouvelles des skyrmions dans ces matériaux. Nous dérivons un modèle minimal à partir de deux skyrmions, dans l'une et l'autre couche, décrits par le modèle établi pour les couches ferromagnétiques, auquel on ajoute une force de couplage. Outre le fait de reproduire l'absence de déflection gyrotropique, ce modèle décrit trois propriétés innovantes : l'existence d'une séparation spatiale entre les deux skyrmions à vitesse finie, une vitesse maximale proportionnelle à l'intensité du couplage antiferromagnétique et une inertie inversement proportionnelle à l'intensité du couplage antiferromagnétique. Nous présentons ensuite le travail expérimental pour réaliser les échantillons ayant les propriétés recherchées. Dans la mesure où un antiferromagnétique synthétique n'est pas sensible à l'application d'un champ magnétique, nous établissons une méthodologie pour stabiliser des skyrmions en l'absence d'un champ magnétique, à l'inverse des approches usuelles. Dans une étude sur des multicouches ferromagnétiques, nous montrons le rôle crucial de l'énergie d'anisotropie magnétique dans la stabilisation des skyrmions : lorsqu'elle est trop basse, l'ordre uniforme est déstabilisé spontanément par l'interaction Dzyaloshinskii-Moriya et un champ magnétique est requis pour étudier des skyrmions isolés ; lorsqu'elle est trop haute, l'ordre uniforme est trop stable et les skyrmions ne peuvent pas être stabilisés. En variant l'épaisseur des couches ferromagnétiques et ainsi contrôler l'énergie d'anisotropie via des effets interfaciaux, nous montrons qu'il existe une gamme d'épaisseur pour laquelle les skyrmions existent sous forme d'excitations au-dessus de l'état uniforme. Ils présentent alors les mêmes propriétés que les skyrmions stabilisés par l'application d'un champ magnétique.

Title: Magnetic skyrmions in cobalt-based synthetic antiferromagnets Keywords: Skyrmions, Magnetism, Antiferromagnetism, Spintronics Abstract: Magnetic skyrmions are topologically protected textures that behave like particles and could be used in future spintronic devices. In ferromagnetic materials, their speed induced by electric current is limited, and they suffer from deviation due to their nontrivial topology (gyrotropic deflection). In this work, we explore their properties in synthetic antiferromagnets (SAF, two separated ferromagnetic layers antiferromagnetically coupled through a spacer), which have been proposed to overcome these limitations. Firstly, we theoretically explore the novel properties of skyrmions in these materials. We derive a minimal model from two skyrmions, one in each layer, described by the established model for ferromagnetic layers, with the addition of a coupling force. Besides reproducing the absence of gyrotropic deflection, this model describes three innovative properties: the existence of a spatial separation between the two skyrmions at finite velocity, a maximum speed proportional to the intensity of the antiferromagnetic coupling, and an inertia inversely proportional to the intensity of the antiferromagnetic coupling. We then present our experimental work to create samples with the desired properties. Since a synthetic antiferromagnetic is not sensitive to the application of a magnetic field, we establish a methodology to stabilize skyrmions in the absence of a magnetic field, contrary to usual approaches. In a study on ferromagnetic multilayers, we demonstrate the crucial role of magnetic anisotropy energy in stabilizing skyrmions: when it is too low, uniform order is destabilized spontaneously by the Dzyaloshinskii-Moriya interaction, and a magnetic field is required to study isolated skyrmions; when it is too high, uniform order is too stable, and skyrmions cannot be stabilized. By varying the thickness of the ferromagnetic layers and thus controlling the anisotropy energy through interfacial effects, we show that there is a range of thicknesses where skyrmions exist as excitations above the uniform state and exhibit the same properties as skyrmions stabilized by the application of a magnetic field. Finally, we describe our work on synthetic antiferro-magnetic stacks. After identifying the key elements for this achievement, we present three types of stacking to enable the stabilization of pairs of skyrmions coupled antiferromagnetically and control them (nucleation, displacement) by applying an electric current. We use two ultrathin layers of cobalt, coupled by an Ir/Pt spacer, which allows reaching coupling energies of the order of 1 mJ/m 2 . The samples are optimized to promote the action of the electric current via a spinorbit coupling: a spin current is generated in two nonmagnetic layers with strong spin-orbit coupling located below and above respectively the bottom and top cobalt layers. As this effect is related to the stacking order of the ferromagnetic/non-ferromagnetic bilayer, we show that it is essential to use two layers with spin-orbit coupling of opposite sign (platinum and tantalum in our case). Consequently, the magnetic properties of the two cobalt layers, related to the nature of their interfaces, are relatively different. In particular the layer in contact with platinum displays a perpendicular magnetic anisotropy, while the one in contact with tantalum displays an in-plane anisotropy. Nevertheless, thanks to the strong antiferromagnetic coupling, we demonstrate that it is possible to stabilize a uniform antiferromagnetic state with both layers magnetized in the direction perpendicular to their plane, as required to study skyrmions. By optimizing the layer thicknesses, we show that skyrmions can be stabilized with zero magnetic field. In nano-devices (micron-width magnetic tracks, connected by gold tracks), we demonstrate the possibility to nucleate skyrmions and move them by applying current pulses (a few 10 11 A/m 2 , a few nanoseconds in duration). We show that the skyrmions have the expected properties for antiferromagnetic coupling: absence of gyrotropic deflection, velocity independent of their size, and increased velocity compared to ferromagnetic skyrmions. However, we were unable to demonstrate the predicted inertia effect due to too large antiferromagnetic coupling. In the conclusion of the manuscript, we outline paths for such a demonstration in the future. After navigating the intricacies of manuscript composition now, as I grapple with crafting this section, a sense of humility washes over me. This section, serving as the final piece in my doctoral thesis, brings both a sense of liberation and a weighty responsibility simultaneously. Munshi Premchand's eloquent words, "The treasure of knowledge resides in our hearts, and as long as there is life, we shall continue to seek," resonate profoundly. This acknowledgment is a heartfelt expression of gratitude to all who contributed to this intellectual odyssey, be it through guidance, support, inspiration, or affection. Your impact resonates deeply, shaping this scholarly endeavor into a testament of collective wisdom and collaboration.
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Introduction

In the ever-evolving realm of information storage technologies, the digital age witnesses continuous technological progress and an exponential surge in data growth. Despite considerable strides in data storage device development, challenges persist in high-density storage, non-volatility, rapid access times, and low power consumption. Addressing these challenges, the field of spintronics emerges as a promising solution. This field has witnessed discoveries of significant practical applications such as the Giant Magnetoresistance (GMR) [START_REF] Baibich | Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlattices[END_REF][START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF], Tunnel Magnetoresistance (TMR) [START_REF] Julliere | Tunneling between ferromagnetic films[END_REF][START_REF] Moodera | Large magnetoresistance at room temperature in ferromagnetic thin film tunnel junctions[END_REF], and the recent development of Spin-Transfer Torque Magnetic Random-Access Memory (STT-MRAM). These breakthroughs open avenues for fully integrated magnetic storage and sensory devices, meeting the evolving demands of information storage.

In the 2000s, a novel concept, magnetic "race-track memory," surfaced, enabling data storage in magnetic domains [START_REF] Parkin | Magnetic domain-wall racetrack memory[END_REF][START_REF] Parkin | Memory on the racetrack[END_REF] and their read-out can be performed using static sensory devices. These dynamic memories, offering reading and writing speeds significantly faster than traditional hard disk drives (HDDs), are underpinned by the dynamic nature of data bits. The introduction of chirality and spin-orbit torque induced efficient motion of chiral textures [START_REF] Thiaville | Dynamics of dzyaloshinskii domain walls in ultrathin magnetic films[END_REF][START_REF] Ryu | Chiral spin torque arising from proximity-induced magnetization[END_REF] enhances the practical applications of these devices.

The exploration of dynamic memories has spurred significant interest in another magnetic texture called magnetic skyrmions, distinctive spin textures stabilized by Dzyaloshinskii Moriya interaction (DMI). This chiral interaction imparts a unique winding of magnetization, endowing skyrmions with particle-like behavior, topological stability, and distinct motion characteristics. Since their initial observation in real space [START_REF] Mühlbauer | Skyrmion lattice in a chiral magnet[END_REF][START_REF] Pfleiderer | Skyrmion lattices in metallic and semiconducting B20 transition metal compounds[END_REF][START_REF] Heinze | Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions[END_REF][START_REF] Romming | Writing and deleting single magnetic skyrmions[END_REF], skyrmions have garnered widespread attention, finding applications in both conventional racetrack-based systems and non-conventional uses, such as skyrmion-based logic [START_REF] Sisodia | Programmable skyrmion logic gates based on skyrmion tunneling[END_REF], resuffler [START_REF] Zázvorka | Thermal skyrmion diffusion used in a reshuffler device[END_REF], stochastic [START_REF] Yao | Thermal brownian motion of skyrmion for true random number generation[END_REF], and neuromorphic computing [START_REF] Yokouchi | Pattern recognition with neuromorphic computing using magnetic field-induced dynamics of skyrmions[END_REF].

Leveraging magnetic skyrmions can enhance the functionalities of racetrack memory [START_REF] Fert | Skyrmions on the track[END_REF][START_REF] Nagaosa | Topological properties and dynamics of magnetic skyrmions[END_REF][START_REF] Wiesendanger | Nanoscale magnetic skyrmions in metallic films and multilayers: a new twist for spintronics[END_REF], as demonstrated in pioneering simulations by Sampaio et al. [START_REF] Sampaio | Nucleation, stability and currentinduced motion of isolated magnetic skyrmions in nanostructures[END_REF] and Iwasaki et al. [START_REF] Iwasaki | Current-induced skyrmion dynamics in constricted geometries[END_REF]. Notably, Fert et al. proposed that the quasiparticle nature and topological dynamics of skyrmions enable them to overcome impurities and defects in materials [START_REF] Fert | Skyrmions on the track[END_REF]. Extensive studies have focused on heavy material/ferromagnetic-based single and multilayer configurations, exhibiting crucial properties such as perpendicular magnetic anisotropy (PMA) and DMI essential for the room-temperature stabilization of skyrmions. The layer-by-layer growth approach, allowing the selection of magnetic, non-magnetic, spacer, and capping layers, coupled with stacking possibilities, provides significant versatility. This exploration, aligned with existing CMOS technology, has been a central focus of research over the past decade, as emphasized in this thesis.

While introducing skyrmionic devices in ferromagnets, challenges common to spin-tronic devices, such as susceptibility to external magnetic fields, persist. Skyrmions in ferromagnets encounter additional complexities, notably a gyrotropic deflection. This transverse deflection stems from the nontrivial topological charge of skyrmions, reminiscent of the Magnus force observed when a spinning object moves through a fluid [START_REF] Everschor-Sitte | Real-space Berry phases: Skyrmion soccer (invited)[END_REF]. This force complicates deterministic control of skyrmions in a racetrack, posing challenges as they drift toward the track edge, increasing the risk of annihilation and potential pinning, hindering their use in memory devices. Antiferromagnetic (AF) systems provide a unique solution to these challenges.

Antiferromagnetic skyrmions, being smaller due to the absence of long-range dipolar interactions [START_REF] Barker | Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current and temperature[END_REF][START_REF] Bernand-Mantel | The skyrmion-bubble transition in a ferromagnetic thin film[END_REF][START_REF] Büttner | Theory of isolated magnetic skyrmions: from fundamentals to room temperature applications[END_REF], exhibit reduced sensitivity to external magnetic fields owing to their vanishing magnetization. Additionally, skyrmions in AFs are expected to move in a straight line following the force direction, eliminating gyrotropic deflection [START_REF] Barker | Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current and temperature[END_REF][START_REF] Zhang | Magnetic bilayer-skyrmions without skyrmion Hall effect[END_REF]. While real antiferromagnets are intriguing, their vanishing magnetization renders them invisible to real-space imaging techniques and indirect detection procedures.

In the scope of this thesis, we have explored into a specific category of antiferromagnetic systems referred to as synthetic antiferromagnets (SAF). In SAFs, the antiferromagnetic interaction is artificially induced: a deliberately positioned spacer layer separates two ferromagnetic (FM) layers, fostering antiferromagnetic coupling [START_REF] Parkin | Oscillations in exchange coupling and magnetoresistance in metallic superlattice structures: Co/Ru, Co/Cr, and Fe/Cr[END_REF]. Skyrmions stabilized in SAFs exhibit all the traits of antiferromagnetic skyrmions, including small size and antiferromagnetic dynamics, albeit with a reduced antiferromagnetic coupling strength. The close proximity of the two FM layers in SAFs results in a minor stray field that can be detected using real-space imaging techniques. The potential of SAFs for magnetic texture dynamics was demonstrated [START_REF] Saarikoski | Current-driven dynamics of coupled domain walls in a synthetic antiferromagnet[END_REF][START_REF] Yang | Domain-wall velocities of up to 750 ms -1 driven by exchange-coupling torque in synthetic antiferromagnets[END_REF][START_REF] Chen | Voltage-induced high-speed DW motion in a synthetic antiferromagnet[END_REF], showcasing spin Hall effect (SHE)-induced domain wall motion at significantly higher velocities compared to ferromagnetic systems. SAF skyrmions are anticipated to follow a similar trend [START_REF] Barker | Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current and temperature[END_REF][START_REF] Zhang | Magnetic bilayer-skyrmions without skyrmion Hall effect[END_REF], offering solutions to various challenges hindering the technological application of skyrmions.

In the pursuit of experimental verification of these properties, Chapter 5 focuses on studying the stabilization and dynamics of SAF skyrmions with the aim of demonstrating the absence of gyrotropic deflection. To gain a deeper understanding of skyrmion dynamics in SAF systems, Chapter 3 explores analytical investigations and micromagnetic simulations, unveiling novel properties like the presence of intrinsic mass and inertia in these systems. Given SAFs' insensitivity to external magnetic fields, a critical prerequisite for skyrmion stabilization, Chapter 4 addresses the understanding of stabilizing skyrmions at zero field, focusing on ferromagnetic samples. Chapter 1 is dedicated to introducing the fundamental concepts necessary for comprehending the results developed in this thesis, providing a foundational understanding. Meanwhile, Chapter 2 offers a detailed description of the experimental techniques and setups employed to obtain the experimental results presented in this thesis.

Chapter 1

Chiral magnetism in magnetic ultrathin films applied to skyrmions

This chapter serves as an introductory review of the physical notations and fundamental concepts crucial for comprehending the subsequent chapters of the manuscript. Initially, we explore the interactions governing the properties of the magnetic multilayers investigated in this thesis. We introduce the concept of chirality in magnetism and elucidate its consequences. In this context, we briefly discuss chiral magnetic textures such as domain walls and skyrmions, which can be stabilized in interfacial thin films. A significant portion of this manuscript is dedicated to the current induced dynamics of such chiral textures.

To comprehend their dynamics, we first introduce the Landau-Lifshitz-Gilbert (LLG) equation, which dictates the magnetization dynamics of the system, along with the principles of angular moment transfer. The advent of chiral magnetic textures, coupled with the introduction of spin-orbit torques, has paved the way for a new paradigm in the realm of spintronics, specifically regarding the efficient current-induced motion of magnetic textures. The subsequent development of this chapter focuses on the spin-orbit torque-induced motion of chiral textures, particularly skyrmions. Various aspects, including stabilization, suitable materials for observation, and the motion of skyrmions, are discussed, drawing insights from both analytical and experimental results available in the literature.

The chapter concludes by introducing skyrmions in antiferromagnetic materials, with a specific emphasis on synthetic antiferromagnets, as they constitute the primary focus of this work.

Interactions in magnetic multilayers

Micromagnetic model and approximations

Magnetism finds its origin in the domain of quantum mechanics [START_REF] Blundell | Magnetism in condensed matter[END_REF]. It encompasses a diverse array of phenomena that arise from the interactions of electron magnetic moments. As atoms form more complex systems, a cascade of interactions (elaborated in subsequent sections) come into play. Delving into these interactions using the intricate principles of quantum mechanics swiftly gives rise to formidable complexities, especially when considering systems at larger scales, such as those visible to the naked eye. In light of these complexities, various models and approximations, tailored to specific length scales, have been devised to streamline the analysis of magnetic systems. A review of commonly used models can for be found in [START_REF] Hubert | Magnetic domains: the analysis of magnetic microstructures[END_REF].

In the scope of this thesis, the physical description employed to characterize magnetic interactions relies on a continuous model of magnetization in space, known as the micromagnetic model [START_REF] Brown | Micromagnetics, domains, and resonance[END_REF]. Within this framework, the free energy of a magnetic material is described in the continuum approximation, wherein the atomic structure is averaged out. The magnetization vector M(r) is treated as a smoothly varying function with a constant magnitude. The justification for this continuous approximation lies in the observation that the exchange interaction induces significant changes in magnetization only over a characteristic length scale,1 typically much larger than the inter-atomic distance.

The micromagnetic approach provides an accurate description of the magnetization profile of nanoscale equilibrium structures such as domain walls, skyrmions, etc. Until relatively recently, such profiles were primarily explored through analytical approaches or micromagnetic simulations. However, recent progress in imaging and scattering techniques has significantly improved our capacity to experimentally probe the micromagnetic scale. These technological advancements have broadened our capability to directly observe and quantify the properties and behaviors of magnetic materials at the micro-scale. As a result, experimental methods now play a crucial role in complementing and augmenting the insights gained from theoretical and computational approaches within the realm of micromagnetism.

A notable parameter of interest is the spontaneous magnetization 𝑀 𝑆 , representing the magnetization value when all magnetic moments align in the same direction. As 𝑀 𝑆 is contingent on the electrons associated with the atoms, it remains constant in homogeneous materials. Consequently, a normalized magnetization, denoted as m(r) = M(r)/𝑀 𝑆 , is often employed to characterize magnetization variations. The magnetic layers in this thesis have a thickness typically below 2 nm. This allows us to consider magnetization variations only in the sample (x-y) plane, disregarding variations along the out-of-plane z-direction within the ferromagnetic layers.

In the following, we explore the magnetic interactions that play a pivotal role in shaping the overall magnetic behaviour of thin films investigated in this thesis. Within our ultrathin films of magnetic materials, a multitude of interactions come into play, encompassing exchange interaction, Dzyaloshinskii-Moriya interaction (DMI), dipolar interaction, perpendicular magnetic anisotropy (PMA), interlayer coupling, and Zeeman interaction. These interactions collectively dictate the alignment and spatial arrangement of magnetic moments within the film. With the exception of the Zeeman interaction, which is influenced by external magnetic field, the other interactions are not externally controllable. However, these effects can be tailored independently during the fabrication process of the sample. By altering parameters such as composition, thickness, and structural characteristics of the thin film, it is possible to modify the strength and characteristics of these interactions. Importantly, despite their distinct properties and origins, the magnitudes of these interactions are comparable. This underlines the relevance of all the interactions that will be detailed below. Changes in any one of them can influence the resultant magnetic configuration harshly.

1The specific length scale is contingent on the interplay of competing interactions.

Heisenberg exchange

The electron spins of two neighbouring atoms interact through the Heisenberg exchange interaction. It has a quantum mechanical origin. The nature of this interaction, whether it favours a parallel or antiparallel alignment of spins, arises from a complex interplay between electrostatic Coulomb interactions and the quantum superposition of electron states [START_REF] Heisenberg | Mehrkörperproblem und Resonanz in der Quantenmechanik[END_REF]. Importantly, it is a short-range interaction. The Hamiltonian for the exchange, when considering only interactions between the first nearest neighbours, can be expressed as:

H ex = - ∑︁ <𝑖, 𝑗 > 𝐽 𝑖 𝑗 S 𝑖 • S 𝑗 (1.1)
Here, < 𝑖, 𝑗 > represents the nearest neighbour pairs, 𝐽 𝑖 𝑗 is the exchange coefficient (in J) between two moments S 𝑖 and S 𝑗 at sites 𝑖 and 𝑗, respectively. The sign of 𝐽 𝑖 𝑗 determines the nature of magnetic ordering in the system with a positive 𝐽 indicating ferromagnetic (FM) ordering and a negative 𝐽 indicating antiferromagnetic (AF) ordering. The sign of exchange to some extent can be predicted through the Bethe-Slater explanation. It explains that the difference in exchange energy among transition metals arises from the ratio of the inter-atomic distance to the radius of the 3𝑑 electron shell. Specifically, when the magnetically relevant 3𝑑 electrons of adjacent atoms are in close proximity, the exchange coefficient 𝐽 is negative. Conversely, when they are farther apart, the exchange interaction becomes positive before decaying slowly. However, determining the exact sign of the exchange remains a non-trivial task [START_REF] Stuart | Direct exchange in ferromagnets[END_REF].

In micromagnetic formalism for the ferromagnetic scenario, adopting a continuum approximation, the exchange energy can be written as:

E ex = -𝐴 ex ∫ 𝑑𝑉 (∇𝑚 𝑥 ) 2 + (∇𝑚 𝑦 ) 2 + (∇𝑚 𝑧 ) 2 (1.2)
With the exchange stiffness 𝐴 ex = 𝐽𝑆 2 C 𝑎 (in J/m) [START_REF] Coey | Magnetism and magnetic materials[END_REF]. Here, C is a structural parameter determined from the lattice symmetry, and 𝑎 is the lattice constant. Typical values of the exchange stiffness for ferromagnetic materials like Co, Ni, and Fe lie in the range of 10 pJ m -1 to 30 pJ m -1 . It is worth noting that the strength of the exchange stiffness parameter progressively increases as the nearest neighbour atomic number increases. However, in thin films, it quickly approaches its bulk limit in as few as 3 to 4 atomic layers. Within this small thickness regime, the magnetic properties are also influenced harshly by thickness. This makes it challenging to independently control the exchange strength in thin films. Nonetheless, Co is our ferromagnetic material of choice. Here, the exchange is the most dominant interaction (𝐴 ≈ 20 -30 pJ m -1 ), and therefore, no attention is given to tuning the strength of exchange interaction.

Dzyaloshinskii-Moriya Interaction

The presence of broken inversion symmetry in layered systems and crystals can lead to a specific energy term known as the Dzyaloshinskii-Moriya Interaction (DMI), often referred to as the antisymmetric exchange [START_REF] Dzyaloshinsky | A thermodynamic theory of "weak" ferromagnetism of antiferromagnetics[END_REF][START_REF] Moriya | Anisotropic superexchange interaction and weak ferromagnetism[END_REF]. Initially proposed in 1958 to elucidate weak ferromagnetism in antiferromagnetic materials [START_REF] Dzyaloshinsky | A thermodynamic theory of "weak" ferromagnetism of antiferromagnetics[END_REF], DMI arises as an additional exchange contribution in materials with broken inversion symmetry, stemming from spinorbit coupling (SOC), as demonstrated by Moriya in 1960 [START_REF] Moriya | Anisotropic superexchange interaction and weak ferromagnetism[END_REF][START_REF] Moriya | New mechanism of anisotropic superexchange interaction[END_REF]. The Hamiltonian for DMI is given by:

H DMI = - ∑︁ <𝑖, 𝑗 > d 𝑖 𝑗 • (S 𝑖 × S 𝑗 ) (1.
3)

The orientation of DMI vector d 𝑖 𝑗 is dictated by the symmetry of the lattice and can be established using the Moriya rules [START_REF] Moriya | Anisotropic superexchange interaction and weak ferromagnetism[END_REF], as depicted in Figure 1.1 (a). Referring to the Hamiltonian, it is apparent that DMI promotes a non-collinear alignment of spins. This is in contrast with the Heisenberg exchange interaction. DMI energy reaches a minimum when the spins are orthogonal within a plane, the normal of which is defined by d 𝑖 𝑗 . Due to the presence of a cross-product term in the Hamiltonian, it can be inferred that DMI not only supports the non-collinear spin arrangement but also promotes chirality within the system. Here we note that d 𝑖 𝑗 = -d 𝑗𝑖 , which requires an absence of inversion symmetry in the material.

Within the scope of this thesis, a particular type of DMI known as the interfacial-DMI [START_REF] Fert | Role of anisotropic exchange interactions in determining the properties of spin-glasses[END_REF][START_REF] Crépieux | Dzyaloshinsky-moriya interactions induced by symmetry breaking at a surface[END_REF][START_REF] Bode | Chiral magnetic order at surfaces driven by inversion asymmetry[END_REF] is relevant. Typically, interfacial-DMI is found for a FM film on top of a nonmagnetic (NM) substrate with strong SOC. The DMI vector is pointed perpendicularly to the triangle plane formed by two spins and one neighbouring nonmagnetic atom (Figure 1.1 (b)) [START_REF] Fert | Skyrmions on the track[END_REF][START_REF] Fert | Role of anisotropic exchange interactions in determining the properties of spin-glasses[END_REF]. For a magnetic multilayer with the direction perpendicular to the film defined by the ẑ, the interfacial DMI energy with the micromagnetic approach is given by [START_REF] Thiaville | Dynamics of dzyaloshinskii domain walls in ultrathin magnetic films[END_REF]:

E DMI = 𝐷 DMI ∫ 𝑑𝑉 [(m • ∇)𝑚 𝑧 -𝑚 𝑧 ∇m] (1.4)
Here, 𝐷 DMI (in Jm -2 ) is known as the DMI constant, and the chirality of the magnetic configuration is given by its sign. Levy [START_REF] Fert | Role of anisotropic exchange interactions in determining the properties of spin-glasses[END_REF] for the DMI at the interface between a FM and a HM.

DMI is the only important interaction for stabilizing chiral textures in magnetic multi- layers. Hence, understanding underlying mechanisms that give rise to interfacial DMI is important for guiding the selection of suitable combinations of ferromagnetic materials and heavy metal (HM) substrates. One proposed explanation for the origin of interfacial DMI is the concept of proximity-induced magnetic moments (PIMs) within the HM layers [START_REF] Ryu | Chiral spin torque arising from proximity-induced magnetization[END_REF]. However, the validity of this model was questioned when first-principle calculations on a Co/Pt system demonstrated that the interfacial DMI was primarily determined by the properties of the Co layer and had limited correlation with PIMs in the Pt substrate [START_REF] Yang | Anatomy of Dzyaloshinskii-Moriya interaction at Co/Pt interfaces[END_REF]. Subsequently, the concept of HM-FM hybridization gained prominence [START_REF] Belabbes | Hund's rule-driven Dzyaloshinskii-Moriya interaction at 3d-5d terfaces[END_REF]. Recent research has concluded that the magnitude of DMI at FM/HM interfaces is influenced by a combination of HM-FM hybridization and spin mixing effects, while the sign of DMI is governed by the orbital contributions originating from the HM layer [START_REF] Li | Magnetic skyrmions: basic properties and potential applications[END_REF][START_REF] Jadaun | The microscopic origin of DMI in magnetic bilayers and prediction of giant DMI in new bilayers[END_REF].

Pt/Co interface, which is studied in this thesis is one of the most commonly used building blocks of multilayers for DMI. In practice, three alternating layers are required to break the inversion symmetry in multilayer thin films. It is to be noted that in a Pt/Co/Pt system, the inversion symmetry is restored and one expects zero DMI as the bottom Pt/Co and top Co/Pt interfaces have opposite DMI and compensate each other. The small value of DMI observed in this system can be attributed to different growth conditions of the bottom and top interfaces of Co [START_REF] Quinsat | Dzyaloshinskii-Moriya interaction in Pt/Co/Pt films prepared by chemical vapor deposition with various substrate temperatures[END_REF]. On the contrary addition of a top layer with additive DMI can enhance the DMI of the system (e.g. Pt/Co/Ta [START_REF] Pai | Determination of spin torque efficiencies in heterostructures with perpendicular magnetic anisotropy[END_REF], Pt/Co/Ir [START_REF] Moreau-Luchaire | Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at room temperature[END_REF], Pt/Co/AlO 𝑥 [START_REF] Belmeguenai | Interfacial Dzyaloshinskii-Moriya interaction in perpendicularly magnetized Pt/Co/AlO 𝑥 ultrathin films measured by Brillouin light spectroscopy[END_REF], Pt/Co/MgO [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF]). This additive nature of DMI has to be kept in mind during the design of the multilayers to exploit higher DMI in the samples.

Though it is an interfacial effect, the effective range of DMI extends beyond the interface through exchange [START_REF] Khajetoorians | Tailoring the chiral magnetic interaction between two individual atoms[END_REF]. The DMI parameter averages out in the film and 𝐷 DMI varies inversely with the thickness of the ferromagnetic film [START_REF] Belmeguenai | Interfacial Dzyaloshinskii-Moriya interaction in perpendicularly magnetized Pt/Co/AlO 𝑥 ultrathin films measured by Brillouin light spectroscopy[END_REF][START_REF] Cho | Thickness dependence of the interfacial Dzyaloshinskii-Moriya interaction in inversion symmetry broken systems[END_REF]. Consequently, a more appropriate approach for comparing DMI across different interfaces involves introducing the surface DMI constant 𝐷 𝑠 , which is related to 𝐷 DMI as 𝐷 DMI = 𝐷 𝑠 𝑡 , where 𝑡 denotes the thickness of the ferromagnetic layer (see Figure 1.2). Figure 1.2 shows a comprehensive review of different studies used to measure 𝐷 𝑠 at Pt/Co/X [START_REF] Kuepferling | Measuring interfacial Dzyaloshinskii-Moriya interaction in ultrathin magnetic films[END_REF], where X is a metal or metal-oxide different than Pt. The typical value of DMI found in multilayers is around 1 mJm -2 . The strength of DMI can be controlled by the choice of HM/FM interface and the thickness of the ferromagnetic layer. Though for the theoretical description of DMI, a monolayer of HM layer is enough, often it is seen that DMI strength varies depending on the thickness of HM up to 2-3 nm above which it saturates. This can be attributed to crystalline growth or additional contribution from the HM atoms farther from the interface.

Dipolar interaction

Each atomic site inside a magnetic material has a magnetic moment associated with it and can be viewed as an individual magnetic dipole. The magnetic system, therefore, has a self-energy due to the interaction between all the dipoles. Summing up all such dipole-dipole interactions gives

H dipole = 𝜇 0 ∑︁ 𝑖≠ 𝑗 𝜇 𝜇 𝜇 𝑖 • 𝜇 𝜇 𝜇 𝑗 |r 𝑖 -r 𝑗 | 3 -3 (𝜇 𝜇 𝜇 𝑖 • (r 𝑖 -r 𝑗 )) • (𝜇 𝜇 𝜇 𝑗 • (r 𝑖 -r 𝑗 )) |r 𝑖 -r 𝑗 | 5 (1.5)
The dipole-dipole interaction is long-range and highly non-local in nature. As the interaction depends on the spatial distance between the magnetic sites, generally, it is calculated The blue-green and orange-red palettes are for experimental methods where the signs are known (negative and positive, respectively), while the gray palette is for data where only the magnitude of is available. The thickness of the bottom layer of Pt varies between 0.8 and 30 nm. The top layer thickness (in nm) is shown as internal ticks (up to 6 nm). The large circles are the scale of 𝐷 𝑠 (up to 3 pJ/m). Adapted from [START_REF] Kuepferling | Measuring interfacial Dzyaloshinskii-Moriya interaction in ultrathin magnetic films[END_REF] via computational approaches. In some simple geometries, in the micromagnetic limit, it is however possible to express the dipolar interaction in terms of a static self-demagnetizing field (H 𝑑 ) which only depends on the magnetization configuration [START_REF] Brown | Structure and energy of one-dimensional domain walls in ferromagnetic thin films[END_REF]. The associated energy can be written as:

E demag = - ∫ 𝑑𝑉 𝜇 0 𝑀 𝑠 2 H 𝑑 • m (1.6)
with 𝐻 𝑑 = -N • M where N is the demagnetizing tensor. This operator can be determined by the shape of the sample considered. For example, in the case of thin films or patterned wires, which are the only geometries explored in this thesis, it is possible to approximate the samples as an infinite film (thickness is much smaller than lateral dimensions). For such situations, the only non-zero coefficient of N is 𝑁 𝑧 ≃ 1 and H 𝑑 = -M 𝑧 . The dipolar energy thus can be calculated as;

E dipolar = ∫ 𝑑𝑉 𝜇 0 𝑀 2 𝑠 2 cos 2 𝜃 = -𝐾 𝑑 ∫ 𝑑𝑣 cos 2 𝜃 (1.7)
where 𝜃 is the angle between the magnetization and the film normal and 𝐾 𝑑 = -

𝜇 0 𝑀 2 𝑠
2 is the shape anisotropy representing the maximum demagnetization energy density. Indeed, in thin films, the demagnetizing energy is maximized when the magnetization points out of the sample plane and minimized when it lies in it.

In the case of textures, additional effects arise in the system which leads to more complex couplings. For such situations, it is often more useful to follow the analogy of electrostatic charges and convert the magnetic charge into a surface (𝜎 𝑀 ) and volume charge (𝜌 𝑀 ) terms such that 𝜎 𝑀 = M • n with n, the normal to the film and 𝜌 𝑀 = ∇ • M. The magnetization in a thin film, therefore, arranges itself in a way that minimizes the surface and volume charge contributions.

Magnetic anisotropy

Magnetic anisotropy describes the preference of a magnetic material to align magnetic moments along certain crystallographic directions or in specific spatial orientations. Any misorientations of magnetic moments would cost extra energy. In magnetic thin films such effects can arise from various mechanisms, including the presence of sharp interfaces, strain in the material, chemical bonds, or hybridization between neighbouring atomic orbitals due to SOC. Though the microscopic origins of anisotropy can be very intricate, a combined effect favours either an easy axis perpendicular magnetic anisotropy (PMA) or an easy plane anisotropy, which is fairly simple to model. The anisotropy energy E K can be expressed as:

E K = - ∫ 𝑑𝑉 𝐾 𝑢 𝑚 2 𝑧 (1.8)
where positive 𝐾 𝑢 (in Jm -3 ) refers to the uniaxial anisotropy constant. Further, separating the surface and volume contribution to the anisotropy,

𝐾 𝑢 = 𝐾 𝑠 𝑡 + 𝐾 𝑣 (1.9)
𝐾 𝑣 (in Jm -3 ) is the volumetric anisotropy and 𝐾 𝑠 (in Jm -2 ) is the surface anisotropy. The origin of surface anisotropy can be attributed to the interplay between SOC and broken symmetry or structural changes that commonly occur at interfaces. The contribution of interfacial anisotropy is significant for thin films. It arises solely from the interfaces and scales with the inverse of the film thickness [START_REF] Zeper | Perpendicular magnetic anisotropy and magneto-optical kerr effect of vapor-deposited Co/Pt-layered structures[END_REF]. This weakening occurs because the interfacial anisotropy can only affect the interior of the film through exchange coupling.

It is important to note that both the interfaces of the FM layer contribute to the surface anisotropy and their effects are summed inside 𝐾 𝑠 . For FM films, the volume anisotropy falls short significantly compared to the surface anisotropy and hence can be ignored.

Finally, to describe the effective anisotropy of the system, we combine the contributions from the shape and the surface anisotropy, resulting in

𝐾 eff = 𝐾 𝑠 𝑡 - 1 2 𝜇 0 𝑀 2 𝑠 (1.10)
Engineering the thickness of the ferromagnetic layer, the effective anisotropy can be changed from positive to negative and the thickness of the ferromagnetic layer for which the effective anisotropy becomes zero is called the spin reorientation transition (SRT) thickness. For metallic multilayers, this thickness falls under a few nm [START_REF] Johnson | Magnetic anisotropy in metallic multilayers[END_REF]. For magnetic layer thickness lower than the SRT thickness, 𝐾 eff > 0, and the anisotropy energy is minimized when the magnetization is directed along the normal to the thin film. Such systems will be referred to as out-of-plane systems. Similarly, for thickness above the SRT thickness, the energy is minimized when the magnetization is in the sample plane and will be referred to as in-plane systems.

Interlayer exchange coupling

In bilayer samples comprising two ferromagnetic layers separated by a non-magnetic spacer layer, it is possible to induce artificial magnetic coupling between the two ferromagnetic layers. This phenomenon, known as the interlayer exchange coupling (IEC), has been a subject of intensive research since initial observation in Fe films separated by a Cr spacer [START_REF] Grünberg | Layered magnetic structures: evidence for antiferromagnetic coupling of Fe layers across Cr interlayers[END_REF]. A significant breakthrough came from the work of Parkin and his team [START_REF] Parkin | Oscillations in exchange coupling and magnetoresistance in metallic superlattice structures: Co/Ru, Co/Cr, and Fe/Cr[END_REF], who detected oscillations in the interlayer exchange coupling within Fe/Cr/Fe and Co/Ru/Co multilayers as a function of the spacer thickness. Moreover, [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] revealed that this remarkable phenomenon is not limited to specific spacer materials and occurs with nearly any metal used as a spacer.

This interaction is closely associated with the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [START_REF] Bruno | Oscillatory coupling between ferromagnetic layers separated by a nonmagnetic metal spacer[END_REF][START_REF] Bruno | Ruderman-Kittel theory of oscillatory interlayer exchange coupling[END_REF], originally identified for magnetic impurities. In a bilayer magnetic system with FM layers FM1 and FM2, the magnetic ions within FM1 induce polarization in the conduction electrons within their vicinity. These polarized electrons then mediate an interaction with the magnetic ions in FM2 through the non-magnetic spacer. This coupling between the two ferromagnetic layers can exhibit either ferromagnetic or antiferromagnetic behaviour depending on the thickness of the non-magnetic spacer. Theoretical predictions suggest that the periods of the oscillatory coupling should depend on critical spanning vectors of the Fermi surface belonging to the spacer-layer material. Strikingly, there is substantial agreement between the measured periods and those predicted from the Fermi surfaces [START_REF] Stiles | Interlayer exchange coupling[END_REF]. The interlayer exchange coupling takes on the form [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]:

E RKKY = 𝐽 RKKY ∫ 𝑑 2 𝑟 (m 1 • m 2 ) (1.11)
where m 1 and m 2 are the magnetization in the two ferromagnetic layers with 𝐽 RKKY (in J/m 2 ), a surface energy density representing the strength of interlayer coupling and does not depend on the ferromagnetic layer thickness. With our convention, the coupling is AF for 𝐽 RKKY > 0 and FM for 𝐽 RKKY < 0. It is to be noted that at times, for convenience, we will express this coupling in terms of a volumetric energy density 𝐽 = 𝐽 RKKY /𝑡 FM (in J/m 3 ), where the energy is simply averaged out over the ferromagnetic layer thickness to describe the micromagnetic energy of each layer. 𝐽 RKKY depends on the non-magnetic spacer thickness 𝑡 NM as

𝐽 12 ∝ 1 𝑡 2 NM sin (2𝑘 𝐹 𝑡 NM + 𝑐) (1.12)
Where 𝑘 𝐹 is the Fermi wave vector and 𝑐 is a constant. The coupling constant shows a damped oscillatory behaviour which dies out for very thick spacer layers. This coupling, as measured for Co-based samples with Ir and Ir/Pt spacers (sample A and sample B), is shown in Figure 1.3 (a) [START_REF] Saito | Antiferromagnetic interlayer exchange coupling and large spin Hall effect in multilayer systems with Pt/Ir/Pt and Pt/Ir layers[END_REF]. Here the measured quantity 𝐽 ex corresponds to 𝐽 RKKY . Figure 1.3 (b) and (c) show the hysteresis loops demonstrating FM and AF coupling between the two Co layers depending on the Ir layer thickness [START_REF] Saito | Antiferromagnetic interlayer exchange coupling and large spin Hall effect in multilayer systems with Pt/Ir/Pt and Pt/Ir layers[END_REF].

The interlayer exchange interaction, as described earlier, is extensively employed to construct synthetic antiferromagnets (SAFs). The concept of SAFs finds practical applications in various areas of magnetic technology. For instance, SAFs are integral components of magnetic tunnel junctions, magnetic sensors, and other magnetic devices. Moreover, they can be used as a host for chiral magnetic structures like skyrmions, which will be explored in chapters 3 and 5 of this thesis.

Zeeman

Zeeman interaction takes into account the effect of an external magnetic field on the magnetic moment. The external field tries to align magnetic moments along it. The corresponding Hamiltonian and energy with a micromagnetic approach reads:

H zeeman = -𝜇 0 ∑︁ 𝑖 𝜇 𝑖 𝜇 𝑖 𝜇 𝑖 • H ext E zeeman = -𝜇 0 ∫ 𝑑𝑉 M • H ext (1.13)

Chiral magnetic textures

The preceding section delved into the micromagnetic energies inherent in magnetic thin films. The emergence of various magnetic textures results from the interplay among these diverse energy terms. In this section, our focus shifts to the exploration of chiral magnetic textures stabilized in the presence of interfacial DMI. A particular emphasis will be placed on magnetic skyrmions, which constitute the central magnetic texture to be extensively examined throughout this manuscript.

Domain and Domain walls in thin films

The most trivial magnetic arrangement in a magnetic thin film with PMA is the single domain homogeneous magnetic state. In this state, magnetization all over the system is aligned along a particular direction. However, in a uniformly magnetized film, magnetic charges appear at opposite edges, increasing the magnetostatic energy of the system. To minimize such effects, the system forms several contours of uniformly aligned magnetization called domains. Within each domain, magnetization distribution is relatively homogeneous. The region separating two domains is called a domain wall (DW). Within this region (typically around 10-100 nm in PMA thin films), magnetization rotates from one state to another. Considering a system with uniaxial anisotropy, a competition between exchange and anisotropy, determines the width of the domain wall and a domain wall width parameter Δ, determined through energy minimization [START_REF] Blundell | Magnetism in condensed matter[END_REF] comes out to be

Δ = √︂ 𝐴 𝐾 eff (1.14)
Δ is a characteristic length scale in magnetic materials and does not depend on the DMI of the system. The associated energy cost due to the formation of domain walls comes out to be

𝜎 DW = 4 √︁ 𝐴𝐾 eff (1.15)
In the presence of DMI the DW energy is modified to [START_REF] Thiaville | Dynamics of dzyaloshinskii domain walls in ultrathin magnetic films[END_REF] 

𝜎 DW = 4 √︁ 𝐴𝐾 eff -𝜋𝐷 DMI cos 𝜙 (1.16)
Here, 𝜎 DW (in Jm -2 ) is the energy per unit domain wall area and 𝜙 is the angle between the domain wall propagation direction and projection of magnetization in the sample plane (see Figure 1.4). DMI lowers the energy of the DW as it prefers canting of spin textures. Further, it can be noticed that it promotes a specific chirality as (for 𝐷 DMI > 0) it favours 𝜙 = 0 and opposes 𝜙 = 𝜋 situation (and vice versa). It is important to note that the DW energy 𝜎 DW is a characteristic energy scale for magnetic systems. When 𝜎 DW < 0, magnetic textures spontaneously appear in thin films and the ground state of the system remains a multidomain state (e.g. stripe domains, spin spirals, etc.). We will often refer back to the DW energy of the system during the result section (Chapter 3-5) as it plays a crucial role in qualitative understanding of the magnetic multilayers.

The two limiting cases of eq.1.16 are when 𝜙 = 0 or 𝜋 (Néel wall) or 𝜙 = ±𝑝𝑖/2 (Bloch wall). The Bloch wall demonstrates a helical reversal from magnetization while the Néel wall demonstrates a cycloidal reversal. The Bloch rotation does not contribute to any additional magnetostatic charges as ∇ • m is zero. Therefore, Bloch walls are magnetostatically favoured. However, Eq. 1.16 shows that DMI favours the formation of Néel type walls with unique chirality over Bloch walls. These two mechanisms i.e. magnetostatic interaction and DMI compete with each other. For a sufficiently large DMI, Néel type DW is stabilized in the system. It is also possible for the system to stabilize chiral hybrid domain walls (0 < 𝜙 < 𝜋/2) for small DMI values. For both Bloch and Néel walls, the angle between ẑ and m(𝑥) given by Θ(𝑥) follows the Bloch profile (see Figure 1.4):

Θ DW (𝑥) = 2 arctan( exp (𝑥/Δ) )

(1.17)

A schematic representation of Bloch and Néel walls along with their magnetization profile is presented in Figure 1.4. 

Magnetic bubbles

Magnetic bubbles are small, mobile cylindrical magnetic domains found in thin sheets of magnetic materials with OOP uniaxial anisotropy and no significant chiral interactions [START_REF] Giess | Magnetic bubble materials[END_REF][START_REF] O'dell | Magnetic bubble domain devices[END_REF][START_REF] Eschenfelder | Magnetic bubble technology[END_REF]. Initially, they were stabilized in single-crystal films of magnetic rare earth-iron oxides with garnet structure [START_REF] Giess | Magnetic bubble materials[END_REF]. They are usually stabilized through dipolar interactions.

There are two important considerations to stabilize a magnetic bubble. First, the quality factor of the material, given by

𝑄 = 2𝐾 𝑢 𝜇 0 𝑀 2 𝑠 (1.18)
must be greater than 1. This ensures OOP orientation of magnetization as the uniaxial anisotropy contribution is larger than the dipolar contribution. Second, the dipolar contribution must be comparable to the DW energy. This is found in materials with a magnetic layer thickness greater than the dipolar characteristic length 𝑙 𝑐 given by:

𝑙 𝑐 = 𝜎 DW 𝜇 0 𝑀 2 𝑠 (1.19)
The bubble diameter is typically much larger than the domain wall width and they have a large uniformly magnetized circular magnetic domain. Typical bubble diameter is found to be around 10𝑙 𝑐 , which for materials hosting bubbles comes out to be in micrometers. A schematic of magnetic bubbles stabilized with external field is presented in Figure1.5. In the demagnetized state the material remains in a multidomain stripe state, where the amount of up and down domains remains roughly equal. When scanned through a magnetic field in up (down) direction, the size of domains in down (up) direction shrinks and cylindrical isolated domains (bubble domains) might appear in the system at a certain field range (Figure 1.5 (c)) before saturation. Note that because of absence of DMI, these textures have no specific chirality. During the 1970s, bubble memory emerged as a promising technology [START_REF] Eschenfelder | Magnetic bubble technology[END_REF][START_REF] Leeuw | Dynamic properties of magnetic domain walls and magnetic bubbles[END_REF][START_REF] Malozemoff | Magnetic domain walls in bubble materials: advances in materials and device research[END_REF], offering a memory density comparable to hard drives while delivering performance characteristics more akin to core memory. An essential advantage of bubble memory was its lack of moving parts, distinguishing it from traditional storage devices. This unique combination positioned it as a potential "universal memory" solution capable of addressing diverse storage requirements. However, the rapid evolution of semiconductor memory chips introduced significantly faster memory options, relegating bubble memory to the slower end of the performance spectrum. Concurrently, substantial advancements in hard-drive capacities, following the discovery of Giant Magnetoresistance [START_REF] Baibich | Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlattices[END_REF][START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF], rendered bubble memory economically less competitive, leading to a decline in its technological interest.

In the upcoming section, we will explore magnetic skyrmions, which can be seen as evolved and enhanced versions of magnetic bubbles. These structures hold substantial technological significance in the contemporary era and have sparked renewed interest in the field of magnetic materials and devices.

Magnetic Skyrmions

Magnetic skyrmions, unlike bubbles, have one more key energy term to consider: DMI, which sets a specific sense of chirality to the system. The concept of skyrmions was initially introduced by Tony Skyrme [START_REF] Skyrme | A unified field theory of mesons and baryons[END_REF] in the realm of nuclear physics to describe the atomic nucleus, and an analogy from the Skyrme model to magnetic textures was established by A.N. Bogdanov et al. [START_REF] Bogdanov | Thermodynamically stable "vortices" in magnetically ordered crystals. the mixed state of magnets[END_REF]. There are important static and dynamic considerations that have to be taken into account to describe magnetic skyrmions. Here, we will focus on the static considerations.

Skyrmions can be described as 2D circular magnetic domains where the magnetization along any radial direction follows a unique sense of rotation associated with the chirality of DMI [START_REF] Nagaosa | Topological properties and dynamics of magnetic skyrmions[END_REF][START_REF] Lancaster | Skyrmions in magnetic materials[END_REF]. This swirling of spins imparts a distinctive topological nature to skyrmions in comparison to the uniform state or bubbles. Specifically, within the framework of a continuous description, transitioning from the skyrmion state to a uniform state is impossible [START_REF] Nagaosa | Topological properties and dynamics of magnetic skyrmions[END_REF][START_REF] Lancaster | Skyrmions in magnetic materials[END_REF][START_REF] Braun | Topological effects in nanomagnetism: from superparamagnetism to chiral quantum solitons[END_REF]. This topological nature, is the most distinct characteristic of skyrmions and skyrmion-like textures and they are associated with a non-trivial topological charge (𝑄 SK ). The stability and dynamics of skyrmions are deeply influenced by their topological properties [START_REF] Fert | Skyrmions on the track[END_REF][START_REF] Fert | Magnetic skyrmions: advances in physics and potential applications[END_REF]. One key aspect is the robustness of the topological charge, which remains unchanged despite local deformations or disturbances. This phenomenon is often called topological protection. It is noteworthy to mention that the topological protection for skyrmions is not absolute due to the discrete and non-continuous nature of the atomic lattice. However, it is associated with an energy barrier that must be overcome to transition from skyrmions to trivial topological textures. This shields skyrmions against small perturbations and external influences, ensuring its stability [START_REF] Fert | Skyrmions on the track[END_REF].

The topological charge 𝑄 SK (Eq. 1.20) represents the number of times a skyrmion wraps the surface of a unit sphere by projecting its spins onto it.

𝑄 SK = 1 4𝜋 ∬ 𝑑𝑥𝑑𝑦 m • 𝜕m 𝜕𝑥 × 𝜕m 𝜕𝑦 (1.20)
Notice that Eq. 1.20 provides the metric of a sphere and can take values of ±1 for skyrmions. For topologically trivial textures, such as the homogeneous ferromagnetic state and achiral bubbles, the value is 0.

Skyrmions exhibit azimuthal symmetry, meaning that Θ does not depend on the azimuthal angle 𝜓 (refer to Figure1.6 for the definitions of polar coordinates). Consequently, Eq.1.20 can be expressed in classical spherical coordinates. With our definition of polar coordinates, where the reduced magnetization is given by m = (sin Θ cos 𝜑, sin Θ sin 𝜑, cos Θ), Eq.1.20 becomes:

𝑄 SK = 1 4𝜋 ∫ ∞ 𝑟=0 ∫ 2𝜋 𝜓=0 𝑑Θ 𝑑𝑟 sin Θ 𝑑𝜑 𝑑𝜓 𝑑𝑟𝑑𝜓 (1.21)
This allows us to separate the topological charge into two contributions, the winding number (𝑊) and polarity (𝑃) such that

𝑄 SK = 𝑃𝑊 and, (1.22) 𝑃 = 1 2 [cos Θ(𝑟 = 0) -cos Θ(𝑟 = ∞)] = 1 2 [𝑚 𝑧 (0) -𝑚 𝑧 (∞)] (1.23) 𝑊 = 1 2𝜋 [𝜑(𝜓 = 2𝜋) -𝜑(𝜓 = 0)] (1.24)
For skyrmions, 𝑃 is ±1 depending on the magnetization orientation at the skyrmion core.

The winding number (𝑊) describes the winding of magnetization around the skyrmion core and it is 1 for skyrmions by definition. It is to be noted that, though the description is given here for skyrmions with circular symmetry, the argument holds for non-circular skyrmions too, since they can be deformed continuously to a texture with appropriate symmetry. Given a defined chirality, the winding at any closed contour around the skyrmion core is necessarily 1. The symmetry of DMI in the system can stabilize different types of skyrmions. In the presence of Bulk DMI (𝑑 𝑖 𝑗 ∥ 𝑟 𝑖 𝑗 ), a helicoidal modulation of textures is favored, leading to the stabilization of Bloch skyrmions (Figure 1.6 (b)). The modulation of magnetization 1.3. Magnetization dynamics and the effect of current along any radial profile for Bloch skyrmions follows the nature of a 360 • Bloch domain wall. On the other hand, in the presence of interfacial DMI (𝑑 𝑖 𝑗 ⊥𝑟 𝑖 𝑗 ), the stabilized skyrmions have a cycloidal profile, similar to a 360 • Néel wall along any radial profile (Figure 1.6 (a)). These are the most common skyrmionic textures found in bulk and thin films, respectively. They can be distinguished based on their helicity angle (𝜙), given by the difference between the radial direction (𝜓) of the magnetization site and the azimuthal angle (𝜑) [START_REF] Nagaosa | Topological properties and dynamics of magnetic skyrmions[END_REF][START_REF] Fert | Magnetic skyrmions: advances in physics and potential applications[END_REF]. For Néel skyrmions, 𝜙 can be 0 or 𝜋, and for Bloch skyrmions, it takes the values 𝜋/2 or 3𝜋/2. Both Bloch and Néel skyrmions share the same topology in the sense that they have the same winding number (𝑊 = 1). Therefore, their topological charge necessarily equals their polarity (𝑄 SK = 𝑃).

Depending on the winding and polarity, it is possible to have different topologically trivial or nontrivial skyrmion-resembling textures (circular, non-zero polarity, and/or winding). For example, topologically non-trivial objects with a negative winding number, i.e. 𝑊 = -1 has been predicted theoretically and observed experimentally in the presence of anisotropic DMI in tetragonal Huesler alloys [START_REF] Nayak | Magnetic antiskyrmions above room temperature in tetragonal Heusler materials[END_REF]. These textures are named antiskyrmions due to the nature of winding. Some other skyrmion-resembling textures are shown in Figure 1.7. 

Magnetization dynamics and the effect of current

The preceding section addressed magnetic interactions and the basics of specific spin textures, such as chiral magnetic domain walls and skyrmions. In this thesis, we have delved into the manipulation of these textures through external means, including magnetic fields and electrical currents. To effectively control these effects, it is crucial to first comprehend the nature of magnetization dynamics in the presence of a magnetic field and the mechanisms of angular moment transfer in the presence of an electrical current. These mechanisms will be explained in this section.

Magnetization dynamics

The time evolution of magnetization is described through the Landau-Lifshitz-Gilbert (LLG) equation [START_REF] Landau | On the theory of the dispersion of magnetic permeability in ferromagnetic bodies[END_REF][START_REF] Gilbert | A lagrangian formulation of the gyromagnetic equation of the magnetization field[END_REF]:

𝜕m 𝜕𝑡 = -𝛾 0 (m × H eff ) + 𝛼 m × 𝜕m 𝜕𝑡
(1.25) Here, 𝛾 0 = 𝜇 0 𝛾: 𝛾 is the gyromagnetic ratio given by 𝛾 = 𝑔|𝑒|/2𝑚 𝑒 . 𝑔 is the Landé factor, |𝑒| the absolute value of electron charge and 𝑚 𝑒 is the mass of the electron. H eff is the effective field considering all the micromagnetic energies and can be calculated from the volumetric energy (𝐸 tot ) associated with the system as H eff = -1 𝜇 0 𝑀 𝑠 𝛿𝐸 tot 𝛿m . Finally, 𝛼 is the magnetic damping parameter. One can deduce the first term of Eq. 1.25 starting from a lattice spin Hamiltonian and postulating appropriate Poisson brackets. It describes a conservative torque (𝜏 𝜏 𝜏 𝑃 ) responsible for the precessional motion of magnetization around the effective field. In the presence of this conservative torque only, the magnetization will precess around the effective field endlessly. However, in real materials, it was found that the macroscopic magnetization always aligns with the external magnetic field and that the precession was damped within tens of nanoseconds due to the dissipation of magnetic energy within the lattice. This is why the second term in Eq. 1.25 was included phenomenologically to describe such effects [START_REF] Gilbert | A lagrangian formulation of the gyromagnetic equation of the magnetization field[END_REF]. Damping can arise from several factors, including the presence of eddy currents, the interaction between the magnetization field and spin waves, lattice vibrations, and crystallographic imperfections. The Gilbert damping parameter, for thin film magnetic materials, where skyrmions can be stabilized usually falls in the range of 0.01-0.5. Figure 1.8 gives a schematic representation of the precession (𝜏 𝜏 𝜏 𝑃 ) and damping (𝜏 𝜏 𝜏 𝐷 ) torques.

Effect of current

When an electric or spin current interacts with a magnetic system, it has the potential to induce changes in its magnetic configurations. This concept forms the core principle of spintronics, a field dedicated to manipulating and utilizing these alterations in magnetization within electronic devices. After introducing various spin-related phenomena, we will now explore in greater detail how electric currents can be employed to effectively control magnetic textures.

Spin transfer torque: Current perpendicular to the plane (CPP) geometry

The phenomenon known as Spin transfer torque (STT) is rooted in intrinsic characteristics of a conducting magnet and has been extensively studied for the dynamics and switching of magnetic textures. First descriptions of STT were proposed by Berger [START_REF] Berger | Low-field magnetoresistance and domain drag in ferromagnets[END_REF][START_REF] Berger | Domain drag effect in the presence of variable magnetic field or variable transport current[END_REF] and Slonczewski [START_REF] Slonczewski | Current-driven excitation of magnetic multilayers[END_REF] through theoretical frameworks for reversing a magnetic layer with a current applied perpendicular to the film plane.

To elucidate the underlying mechanism, let us consider a scenario where one side of the system possesses a fixed magnetization, while the other side features a pliable and adjustable magnetization (depicted in Figure 1.9 (a)). In the fixed material, spin-dependent scattering of incoming current, causes electrons to align their magnetic orientations with the magnetization. In essence, electrons exhibiting the same spin direction as the ferromagnet experience reduced scattering and consequently encounter lower resistance [START_REF] Slonczewski | Current-driven excitation of magnetic multilayers[END_REF][START_REF] Berger | Emission of spin waves by a magnetic multilayer traversed by a current[END_REF]. This phenomenon for e.g. contributes to the emergence of Giant Magnetoresistance (GMR) [START_REF] Baibich | Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlattices[END_REF][START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF]. When these oriented spins encounter an area with a uniform but distinct and less rigid magnetization, the spins of the moving electrons naturally attempt to align themselves with the local magnetization. However, considering the principle of angular momentum conservation, any alteration in the flow of spin current must correspond to a change in magnetization.

dp d𝑡

+ dM d𝑡 = 0 ⇐⇒ dp d𝑡 = - dM d𝑡 (1.26)
Under the assumption that |M| is constant (𝑀 𝑠 ), only the component of the local spin polarization p perpendicular to M can produce a torque. The general form of this torque follows [START_REF] Zhang | Mechanisms of spin-polarized current-driven magnetization switching[END_REF][START_REF] Shpiro | Self-consistent treatment of nonequilibrium spin torques in magnetic multilayers[END_REF],

𝜏 𝜏 𝜏 STT = 𝜏 DL m × (m × p) + 𝜏 FL m × p (1.27)
In this equation, the initial term on the right is commonly known as the Slonczewski torque or (anti-)damping torque, while the subsequent term is denoted as the field-like torque. This nomenclature is attributed due to the similarity it shares with the corresponding terms in the LLG equation. 𝜏 DL and 𝜏 FL are two coefficients proportional to the current density, describing the spin transfer efficiency. (a) A spin-polarized current generated in a fixed magnetic layer can be transferred to a soft layer, where itinerant spins realign with their surroundings, causing a torque due to the conservation of angular momentum (adapted from [START_REF] Sahoo | Spin-orbit torque: moving towards two-dimensional van der waals heterostructures[END_REF]). (b) In the case of a magnetic stripe, the spin alignment can be induced by previously encountered magnetic states, leading to a continuous realignment of itinerant electrons upon entering a region with a gradient in magnetization. The region with magnetization gradient is then shifted along the direction of the electron current flow.

Spin transfer torque: Current in plane (CIP) geometry

When a current is injected in-plane to the FM material, conduction electrons that flow through the FM film become polarized by the inner shell electrons, which contribute to the net magnetic moment. Consequently, these polarized spins can influence magnetization in the film if there is a magnetization gradient (textures) (see Figure 1.9 (b)). This situation can be understood from the concepts derived for CPP geometry by taking microscopic cuts along the current propagation direction. In this case, the polarization of the itinerant electron gradually changes as it travels through the magnetization profile and is given by

p = ( Ĵ∇)m (1.28)
With Ĵ, a unit vector along current direction. Similar to the CPP geometry, STT in CIP geometry is generally described as the sum of two components called adiabatic and non-adiabatic term. The adiabatic term [START_REF] Xiao | Spin-transfer torque for continuously variable magnetization[END_REF] describes the ideal situation where the conduction electron spins follow the magnetization profile of the thin film perfectly as they relax. However, discrepancies in experimental and theoretical results led to the phenomenological addition of a non-adiabatic term [START_REF] Zhang | Identification of transverse spin currents in noncollinear magnetic structures[END_REF][START_REF] Thiaville | Micromagnetic understanding of current-driven domain wall motion in patterned nanowires[END_REF]. The adiabatic (𝜏 𝜏 𝜏 ad ) and the non-adiabatic term (𝜏 𝜏 𝜏 nad ) takes the following form:

𝜏 𝜏 𝜏 ad = -(u • ∇)m 𝑎𝑛𝑑 𝜏 𝜏 𝜏 nad = -𝛽m × [(u • ∇)m] (1.29)
Here, u = 𝑃𝑔𝜇 𝐵 2𝑒𝑀 𝑠 J is a vector along the electron flow direction. It is generally called the spin drift velocity and represents the maximum velocity that the DW can reach in the adiabatic limit when the conduction electron spin moments are fully converted into DW displacement. 𝑃 is the current-spin polarization coefficient and 𝛽 is a dimensionless quantity representing the torque efficiency. Magnetic textures when moved by CIP STT always follow the direction of the electron flow and by definition move opposite to the current flow direction.

Spin Orbit torque

A new spin torque effect, namely, spin-orbit torque (SOT), was introduced, to explain the observation of magnetic textures moving in a direction opposite to the electron flow in certain multilayers [START_REF] Moore | High domain wall velocities induced by current in ultrathin Pt/Co/AlOx wires with perpendicular magnetic anisotropy[END_REF][START_REF] Miron | Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection[END_REF][START_REF] Liu | Spin-torque switching with the giant spin Hall effect of tantalum[END_REF][START_REF] Manchon | Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic systems[END_REF]. This effect is typically observed in samples where a ultra-thin magnetic layer shares an interface with a material exhibiting high spin-orbit coupling (SOC). Here injected IP current (CIP geometry) through the high SOC layer, results in a vertical spin injection in the FM layer (CPP geometry) due to SOC induced charge to spin current conversion. The SOC materials can act as spin filters, segregating electrons with opposite spin polarizations at different interfaces. Consequently, as a charge current flows through a high SOC material, at the interface with the magnetic layer, spins with a specific polarity accumulate. These spins then diffuse into the magnetic material, producing a torque. As spins are injected into the magnetic layer in the vertical direction, the effect of the torque generated remains similar to the CPP-STT geometry (section 1.3.2.1). The resultant torque can be summarized as

𝜏 𝜏 𝜏 SOT = 𝜏 𝜏 𝜏 DL + 𝜏 𝜏 𝜏 FL = 𝜏 DL m × (m × 𝑝 𝑝 𝑝) + 𝜏 FL (m × 𝑝 𝑝 𝑝) (1.30) 
Since the observed torque originates from spin-orbit coupling, it has historically been named SOT. However, probably a more complete name for the effect could be spin orbitinduced spin transfer torque.

Multiple microscopic mechanisms, such as the spin accumulation caused by (a) the spin Hall effect, and the (b) non-equilibrium spin density due to the inverse spin galvanic effect give rise to this new spin torque effect. As SOT is extensively used throughout this thesis for efficient texture motion, below, we provide a brief description of the microscopic mechanisms.

Spin Hall effect :

The spin-Hall effect (SHE) is a phenomenon that occurs in conductive materials, typically metals. The microscopic origin of this phenomenon is the spin-orbit interaction between the conductive electrons and the lattice. This effect corresponds to the generation of a spin current when a charge current passes through a material. It can be classified into extrinsic and intrinsic contributions. The extrinsic contribution originates from the interaction of a charge current and the SOC at impurities [START_REF] Kato | Observation of the spin Hall effect in semiconductors[END_REF][START_REF] Hirsch | Spin Hall effect[END_REF]. Due to SOC, a spin dependant scattering can occur at impurity atoms, phonons, or can even originate from the band structure [START_REF] Smit | The spontaneous Hall effect in ferromagnetics II[END_REF][START_REF] Sinova | Spin Hall effects[END_REF]. Furthermore, spin-dependent acceleration and deceleration of electrons, can take place near impurities or in the presence of a field gradient [START_REF] Berger | Side-jump mechanism for the Hall effect of ferromagnets[END_REF]. The intrinsic contribution arises due to the relativistic band structures [START_REF] Hirsch | Spin Hall effect[END_REF][START_REF] Wei | The spin Hall effect as a probe of nonlinear spin fluctuations[END_REF][START_REF] Kontani | Giant intrinsic spin and orbital Hall effects in Sr 2 MO 4 ( M =Ru, Rh, Mo)[END_REF]. The electric field of atoms leads to the hopping of spin-up or spin-down electrons between sd-states with the positive or negative orbital moment, respectively. It happens in contrast to the previous mechanism in between scattering events, where the moving electrons gain a momentum-space Berry phase, which generates a distinct anomalous velocity for different spin species [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] Hoffmann | Spin Hall effects in metals[END_REF]. Both contributions result in a separation of spin species within the charge current, leading to the splitting of the charge current into spin currents. A schematic representation of SHE and its effect can be found in Figure 1.10. Systematic studies in the literature have focused on correlating trends in the magnitude and sign of SOT with the magnitude and sign of the SHE in the nonmagnetic materials [START_REF] Manchon | Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic systems[END_REF][START_REF] Sinova | Spin Hall effects[END_REF] and can be followed for more detail.

Let us consider, a pure charge current J where all the electrons move along the same direction and have spin polarization 𝜎 𝜎 𝜎 and -𝜎 𝜎 𝜎. This charge current can be viewed as the sum of two charge currents of J/2 for electrons with opposite polarization. In SHEmaterials, the motion of electrons with spin polarization along 𝜎 𝜎 𝜎 is such that it creates a transverse spin polarized current:

J 𝜎 𝜎 𝜎 = ℏ 2𝑒 𝜃 SH ( 𝜎 𝜎 𝜎 × J 2 ) (1.31)
Here, 𝜃 SH is the charge to spin conversion ratio, named as the spin Hall angle. The direction of motion of electrons with spin polarization along 𝜎 𝜎 𝜎 is set by (𝜎 𝜎 𝜎 × J). Electrons with opposite spin polarization (𝜎 𝜎 𝜎 and -𝜎 𝜎 𝜎) move along opposite directions. As a result, the transverse charge current cancels out. However, there is a net spin current in the transverse direction given by:

J 𝑠,𝜎 = J 𝜎 𝜎 𝜎 -J -𝜎 𝜎 𝜎 = ℏ 2𝑒 𝜃 SH (𝜎 𝜎 𝜎 × 𝐽 𝐽 𝐽) (1.32)
Here J 𝑠,𝜎 is a pure spin current without any charge current and flows in a direction orthogonal to the charge current and spin polarization direction.

Considering the surface normal n directed from the NM SHE material to the FM, the accumulated spins at the FM interface will have a spin polarization ( p) along

p = 𝑠𝑖𝑔𝑛(𝜃 SH )( Ĵ𝑐 × n)
Notice that, for two opposite stacks, the spin polarization direction is opposite. The net torque that this spin accumulation exerts on the magnetic moment can contribute to both damping-like (𝜏 𝜏 𝜏 DL ) and field-like (𝜏 𝜏 𝜏 FL ) torques. The contribution of SHE to the FL torque in metallic systems has been shown to be very weak compared to DL torque. Therefore the resulting torque is effectively expressed as 𝜏 𝜏 𝜏 DL = 𝛾 0 (m × H DL ). Here, H DL represents an effective field along m × p. 𝐻 DL is the measurable effect of SHE-SOT on magnetization. A spin torque efficiency (𝜉 DL ) is often introduced to characterize this effect and is given by:

𝜉 DL = 𝐽 𝑠 𝐽 𝑐 × 𝑇 interface = 𝜇 0 𝐻 DL 2𝑒𝑀 𝑠 𝑡 ℏ𝐽 (1.33)
Here we introduce 𝐽 𝑠 such that J 𝑠,𝜎 = 𝐽 𝑠 n. 𝑇 interface represents the interface transparency.

Experimentally, the advantage of the effective field formulation in the SOT characterization is that their action on the magnetization can be directly compared to that of a reference external field of known magnitude and direction (see section 2.3.3 for measurement details). Note that, the spin torque efficiency 𝜉 DL is distinct from the spin Hall angle 𝜃 SH .

𝜃 SH is a material-dependant parameter, and for example, does not consider the transparency of the interface, and the relative positions of magnetic material and the SHE layer. On the other hand, as 𝜉 DL , when directly measured from the effective field experienced by the magnetization, takes both the aforementioned effects into account. The absolute values of the two quantities are related by a multiplication factor representing the transparency of the interface.

Inverse Spin-Galvanic Effect (iSGE):

The iSGE arises from SOC in noncentrosymmetric systems such as interfaces. ISGE can cause a non-equilibrium spin density that acts as an additional effective magnetic field on the magnetization. Among the various ISGE effects, we are especially interested in the so-called Rashba effect, which is induced by the electric field gradient due to symmetry breaking at the interface. It results in a coupling by exchange between spin and momentum in interface states expressed by the Rashba Hamiltonian

H 𝑅 = 𝛼 𝑅 s • (k × n) (1.34)
where, s is the spin, 𝛼 𝑟 , the Rashba parameter, ℏk, the electron's momentum and n, the unit vector perpendicular to the interface. In presence of Rashba interaction, the charge current flowing parallel to the interface, results in a spin accumulation that can interact by exchange with the magnetic moment of the adjacent magnetic material [START_REF] Miron | Current-driven spin torque induced by the Rashba effect in a ferromagnetic metal layer[END_REF][START_REF] Miron | Fast current-induced domain-wall motion controlled by the Rashba effect[END_REF]. In addition to this effective field, the Rashba-induced spin accumulation can give rise to an additional term of STT called the indirect Rashba effect [START_REF] Manchon | Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic systems[END_REF]. This has been predicted to arise from the spin diffusion inside the magnetic layer similar to the SHE. Similar to the damping-like contribution from SHE, here we introduce an effective field H FL along the spin polarization p direction. The efficiency of the FL torque can be calculated as Distinguishing between SOTs generated by "bulk" SHE and "interface" iSGE remains challenging in commonly used bilayers with a nanometer-scale spin-diffusion length and a nanometer-thick magnetic film. One of the fundamental differences between these two effects is that the thickness of the nonmagnetic layer does not contribute to iSGE as it is strictly an interfacial effect unlike SHE which is a volumetric effect and is susceptible to HM layer thickness. Though both SHE and iSGE can contribute to the FL and DL torque, in the systems we studied throughout this thesis, it is expected that SHE strongly influences the DL term and the FL term has strong influence from iSGE. Taking this into consideration, the final LLG equation in the presence of SOT can be written as

𝜉 FL = 𝜇 0 𝐻 FL 2𝑒𝑀 𝑠 𝑡 ℏ𝐽
𝜕m 𝜕𝑡 = -𝛾 0 (m × H eff ) + 𝛼 m × 𝜕m 𝜕𝑡 -𝛾 0 (m × H DL ) -𝛾 0 (m × H FL ) (1.35)

DL-SOT induced domain wall motion

Having gained an understanding of the mechanisms of DL-SOT, let us now delve into its impact on the dynamics of chiral magnetic textures, which is the primary focus of this section. Specifically, we will explore this effect through the current-driven dynamics of domain walls in samples exhibiting perpendicular magnetic anisotropy (PMA).

As previously discussed, the direction of the effective field associated with DL-SOT depends on the polarization of spin accumulation at the ferromagnetic interface and the magnetization direction, given by m × p. This has significant implications for determining the direction of domain wall (DW) motion with respect to the current or electron flow direction. For Bloch DWs, where the magnetization at the center of the DW is along (or opposite to) the spin polarization at the interface, the effective DL field is zero, and the DWs do not move [START_REF] Khvalkovskiy | Matching domainwall configuration and spin-orbit torques for efficient domain-wall motion[END_REF]. In contrast, in the case of Néel DWs, the magnetization at the center of the DW is perpendicular to the spin polarization at the interface, they can be driven by DL-SOT [START_REF] Khvalkovskiy | Matching domainwall configuration and spin-orbit torques for efficient domain-wall motion[END_REF][START_REF] Haazen | Domain wall depinning governed by the spin Hall effect[END_REF].

The direction of DW motion can be determined from the direction of the H DL field at the DW. Let us consider the example in Figure 1.12 (a), where 𝜃 SH < 0, and the DMI is positive, resulting in a clockwise rotation of magnetization. In this scenario, the DL field at the DW favours the growth of up domains, which are to the left of the DW. Hence, the DW moves to the right, opposite to the current direction. to the situation in Figure 1.12 (a). By changing the chirality, it can be observed that the effective field direction changes, resulting in DWs moving in the opposite direction (along the current direction) (Figure 1.12 (b)). Changing 𝜃 SH or the stacking order effectively has the same impact on the systems, as it leads to the accumulation of spins with opposite polarization at the interface, reversing the direction of H DL and hence motion along the current direction.

In the scenarios shown above, 𝜃 SH , DMI, and the stacking order have been varied independently. However, in practical situations, these are often intertwined, as the HM layer often produces both DMI and DL-SOT in the FM. For example, in the multilayers explored in this thesis, we have worked with Pt/Co or Ta/Co interfaces. In both situations, the source of DMI and SOT are the same (Pt and Ta respectively). Taking the example of Pt/Co (Ta/Co) 𝜃 SH is negative (positive) and DMI is negative (positive) and we expect chiral DWs to move along the current direction. By reversing the stack i.e. Co/Pt or Co/Ta, along with the spin polarization at the interface, the chirality of the DW is also reversed, hence the DWs still move along the current direction. Further, for a Pt/Co/Ta multilayer, both the DMI and SOT are additive in nature, and chiral textures stabilized move along the current direction (albeit faster velocities). We can conclude by the remark that, the experimental studies done in this thesis (Chapter 4 and Chapter 5) feature Pt/Co, Ta/Co or their variations, hence the motion of chiral Néel DWs are always expected to occur along the current direction.

Magnetic skyrmions: Stabilization and dynamics

Magnetic skyrmions, introduced in Section 1.2.3, were initially proposed as a new thermodynamic ground state of materials with small exchange and large Dzyaloshinskii-Moriya Interaction (DMI) [START_REF] Bogdanov | Thermodynamically stable "vortices" in magnetically ordered crystals. the mixed state of magnets[END_REF][START_REF] Ivanov | Magnetic vortices : the microscopic analogs of magnetic bubbles[END_REF]. In addition to their fundamental interest, these spin configurations have garnered significant attention in recent years due to their potential use in spintronic-based memory and logic devices [START_REF] Parkin | Magnetic domain-wall racetrack memory[END_REF][START_REF] Fert | Skyrmions on the track[END_REF]. Magnetic skyrmions can enhance the functionalities of domain wall (DW) based race tracks [START_REF] Fert | Skyrmions on the track[END_REF][START_REF] Nagaosa | Topological properties and dynamics of magnetic skyrmions[END_REF][START_REF] Wiesendanger | Nanoscale magnetic skyrmions in metallic films and multilayers: a new twist for spintronics[END_REF], as demonstrated early on by Sampaio et al. [START_REF] Sampaio | Nucleation, stability and currentinduced motion of isolated magnetic skyrmions in nanostructures[END_REF] and Iwasaki et al. [START_REF] Iwasaki | Current-induced skyrmion dynamics in constricted geometries[END_REF]. Fert et al. suggested that, owing to the quasiparticle nature and topological dynamics of skyrmions, they can overcome impurities and defects in materials [START_REF] Fert | Skyrmions on the track[END_REF]. Furthermore, unconventional applications, such as skyrmion-based reshuffler [START_REF] Zázvorka | Thermal skyrmion diffusion used in a reshuffler device[END_REF], stochastic [START_REF] Yao | Thermal brownian motion of skyrmion for true random number generation[END_REF], and neuromorphic computing [START_REF] Yokouchi | Pattern recognition with neuromorphic computing using magnetic field-induced dynamics of skyrmions[END_REF][START_REF] Song | Skyrmion-based artificial synapses for neuromorphic computing[END_REF], have been proposed. Although these textures were initially proposed as global thermodynamic ground states, their applications require them to coexist with a collinear uniform state, as these two configurations represent digital 1 and 0. In this context, metastable skyrmions are of greater interest than the skyrmion lattice state. This section provides a description of such metastable objects.

Size and (meta)-stability

Let us consider an isolated skyrmion in an infinite thin film with thickness 𝑡. At equilibrium, the spin structure of a skyrmion exhibits radial symmetry. Assuming zero helicity angle 𝜙 = 𝜓, the radial profile of skyrmions Θ(𝑟) is a solution of the micromagnetic energy functionals, written in spherical coordinates as

E sk = 2𝜋𝑡 ∫ 𝑟=∞ 𝑟=0 𝐴 dΘ d𝑟 2 + sin 2 Θ 𝑟 2 -𝐷 DMI dΘ d𝑟 + cos Θ sin Θ 𝑟 -𝐾 𝑢 cos 2 Θ -𝜇 0 𝑀 𝑠 𝐻 ext cos Θ + 𝐸 demag 𝑟𝑑𝑟 (1.36)
Here 𝑟 is the radial coordinate. The five energy contributions on the right hand side represent the contribution from Heisenberg exchange, DMI, anisotropy, Zeeman and demagnetising energy respectively. It can be noticed that two additional terms sin 2 Θ 𝑟 2 and cos Θ sin Θ 𝑟 are incorporated inside the exchange and DMI, as compared to a 1D problem, and represent the energy cost to curve the texture in a circular manner. The effect of this curvature energy is such that as 𝑅 → 0, E sk → 8𝜋 𝐴𝑡|𝑄 SK | representing the absolute minimum of exchange energy of a continuous spin texture with finite topological charge [START_REF] Büttner | Theory of isolated magnetic skyrmions: from fundamentals to room temperature applications[END_REF][START_REF] Belavin | Metastable states of two-dimensional isotropic ferromagnets[END_REF][START_REF] Leonov | The properties of isolated chiral skyrmions in thin magnetic films[END_REF].

The stable skyrmion profile is the configuration that minimizes the energy functional (Eq. 1.36). Essentially, the skyrmion profile can be described using two parameters, the skyrmion radius 𝑅 and the micromagnetic domain wall width Δ. Due to the long range effect of dipolar field, it is analytically impossible and numerically challenging to find the solution of Θ(𝑟), which minimizes this energy functional. In ultra thin films for a thickness less than the dipolar characteristic length (𝑙 𝑐 = 𝜎 DW /𝜇 0 𝑀 2 𝑠 ), the use of a local approximation, E demag = 𝜇 0 𝑀 2 𝑠 cos 2 Θ/2 is justified [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF] and is often incorporated inside the effective anisotropy 𝐾 eff term [START_REF] Bernand-Mantel | The skyrmion-bubble transition in a ferromagnetic thin film[END_REF][START_REF] Leonov | The properties of isolated chiral skyrmions in thin magnetic films[END_REF][START_REF] Rößler | Spontaneous skyrmion ground states in magnetic metals[END_REF][START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF].

A numerical energy minimization with local demagnetization approach shows the possibility of different types of solutions where Θ(𝑟) varies by ±𝑛𝜋, with 𝑛 an integer and the ± sign determined by the chirality imposed by DMI (see Figure 1.13(a)) [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF]. Here, we focus on the skyrmion solution given by 𝑛 = 1. At first for large skyrmions with 𝑅 ≫ Δ, the skyrmion solution can be approximated as a magnetic bubble so that the center and boundary have opposite magnetization with magnetization rotation occurring at the periphery over a length scale of Δ. For such a situation, the energy of the skyrmion is given by the sum of the DW energy and curvature enrgy:

E sk = 2𝜋𝑅𝜎 DW 𝑡 + 4𝜋 𝐴𝑡Δ 𝑅 (1.37)
We can distinguish the result in two regimes with positive and negative DW energy.

When the DW energy is positive, the uniform ground state is the most stable solution and skyrmions can appear as metastable solutions over this uniform state. The positive DW energy condition allows for stabilization of skyrmions without the need of an external magnetic field and an equilibrium skyrmion radius 𝑅 can then be calculated as:

𝑅 = Δ √︁ 2(1 -𝐷 DMI /𝐷 𝑐 ) (1.38)
where 𝐷 𝑐 is the critical DMI parameter given by 4 √ 𝐴𝐾 𝜋 [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF]. For smaller skyrmions, the above description fails to compute the equilibrium radius correctly. In a more complete approach, taking the wall-width as a variable with the skyrmion radius, the expression becomes [START_REF] Wang | Thermal generation, manipulation and thermoelectric detection of skyrmions[END_REF]:

𝑅 = Δ 𝐷 DMI /𝐷 𝑐 √︁ 1 -(𝐷 DMI /𝐷 𝑐 ) 2 (1.39)
The dependence of the equilibrium size of metastable skyrmions on DMI, exchange, and anisotropy of the system is illustrated in Figure 1.13 (b)-(d).

On the contrary, when the DW energy is negative (𝐷 > 𝐷 𝑐 ), the uniform ground state is not stable and textures spontaneously appear in the system. The solution is a cycloid and skyrmions only appear as metastable solutions with the help of an external control such as magnetic field.

In the above description, we have neglected the contribution of dipolar field. Such an approximation is allowed for FM systems with very high DW energy and low thickness, or low magnetization systems such as antiferromagnets, ferrimagnets and synthetic antiferromagnets. However, in the case of FM skyrmions it is not necessarily valid for situations where the DW energy is close to zero. When the DW energy is small, the characteristic thickness 𝑙 𝑐 approaches zero and the dipolar coupling cannot be neglected. It is seen that the dipolar coupling increases skyrmion stability, lowering their energy and increasing their radius, though a flux closure mechanism [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF][START_REF] Büttner | Dynamics and inertia of skyrmionic spin structures[END_REF][START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF]. This shifts the transition between stable and metastable skyrmions to finite and positive domain wall energies.

Skyrmions observations: a small review

A large number of materials that support magnetic skyrmions has been studied in the last decades. The pioneering experimental confirmation of skyrmions existence occurred [START_REF] Wang | Thermal generation, manipulation and thermoelectric detection of skyrmions[END_REF]). With increased DW energy skyrmions size decreases. Skyrmion radius diverges as the DW energy is close to zero showing the unstable skyrmion regime as predicted by [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF].

within the context of the chiral itinerant-magnet MnSi, by Muhlbauer et al.

[9] and Pfleiderer et al. [START_REF] Pfleiderer | Skyrmion lattices in metallic and semiconducting B20 transition metal compounds[END_REF] in 2009 and 2010 respectively around 20 years after theoretical prediction of skyrmions. Subsequently several other chiral magnets have evidenced skyrmions [START_REF] Münzer | Skyrmion lattice in the doped semiconductor Fe 1-𝑥 Co 𝑥 Si[END_REF][START_REF] Yu | Real-space observation of a two-dimensional skyrmion crystal[END_REF][START_REF] Yu | Near room-temperature formation of a skyrmion crystal in thin-films of the helimagnet FeGe[END_REF][START_REF] Seki | Observation of skyrmions in a multiferroic material[END_REF], typically with Bloch configuration in presence of an external magnetic field below room temperature. Room temperature stabilization of skyrmions is a crucial aspect towards their application in functional devices. In cubic chiral magnets: in 𝛽-Mn-type Co -Zn -Mn, it was possible to stabilize skyrmion crystals at and beyond room temperature in both thin-film and bulk forms [START_REF] Tokunaga | A new class of chiral materials hosting magnetic skyrmions beyond room temperature[END_REF].

On the other hand, skyrmions in thin film interfaces opened up a new route toward skyrmion application in spintronics. Multilayered structures, owing to their inherent flexibility in selecting magnetic, non-magnetic, spacer, and capping layers, in addition to the potential for stacking, offer a substantial degree of versatility. Further, the materials being investigated are particularly compatible with existing CMOS technology, which has made them the focus of extensive research over the past decade.

The initial experimental focus of skyrmions in thin films was directed toward ultrathin epitaxial ferromagnetic films combined with a nonmagnetic heavy metal substrate. The first observation of skyrmions in interfacial thin films was obtained by Heinze et al. [START_REF] Heinze | Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions[END_REF], where square lattice of skyrmions as the magnetic ground state of a one-atomic layer thick Fe film on the Ir(111) surface was observed. Subsequently, a significant discovery emerged when Romming et al. [START_REF] Romming | Writing and deleting single magnetic skyrmions[END_REF][START_REF] Romming | Fielddependent size and shape of single magnetic skyrmions[END_REF] reported the shift from a spin spiral phase to a nanoskyrmion lattice state in FePd/Ir [START_REF] Wang | Thermal generation, manipulation and thermoelectric detection of skyrmions[END_REF] along-with magnetic field control of skyrmion size. These initial investigations illuminated that the substantial interfacial DMI can promote the formation of skyrmions characterized by compact dimensions and elevated packing densities. However, these materials suffered from low stability at elevated temperatures.

Many HM/FM interfaces have been explored in the past to achieve room-temperature stabilization of skyrmions. The most commonly explored systems in this context have been focused on Co and CoFeB-based stacks as these materials when combined with heavy metals like Pt, Ta, Ir, W, or some other metal oxides, produce a large DMI compared to other ferromagnetic materials. Boulle et al. [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF] using such a multilayer (Pt/Co/MgO), reported the stabilization of skyrmion at room temperature and without any external magnetic field in a geometrically confined nanodot. Following the advancements, room temperature skyrmions are now routinely stabilized in several multilayer systems such as Ir/Co/Pt [START_REF] Moreau-Luchaire | Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at room temperature[END_REF], Ir/Fe/Co/Pt [START_REF] Soumyanarayanan | Tunable room-temperature magnetic skyrmions in Ir/Fe/Co/Pt multilayers[END_REF], Ta/Co/TaO 𝑥 [START_REF] Jiang | Blowing magnetic skyrmion bubbles[END_REF], Ta/Co/Pt [START_REF] Woo | Observation of room-temperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF], Pd/CofeB/Mgo [START_REF] Jaiswal | Investigation of the Dzyaloshinskii-Moriya interaction and room temperature skyrmions in W/CoFeB/MgO thin films and microwires[END_REF], Pt/Co/Au [START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF], etc. have been explored to stabilize skyrmions. Recently, we have shown that skyrmions can even be stabilized in FM/2d van der Waals material interfaces with Rashba-like SOC in a Pt/Co/h-BN system due to a sizable additive DMI [START_REF] El-Kerdi | Evidence of strong Dzyaloshinskii-Moriya interaction at the cobalt/hexagonal boron nitride interface[END_REF].

In addition to DMI, the long-range dipolar coupling and magnetic anisotropy are crucial factors for stabilizing skyrmions in interfacial thin films. Multilayer structures can enhance the stability of skyrmions through an increased dipolar field. Consequently, strategies such as altering the thickness or composition of magnetic layers and introducing wedge-shaped interfaces are employed as effective means to manipulate these parameters. Experimentally, a smooth crossover between metastable isolated skyrmions to lattice configurations with varying sizes in wedge-shaped samples has demonstrated the influence of these underlying micromagnetic energies. [START_REF] Soumyanarayanan | Tunable room-temperature magnetic skyrmions in Ir/Fe/Co/Pt multilayers[END_REF][START_REF] Yu | Room-temperature creation and spin-orbit torque manipulation of skyrmions in thin films with engineered asymmetry[END_REF].

A general guideline to generate skyrmions

Based on prior experimental investigations, we can establish a general guideline used to attain metastable skyrmions in an experimental condition. The primary requirements to stabilize skyrmions are PMA and DMI, which are typically tunable parameters and can be controlled through the layer thickness. Most of the experimental results for skyrmion stabilization start with verifying the system is able to host chiral textures. In this context, destabilization of the uniform state is important. This is usually done through the control of effective anisotropy or increasing the effect of dipolar interaction. The effective anisotropy in ultrathin films can be controlled though thickness and the dipolar interaction strength can be increased through increasing the repetitions of the magnetic layer. Both these situations lead to a stripe phase stabilization in the system. Through external control from an OOP magnetic field, the stripes can then be converted to skyrmions. Notably whether isolated skyrmions or skyrmion lattice forms depends on the 𝐷 DMI /𝐷 𝑐 ratio. When it is greater than 1, skyrmion lattice and when less than 1 isolated skyrmions can be evidenced. Most of the results in the literature implement such an approach to stabilize skyrmions and meta-stable skyrmions are generally evidenced in the presence of an external magnetic field. A demonstration of this process is provided in Figure 1. 14(d), where by increasing the magnetic field a transition from stripe domains to skyrmion lattice and then with [START_REF] Chen | Room temperature skyrmion ground state stabilized through interlayer exchange coupling[END_REF]) (c) Room temperature skyrmion stabilized with no external magnetic field in a lithographed dot through PEEM (adapted from [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF]) and (d) conversion from a stripe domain phase to skyrmion lattice and isolated skyrmion phase through application of OOP magnetic field (adapted from [START_REF] Moon | Universal method for magnetic skyrmion bubble generation by controlling the stripe domain instability[END_REF]). increased magnetic field, isolated skyrmion state is observed.

In Chapter 4 of this thesis, we will discuss in more detail that the necessary condition for stabilizing meta-stable skyrmions remains consistent regardless of the adopted approach. The key requirement is to increase the energy of skyrmions to render them metastable. An alternative approach has been employed, involving the control of micromagnetic parameters, eliminating the need for an external field to stabilize skyrmions in extended magnetic films. Detailed results regarding the approach are presented in Chapter 4.

SOT mobility of skyrmions: Thiele Equation in collective coordinates

Magnetic skyrmions can be envisioned as nanoscale enclosed chiral DWs. Hence similarly to chiral DWs (see section 1.3.3), skyrmions can be moved by SOT forces. The dynamics of skyrmions can be derived by integrating the time dependant dynamics of the local magnetization within a collective coordinate approach [START_REF] Thiele | Steady-state motion of magnetic domains[END_REF]. For skyrmions such a solution results in a equation of motion called Thiele equation [START_REF] Thiele | Steady-state motion of magnetic domains[END_REF], which provides a simple analytical solution to the dynamics of complex magnetic structures such as skyrmions, domain walls, and vortices, in the steady state. This formalism hinges on the foundational premise that the skyrmion behaves akin to a quasi-particle entity i.e. the shape and size of the texture remain consistent during its motion. Mathematically, the motion of any magnetic texture can be represented as

m(r 𝑖 , 𝑡) = m 0 (r 𝑖 -R(𝑡)) + 𝛿m(r 𝑖 , 𝑡) (1.40)
where m(r 𝑖 , 𝑡) is the local magnetization, R(𝑡) is the coordinate associated with the center of mass of the texture, and 𝛿m(r 𝑖 , 𝑡) takes into account the corrections to m 0 (r 𝑖 -R(𝑡)) due to deformation of the texture. Thiele equation assumes that the correction term 𝛿m(r 𝑖 , 𝑡), accountable for texture deformations, can be ignored and skyrmions can be described as rigid particles as m(r 𝑖 , 𝑡) = m 0 (r 𝑖 -R(𝑡)) during steady state. Consequently, the equation of motion for the skyrmion is uniquely linked to its position. Thiele's equation reads

G × v -𝛼𝐷v + F = 0 (1.41)
This is a mechanical equation (each term is expressed in Newton) describing the net forces acting on a skyrmion, which equilibrate at a steady state regime (constant velocity motion). The three terms in the equation correspond respectively to the gyrotropic force with G = 𝐿 𝑆 𝑡 𝑛z the gyrovector, 𝐿 𝑆 = 𝑀 𝑆 /𝛾 the angular momentum density, 𝑀 𝑆 the spontaneous magnetization, 𝛾 the gyromagnetic ratio and 𝑡 the film thickness; the dissipative force (with 𝛼𝐷 = 𝛼𝐿 𝑆 𝑡 𝑑 and 𝛼 the Gilbert damping parameter); and the force of an external stimulus. Notably, the gyrotropic, dissipation and external forces here are results of the precession, damping and spin torque terms found in the magnetization dynamics respectively.

The spin-orbit torque due to a charge current J flowing in an adjacent layer along the 𝑥 direction and causing a spin current through the ferromagnetic layer polarized along the 𝑦 direction [START_REF] Miron | Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection[END_REF][START_REF] Liu | Spin-torque switching with the giant spin Hall effect of tantalum[END_REF], causes a damping like torque which induces a force F = -ℏ 2𝑒 j𝜃 SH 𝑓 (ℏ the reduced Plank constant and 𝑒 the elementary charge). The three parameters 𝑛, 𝑑, and 𝑓 are related to the texture profile m 0 and are given by

𝑛 = ∬ 𝜕m 0 𝜕𝑥 × 𝜕m 0 𝜕𝑦 • m 0 𝑑 2 𝑟 (1.42a) 𝑑 = ∬ 𝜕m 0 𝜕𝑥 2 𝑑 2 𝑟 (1.42b) 𝑓 = ∬ 𝑚 (𝑥) 0 𝜕𝑚 (𝑧) 0 𝜕𝑥 -𝑚 (𝑧) 0 𝜕𝑚 (𝑥) 0 𝜕𝑥 𝑑 2 𝑟 (1.42c)
with 𝑚 (𝑖) 0 the components of m 0 , the initial magnetic configuration. The skyrmion profile is essentially described by four parameters, the skyrmion radius 𝑅, the micromagnetic domain wall width parameter Δ [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF], the skyrmion core polarization 𝑝 and the chirality 𝑐 (𝑐 = ±1 respectively for clockwise and counter-clockwise spin rotation), which leads to simple expressions for 𝑛, 𝑑 and 𝑓 . 𝑛 = 4𝜋𝑄 sk corresponds to the topological number of skyrmion, it is independent on the skyrmion size. The parameter 𝑑 in this context shares similarities with the micromagnetic exchange. For skyrmions with a radius larger than Δ, 𝑑 varies proportionally with the skyrmion size as 𝑑 = 2𝜋𝑅/Δ. However, as demonstrated by Belavin and Polyakov [START_REF] Belavin | Metastable states of two-dimensional isotropic ferromagnets[END_REF], an exchange integral does not tend to zero as the skyrmion radius approaches small values. In the limit where the skyrmion radius goes to zero, 𝑑 approaches the absolute value of the topological charge i.e. 𝑅 → 0,𝑑 → 4𝜋. This shows that dissipation does not vanish at small sizes [START_REF] Büttner | Theory of isolated magnetic skyrmions: from fundamentals to room temperature applications[END_REF]. The two limits can be interpolated as [START_REF] Berges | Size-dependent mobility of skyrmions beyond pinning in ferrimagnetic GdCo thin films[END_REF]:

𝑑 ≃ 4𝜋 exp - 𝑅 2Δ + 𝑅 2Δ (1.43)
The integral 𝑓 shares similarities with a DMI integral and has a dependence on the skyrmion chirality, as 𝑓 ≃ 𝑐𝜋 2 𝑅. The solution to eq. 1.41 in terms of these geometric parameters can be written as,

𝑣 = 𝑣 0 √︁ 1 + 𝜌 2 (1.44a) 𝑣 𝑦 𝑣 𝑥 = 𝜌 (1.44b) with 𝑣 0 = F 𝛼𝐷 = - ℏ𝐽𝜃 SH 2𝑒𝛼𝐿 𝑠 𝑡 𝑓 𝑑 (1.45a) 𝜌 = G 𝛼𝐷 = 1 𝛼 𝑛 𝑑 (1.45b) 
It can be noticed from Eq.1.44 that though the external force is assumed to be along 𝑥 direction, the skyrmion gains a velocity along the transverse direction. This is known as the skyrmion Hall effect [START_REF] Everschor | Current-induced rotational torques in the skyrmion lattice phase of chiral magnets[END_REF]. This transverse deflection is similar to that of the Magnus force that arises as a spinning object is shifted through a fluid [START_REF] Everschor-Sitte | Real-space Berry phases: Skyrmion soccer (invited)[END_REF]. Due to an integer topological charge, skyrmions experience gyrotropic deflection (first term in Eq. 1.41) and their motion is characterized by an in-plane deflection angle known as skyrmion Hall angle (SkHA) given by: Θ Sk = arctan(𝑣 𝑦 /𝑣 𝑥 ) (1.46)

Experimental results on dynamics

In recent years, intense efforts have been directed towards achieving current driven dynamics of skyrmions in HM/FM based systems. Experimentally the first SHE driven motion in single ferromagnetic layer was demonstrated by [START_REF] Jiang | Blowing magnetic skyrmion bubbles[END_REF] in a Ta/CoFeB/TaO 𝑥 system. Subsequently, several single layers and multilayers have been explored in this context [START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF][START_REF] Woo | Observation of room-temperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF][START_REF] Jiang | Direct observation of the skyrmion Hall effect[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 multilayers the first experimental proof of skyrmion motion was given by [START_REF] Woo | Observation of room-temperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF], who studied two multilayers: [Pt/Co/Ta] 15 and [Pt/CoFeB/MgO] 15 .

A schematic of current vs velocity for this work is presented in Figure1.15 (a). Here, the skyrmions move along the current direction, consistent with the motion dictated from the chirality of the Néel skyrmions and spin Hall angle of the HMs. However, the results obtained from these studies deviate from the expected motion from the Thiele model. A depinning current density below which skyrmions do not move is observed. Above the critical current density, skyrmion velocity increases with current, showing the effect of pinning. Further, it was seen that skyrmions can be annihilated at pinning sites, contrary to the micromagnetic predictions that skyrmions could overcome pinning sites. Subsequently, Similar results were later obtained by [START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF][START_REF] Legrand | Room-temperature current-induced generation and motion of sub-100 nm skyrmions[END_REF]. Further, [START_REF] Jiang | Direct observation of the skyrmion Hall effect[END_REF][START_REF] Litzius | Skyrmion Hall effect revealed by direct time-resolved x-ray microscopy[END_REF], revealed that SkHA depends on the skyrmion velocity (see Figure1.15(b)), in contrast with the Thiele model predicted motion.

These discrepancies show that skyrmion motion is not insensitive to the pinning of the sample. In presence of defects and pinning, the behaviour of skyrmion motion can be subdivided into three regimes, a creep regime (never observed experimentally) with extremely low velocity, followed by a depinning regime, where skyrmion velocity increases with increasing current. Finally, the flow regime can be achieved at a larger current density, where skyrmion motion is insensitive to the pinning and follows the linear behaviour dictated by Thiele equation [START_REF] Reichhardt | Statics and dynamics of skyrmions interacting with disorder and nanostructures[END_REF]. It can be commented here, that most of the results in the literature regarding skyrmion dynamics are observed within the pinning regime. Recently, a study conducted with a former PhD student from the group, L. Berges, has provided a clear demonstration of skyrmions overcoming the pinning regime and entering the flow regime in a ferrimagnetic GdCo sample [START_REF] Berges | Size-dependent mobility of skyrmions beyond pinning in ferrimagnetic GdCo thin films[END_REF]. The results align well with Thiele's model. These results are shown in Figure 1. 15 (d) and (e), where the skyrmion motion follows the Thiele equation, and the deflection angles remain independent of the applied current density and the velocity. Finally, it can be commented that the Thiele model describes skyrmions as rigid objects. However, due to the effect of pinning or rotation symmetry breaking through a large SOT force [START_REF] Litzius | The role of temperature and drive current in skyrmion dynamics[END_REF][START_REF] Chen | Skyrmion dynamics in the presence of deformation[END_REF], can lead to deviations from the model.

Skyrmions in materials with antiferromagnetic coupling

Due to a nonzero gyrovector (angular momentum), skyrmions stabilized in FMs are subjected to skyrmion Hall effect, which deflects their trajectory from the driving SOTforce direction. This is a unwanted effect in skyrmion based shifting operations, as skyrmions move toward the edge of the track where they can get annihilated. From Eq. 1.45, it can be inferred that such an effect can be overcome in materials where angular moment 𝐿 𝑆 is compensated. Antiferromagnetically coupled double lattice systems, namely real antiferromagnets, synthetic antiferromagnets and ferrimagnets appear as solutions to this due to a partial or complete compensation of angular momentum. In all these systems, an antiferromagnetic interaction align adjacent moments antiparallel to each other. In antiferromagnets and ferrimagnets this occurs naturally from a Heisenberg exchange, which supports antiparallel alignment of moments. Ferrimagnets differ from antiferromagnets, as the two sublattices in an antiferromagnet are of the same chemical nature, while in a ferrimagnet, they are different. On the other hand in synthetic antiferromagnets, the antiferromagnetic interaction is artificially generated: an intentionally placed spacer layer separates two FM layers, promotes AF coupling between them through interlayer exchange coupling (IEC) [START_REF] Parkin | Oscillations in exchange coupling and magnetoresistance in metallic superlattice structures: Co/Ru, Co/Cr, and Fe/Cr[END_REF]. The potential of SAF for magnetic texture dynamics was demonstrated [START_REF] Saarikoski | Current-driven dynamics of coupled domain walls in a synthetic antiferromagnet[END_REF][START_REF] Yang | Domain-wall velocities of up to 750 ms -1 driven by exchange-coupling torque in synthetic antiferromagnets[END_REF] which evidences SHE induced DW motion at much larger velocities as compared to ferromagnetic ones. In AFs due to the symmetry of DL torque on each magnetic layer, the Walker breakdown of DWs [START_REF] Mougin | Domain wall mobility, stability and Walker breakdown in magnetic nanowires[END_REF][START_REF] Koyama | Current-induced magnetic domain wall motion below intrinsic threshold triggered by Walker breakdown[END_REF] commonly observed in FMs that causes a decrease in DW velocity, is absent [START_REF] Selzer | Inertia-free thermally driven domain-wall motion in antiferromagnets[END_REF]. Hence, AF DWs can be moved at velocities an order higher compared to FM systems at low drives. Such effects have been experimentally demonstrated for ferrimagnets [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF][START_REF] Ghosh | Current-driven domain wall dynamics in ferrimagnetic nickel-doped Mn 4 N films: very large domain wall velocities and reversal of motion direction across the magnetic compensation point[END_REF] and synthetic antiferromagnetic DWs [START_REF] Yang | Domain-wall velocities of up to 750 ms -1 driven by exchange-coupling torque in synthetic antiferromagnets[END_REF][START_REF] Chen | Voltage-induced high-speed DW motion in a synthetic antiferromagnet[END_REF] (see 1.18(c)).

Skyrmions stabilized in AF systems are predicted to follow a similar trend in term of faster velocities, but also offer exciting specificity to cancel the gyrotropic deflection. Indeed, the deflection caused by one sub-lattice can be counteracted by the other, leading to a reduction and even complete compensation of this effect. A direct consequence compensation of deflection favour rapid texture dynamics in AF materials [START_REF] Barker | Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current and temperature[END_REF][START_REF] Zhang | Magnetic bilayer-skyrmions without skyrmion Hall effect[END_REF]. A schematic qualitatively showing the expected skyrmion trajectories is presented in Figure 1.16.

The topological charge of antiferromagnetic skyrmions can be defined using their AF Néel order parameter n = (m 1m 2 )/2. Specifically, the topological charge is given by

𝑄 ASK = 1 4𝜋 ∬ 𝑑𝑥𝑑𝑦n • 𝜕n 𝜕𝑥 × 𝜕n 𝜕𝑦
, which takes values of ±1. This shows that AF skyrmions are topological objects analogous to their ferromagnetic counterparts. When contrasting these AF double lattice skyrmions with their ferromagnetic counterparts, a notable difference in their size is predicted. Antiferromagnetic skyrmions tend to be smaller in size due to the absence of long-range dipolar interactions [START_REF] Barker | Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current and temperature[END_REF][START_REF] Bernand-Mantel | The skyrmion-bubble transition in a ferromagnetic thin film[END_REF][START_REF] Büttner | Theory of isolated magnetic skyrmions: from fundamentals to room temperature applications[END_REF]. Moreover, the vanishing magnetization makes skyrmions less sensitive to external magnetic field, which is beneficial to their technological applications.

Though real antiferromagnetic skyrmions are fundamentally interesting, their detection is rather difficult. Indeed, the magnetization essentially vanishes, making it completely invisible to real space imaging techniques like MFM, LTEM, etc. Furthermore, indirect proof of a skyrmion phase which comes in the topological Hall effect [START_REF] Nagaosa | Topological properties and dynamics of magnetic skyrmions[END_REF] is also absent, making it even more complicated to find skyrmion signatures. Though, the existence of merons (half skyrmions) and bimerons have been observed through horizontally polarized X-rays with PEEM [START_REF] Jani | Antiferromagnetic halfskyrmions and bimerons at room temperature[END_REF], skyrmions are yet to be observed in antiferromagnets. A possible alternative to find skyrmionic signature has been proposed recently in the topological spin Hall effect [START_REF] Buhl | Topological spin Hall effect in antiferromagnetic skyrmions[END_REF][START_REF] Akosa | Theory of the topological spin Hall effect in antiferromagnetic skyrmions: impact on current-induced motion[END_REF]. Although this avenue shows promise, further experimental exploration is required.

Ferrimagnets, in general are not completely compensated in regard to their magnetization and can be imaged through standard real space magnetic imaging techniques. Even in the situation where magnetization is vanishingly small or completely compensated, due to the presence of sublattices with different chemical natures, can be imaged through techniques that are sensitive to specific elements, like optic and x-ray based microscopies. The most studied ferrimagnetic samples in the context of skyrmion stabilization consist of an alloy of 4f-rare-earth and 3d-transition metals like GdCo, GdFeCo, TbFe etc., where the [START_REF] Woo | Current-driven dynamics and inhibition of the skyrmion Hall effect of ferrimagnetic skyrmions in GdFeCo films[END_REF]). (b) Smallest roomtemperature skyrmion observation reaching minimum size of 10 nm in Pt/GdCo/TaO x (adapted from [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF]). (c) High velocity motion of skyrmions beyond pinning regime with temperature controlled reversal of skyrmion Hall angle in Pt/GdCo/Ta beyond and above angular momentum compensation [START_REF] Berges | Reversal of the skyrmion topological deflection across ferrimagnetic angular momentum compensation[END_REF] .

rare earth and transition metals are coupled antiferromagnetically and their compensation varies as a function of temperature. Room temperature ferrimagnetic skyrmions were first observed by Woo et al. [START_REF] Woo | Current-driven dynamics and inhibition of the skyrmion Hall effect of ferrimagnetic skyrmions in GdFeCo films[END_REF] in ferrimagnetic multilayer of [Pt/GdFeCo/Mgo] 20 through element specific scanning transmission x-ray microscopy (STXM) and showed the antiferromagnetic ordering of skyrmions in different sublattices through the Fe-absorption and Gd absorption edges. Skyrmions compressed up to minimum diameters close to 10 nm was observed by Caretta et al in Pt/GdCo/TaO x through x-ray holography [START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF]. It is to be noted that the skyrmion size observed here is considerably smaller than typical sizes found in ferromagnets therefore is appealing for practical applications. Further efficient skyrmion motion beyond pinning regime, and a temperature tunable compensation magnetization makes ferrimagnets more interesting [START_REF] Berges | Reversal of the skyrmion topological deflection across ferrimagnetic angular momentum compensation[END_REF]. Figure 1.17 shows some results of skyrmion observation and efficient dynamics with temperature dependant reversible skyrmion Hall angle in ferrimagnetic materials.

Skyrmions in Synthetic antiferromagnets

Synthetic antiferromagnets belong to a particular class of antiferromagnetic configurations, closely related to ferromagnetic films. Consequently, the development of suitable samples should benefit from the experience gathered on ferromagnetic skyrmions. As mentioned above, SAFs comprise of two ferromagnetic layers which are separated by by non-magnetic IEC spacers. The antiferromagnetic coupling can be achieved by RKKY interaction, usually using iridium (Ir) and ruthenium (Ru) spacer layers [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] Yakushiji | Very strong antiferromagnetic interlayer exchange coupling with iridium spacer layer for perpendicular magnetic tunnel junctions[END_REF][START_REF] Ishikuro | Highly efficient spin-orbit torque in Pt/Co/Ir multilayers with antiferromagnetic interlayer exchange coupling[END_REF].

The antiferromagnetic coupling can be controlled through the IEC material thickness providing additional flexibility. A notable advantage of synthetic antiferromagnets compared to "true" antiferromagnets is the ability to fine-tune additional magnetic parameters, such as DMI and saturation magnetization as they are deposited in individual multilayer configurations. Skyrmions stabilized in SAF benefit from all the characteristics of AF skyrmions (small size, AF dynamics) mentioned in the previous section, however with a much smaller antiferromagnetic coupling energy. Due to small spacing between the two ferromagnetic layers, SAF skyrmions produce a stray field (though very small and decays very fast) and can be imaged through techniques like MFM [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. Further, materials with different chemical nature can be used to create SAF, which makes them sensitive to imaging techniques that are sensitive to specific elements [START_REF] Juge | Skyrmions in synthetic antiferromagnets and their nucleation via electrical current and ultra-fast laser illumination[END_REF].

The existence of domain walls and skyrmions in SAF has been reported in various thin films [START_REF] Yang | Domain-wall velocities of up to 750 ms -1 driven by exchange-coupling torque in synthetic antiferromagnets[END_REF][START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF][START_REF] Juge | Skyrmions in synthetic antiferromagnets and their nucleation via electrical current and ultra-fast laser illumination[END_REF][START_REF] Dohi | Formation and current-induced motion of synthetic antiferromagnetic skyrmion bubbles[END_REF][START_REF] Raymenants | Nanoscale domain wall devices with magnetic tunnel junction read and write[END_REF]. A comprehensive summary of the different observed textures in SAFs can be found in the perspective article by Wang et al. [START_REF] Wang | Spin textures in synthetic antiferromagnets: challenges, opportunities, and future directions[END_REF]. The initial demonstration of skyrmions in SAF systems was conducted by Legrand et al. [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF], where a high PMA bias layer was antiferromagnetically coupled to the SAF multilayer to aid in stabilizing skyrmions (see Figure 1.18(a)). Subsequently, Juge et al. [START_REF] Juge | Skyrmions in synthetic antiferromagnets and their nucleation via electrical current and ultra-fast laser illumination[END_REF] showcased skyrmion nucleation at zero magnetic field through element-sensitive XMCD-STXM, achieved by applying current pulses (see Figure 1.18(b)). Dohi et al. [START_REF] Dohi | Formation and current-induced motion of synthetic antiferromagnetic skyrmion bubbles[END_REF], employing an uncompensated SAF system, demonstrated the movement of bubble skyrmions in SAFs at significantly higher velocities compared to ferromagnets under the same applied current density. Moreover, they exhibited the suppression of the skyrmion Hall effect (see Figure 1.18(d)).

Despite the potential of synthetic antiferromagnets (SAFs) as an excellent platform for stabilizing and moving skyrmions, there are limited experimental detection of SAF skyrmions in the literature. Moreover, while efficient SOT-induced motion has been predicted, experimental studies demonstrating the motion of skyrmions in SAFs are scarce, and the observed velocities are restricted to 10 m/s [START_REF] Dohi | Formation and current-induced motion of synthetic antiferromagnetic skyrmion bubbles[END_REF] (see Figure 1.18(d)). In the pursuit of achieving efficient and deflection-free motion of skyrmions, we investigate SAF systems in Chapter 3 and Chapter 5 of this thesis, employing both analytical and experimental approaches.

Conclusion

In this chapter we have introduced the formalisms to understand the magnetic properties of ultrathin magnetic films when stacked with high-spin orbit non-magnetic layers. This introduces a situation where some magnetic properties are chiral (magnetization organization in texture, sensitivity to electrical current). This paradigm was introduced about 15 years ago [START_REF] Moore | High domain wall velocities induced by current in ultrathin Pt/Co/AlOx wires with perpendicular magnetic anisotropy[END_REF][START_REF] Miron | Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection[END_REF][START_REF] Liu | Spin-torque switching with the giant spin Hall effect of tantalum[END_REF][START_REF] Haazen | Domain wall depinning governed by the spin Hall effect[END_REF] has deeply modified the application of magnetic textures in spintronics, and lead to consider skyrmions [START_REF] Fert | Skyrmions on the track[END_REF], as an alternative to domain walls in race-track type applications. Since the first success to stabilize skyrmions and control them with current [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF][START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF][START_REF] Jiang | Blowing magnetic skyrmion bubbles[END_REF][START_REF] Woo | Observation of room-temperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF][START_REF] Jiang | Direct observation of the skyrmion Hall effect[END_REF], antiferromagnetic situation has emerged to enable higher velocities and a control of the gyrotropic deflection [START_REF] Barker | Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current and temperature[END_REF][START_REF] Zhang | Magnetic bilayer-skyrmions without skyrmion Hall effect[END_REF]. This situation is the objective of this work. Based on the existing experience on ferromagnetic ultrathin films, we have chosen to work with synthetic antiferromagnets, i.e. two ferromagnetic layers antiferromagnetically coupled through a non-magnetic spacer, via RKKY interaction. While some results have been published on the stabilization of skyrmions in such a situation [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF], the demonstration of high velocities and gyrotropic deflection-free motion is still to be performed.

Chapter 2

Engineering and characterization of magnetic multilayers

In this chapter, we delve into the experimental details of the setups employed to generate the results presented in the subsequent sections of the manuscript. We broadly categorize these details into fabrication, imaging, and characterization techniques. First, we explore the fabrication processes, including thin film deposition and the nano-fabrication procedures utilized to functionalize magnetic devices. Subsequently, we provide an overview of the magnetic force microscopy (MFM) setup used for imaging the samples, incorporating a transport stage for studying current-induced dynamics. The remainder of the chapter is dedicated to the (pre)characterization of the magnetic multilayers, covering magnetometry measurements, Brillouin light scattering (BLS) for magnetic parameter description, and second harmonic Hall measurement for spin-orbit torque (SOT) characterization.

Sample elaboration

Thin film deposition

The multilayer fabrication process was conducted using a Molecular Beam Epitaxy (MBE) system equipped with an ultra-high vacuum (UHV) chamber. The MBE system comprises a main chamber and a load-lock. The load-lock allows for the accommodation of multiple sets of substrates simultaneously, which are then individually transferred to the main chamber. To maintain high deposition quality, the main chamber is kept at a base pressure of 10 -10 mbar, maintained by turbo-molecular and ionic pumps.

The MBE chamber has the capability to host up to 14 different target materials concurrently, and their deposition is controlled by two electron guns. Each gun is responsible for depositing material from seven of these targets. The deposition of multilayer structures is achieved through the sublimation or evaporation of the target material. Each gun can operate independently, allowing for processes such as the co-deposition of different materials to form alloys. However, for the purposes of this thesis, these processes were not utilized. Instead, the deposition of each material was carried out sequentially, layer by layer. A visual representation of the MBE, including target materials and the sample holder with substrates, is presented in Figure 2.1. The deposition rate is continuously monitored in real-time using a quartz balance. As the target materials evaporate, they slightly increase the mass of the quartz, resulting in a corresponding shift in the resonance frequency of the quartz crystal. Analyzing this frequency shift, along with the known density of the materials being deposited, allows for the accurate calculation of the deposition rate. Integrating the deposition rate over time enables the determination of the thickness of the material deposited. To obtain the absolute thickness of each layer, a tooling factor is applied. This factor takes into account the relationship between the thickness determined by the quartz balance and the actual thickness of the material deposited. Before the multilayer deposition, these tooling factors are verified through techniques such as Atomic Force Microscopy (AFM) or Xray reflectometry. Once established, these factors generally remain relatively consistent. However, regular calibrations are essential to ensure the reliability and consistency of the entire deposition procedure.

Throughout this thesis, Co-based bilayer samples are used. A typical stack used in this thesis can be found in Figure 2.1 (d). The multilayers are grown on top of a highresistive Si/ SiO X (100) substrate. A Ta (3)/Pt(5) (thickness in nm) buffer layer is used. This buffer layer facilitates the growth of the multilayer stack with the required interfacial qualities, such as perpendicular magnetic anisotropy (PMA). As a general practice, this buffer layer is not changed, as it provides the interfacial characteristics, such as PMA, that are of interest. For example, when Pt is directly grown on top of SiO X , due to a significant lattice mismatch, it does not crystallize properly and forms a multicrystalline structure. However, due to the amorphous growth of Ta on top of SiO X , Pt grown on top of Ta crystallizes in the [START_REF] Wang | Thermal generation, manipulation and thermoelectric detection of skyrmions[END_REF] direction. This crystalline Pt layer helps produce a large interfacial anisotropy in the subsequent Co layer. Following the Co layer, a spacer layer (or layers) is inserted to separate the two Co layers within the bilayer stacks. This spacer layer is carefully chosen to induce either dipolar coupling (utilizing Au) or interlayer exchange coupling (using Ir/Pt) between the two Co layers. The former configuration is employed to produce a ferromagnetic bilayers, while the latter configuration is used to create a synthetic antiferromagnets, as explored in Chapter 4 and Chapter 5 of this thesis, respectively. Following this, a capping layer, generally thick (5 nm) Pt or Ta, is used, considering the DMI and SOT symmetry requirements of the stack. Detailed characteristics regarding the properties of these multilayer stacks are provided in the respective chapters where they are explored.

Nano-fabrication process

After the deposition of the multilayer structures, we identify the samples that exhibit intriguing properties, particularly those suitable for the study of current-induced nucleation and dynamics of magnetic textures. These selected samples are then patterned into micrometric magnetic tracks for further investigation. The fabrication procedure is quite standard, performed with Electron Beam Lithography (EBL) and lift-off. A schematic of the entire procedure is presented in Figure 2.2. A brief detail of the procedure is given below • A controlled thickness of an electro-sensitive resist bilayer, comprising MMA (Methyl Methacrylate) and PMMA (Polymethyl Methacrylate) (Figure 2.2 (b)), is deposited using a spin-coater 1. In general, it is a good idea to let the resist rest for a few minutes after spin coating. This allows the resist to relax on the surface, and thickness variations will reduce. These resists are initially in liquid form and are subsequently heated with a hot plate to evaporate the solvent content. This process hardens the resist and prevents the formation of bubbles. Further, it improves the adhesion of the resist to the surface. A temperature in the range of 110-180 • C could be used during the baking process. To limit interface intermixing at high temperatures, we carry out this procedure at 110 • C for around 10 minutes.

• The resist is subsequently patterned with the beam of a scanning electron microscope (SEM) (typical dose of 370 µC/cm 2 ). The electron beam is directed across the designated patterning area, and the energy imparted by the beam alters the chemical properties of the polymers. This process involves the breaking of chemical bonds and a reduction in chain length. Consequently, the resist in the exposed area becomes soluble in a specific chemical solution (MIBK:IPA) and is removed.

• An Al mask, typically around 50 nm in thickness, is then deposited. The remaining resist is subsequently eliminated by either immersing it in an acetone or DMSO bath. This lift-off process effectively removes the resist from the unexposed areas, along with the Al that was deposited on top of it. As a result, Al remains only in the areas exposed during the EBL process (Figure 2.2 (d)). We can comment here that it is possible to accomplish the whole process detailed above using only PMMA as a single-layer resist. However, the inclusion of the MMA layer offers improved control over the fabricated structures, producing cleaner edges after liftoff. This is because with the same dose, that produces patterns in PMMA, produces slightly overgrown patterns in the MMA layer. The undercutting of the MMA layer improves the deposition quality afterward, where the deposited material does not come in contact with the MMA layer, hence the lift-off process is smoother.

• The film containing the desired Al mask is subsequently etched with an Ar + Ion Beam Etching (IBE). This process entirely removes the film from the areas not protected by the Al mask. Afterward, the remaining Al on the sample is removed using a specialized alkaline solution, which selectively dissolves Al. This entire process results in the creation of the desired tracks on the sample (Figure 2.

(d)).

• A contact pad is then deposited on top of the tracks following a second step of lithography, deposition, and lift-off process. The contact pads consist of Ti(8)/Au(80) for good adhesion and high conductivity. A schematic and the top view of the designed track, following the whole process, can be found in (Figure 2.2 (g) and (h)).

All the tracks and Hall bars have been fabricated following the aforementioned process.

1MMA: 2000 RPM, 1 minute followed by PMMA: 3000 RPM 1 minute

Magnetic force microscopy and integrated transport stage 2.2.1 Magnetic force microscopy

Magnetic Force Microscopy (MFM) [START_REF] Martin | Magnetic imaging by "force microscopy" with 1000 Å resolution[END_REF] is an imaging technique rooted in Atomic Force Microscopy (AFM) [START_REF] Binnig | Atomic force microscope[END_REF], where magnetic force gradient is utilized to image the magnetic structure of a sample. MFM employs a sharp magnetic tip that is affixed to a flexible cantilever. This tip is coated with magnetic materials and is used to investigate the magnetic characteristics of the sample. The cantilever, typically constructed from a pliable material, serves to measure the interaction forces between the tip and the sample, a process common to all scanning probe microscopies. The imaging of the samples has been done using the Park Systems NX10 microscope. Commercial AFM tips (Nanosensor PPP-FMR with average stiffness of 2.8 N/m and average resonance frequencies of 75 kHz) were used and functionalized in our lab to enable magnetic sensitivity, as explained below.

The MFM images in this thesis are captured using the double-pass lift mode technique. In this mode, the tip scans the same area of the sample twice. During the initial pass, the tip approaches the surface using a feedback loop acting on the tip to sample distance and fixes a vibration amplitude about half of its value far from the surface. Indeed, due to the force gradient close to the surface, the resonance frequency shifts, so the vibration amplitude lowers when keeping the excitation at the resonance frequency determined far from the surface. In this mode, this short distance implies that the tip senses essentially the van der Waals forces. During this first pass, the topography of the sample is recorded. In the second pass, the cantilever oscillates at a predetermined lift height (feedback loop off), typically in the range of 20-50 nm above the surface, which was acquired during the first pass. As it follows the surface topography, the Van Der Waals force remains constant. Due to the magnetic nature of the tip, it becomes sensitive to magnetic interactions between the tip and the sample. The resonant frequency of the tip is perturbed by the stray field generated, which result in a small vibration amplitude and a oscillation phase change (in practical this latter provides a better signal to noise ratio since it varies linearly with the magnetic signal). If the interaction between the tip and the sample is attractive, the resonant frequency and the phase decrease; if it is repulsive, the frequency and the phase increase. In our representations, we consistently use bright contrast to indicate a repulsive interaction between the tip and the sample, and dark contrast to signify an attractive interaction between the tip and the sample. For a more visual understanding, refer to the schematic representation and formation of the MFM signal in Figure 2.3.

The stray field produced by the sample is related to the magnetic charges in the sample. If some volume charges (-divM) are present due to the Néel type magnetization rotation [START_REF] Tetienne | The nature of domain walls in ultrathin ferromagnets revealed by scanning nanomagnetometry[END_REF], the signal is dominated by the surface charges (M.n, with n the surface normal) due to the perpendicular magnetization. As a consequence, our images mostly reflect the out-of-plane magnetization component.

Tip selection

Because MFM tips are magnetic, they can potentially perturb the sample magnetic configuration. An illustrative example of tip-induced perturbation observed in our samples is presented in Figure 2.4. Both images in the figure depict the same sample, but they were acquired by reversing the tip magnetic moment using an external magnetic field in opposite directions. In the absence of the magnetic tip, the sample contains up and down domains (note that due to the magnetic history their proportion is not 50 %-50 %). At first sight, the two images show opposite trend, the minority magnetization orientation being observed as dark and bright respectively, due to the change in sensitivity direction when flipping the magnetization of the tip. However, the proportions are not the same. In the first image, the minority dark domains are larger than the minority bright domains of the second image. This is due to the tip induced perturbation, which favours domains with attractive contrast, i.e. magnetized along the same direction as the tip. The real situation typically falls somewhere between these two observations. To minimize the tip-induced perturbations, it is crucial to reduce the magnetic moment of the MFM tip as much as possible. To this end, we functionalize the MFM tips starting from standard commercial FMR AFM tips. This process involves depositing a magnetic Co 80% Cr 20% (5-20 nm) layer followed by a non-magnetic Cr (20-50 nm) layer on top of the AFM tip. Both the magnetic and non-magnetic layer thicknesses are tunable based on specific requirements. To minimize the perturbation, the CoCr thickness is reduced down to the limit of sensitivity. However, this is not sufficient. Indeed, as the tip closely follows the sample surface during the first topographic-scan, tip-induced perturbation is more pronounced compared to the second pass lift mode, where the tip-sample distance is increased. The role of the Cr layer is to increase the distance between the magnetic tip and the surface during this scan. This strategy proved to be efficient and allowed to minimize the perturbation, while keeping a sizeable and measurable signal.

To verify the absence of tip-induced perturbation, MFM tips are tested by capturing two images with reversed tip moment on a standard ferromagnetic sample containing two 1.5 nm thick Co layers, hosting a stripe phase. If the two images do not exhibit significant differences, the tip is considered suitable for imaging. Another method to confirm the absence of tip-induced perturbation is by varying the scan speed. The scan speed determines how much time the tip spends in proximity to any features on the sample, and as a result, perturbation is more prominent at lower scan speeds. As mentioned before, in this thesis, two types of samples have been investigated: FMs and SAFs. The above-described scenarios primarily apply to FM samples. The case of SAFs is rather different due to the vanishing signal when the two layers have the same magnetization and are antiparallel. While the sample stray field dramatically decreases, the risk of perturbation, related to the sample magnetization also decreases. As a consequence, thicker CoCr layer can be used to recover a measurable signal, without noticing significant perturbations. Typically up to 10-15 times more CoCr is used as compared to FM samples, while the thickness of the non-magnetic layer is decreased (see section 5.3.2.1 for more detail). This flexibility in selecting the thicknesses of the magnetic and non-magnetic layers on the MFM tip is crucial for imaging a wide range of samples, making it possible to be adaptable with magnetic properties of the material being studied.

Transport stage

The current induced skyrmion dynamics which is reported in chapter 4 and chapter 5 of this thesis has been carried out through imaging the samples under MFM. The imaging technique is not able to operate in real time so images where taken before and after the application of the pulse. However, to facilitate the investigation, the transport setup has been directly included at the microscope. Considering the high current density (> 10 11 A/m 2 ) required to act on skyrmions, nanosecond pulses are required to avoid overheating and destroying the samples. In order to enable such short pulses, particular care must be given. The experimental setup consists of a pulse generator (PicoSecond Pulse Lab 10,300B that enable up to 50 V pulses over 50 Ω with a 300 ps raise time), a sample and a final load, all connected by 50 Ω impedance cables, that acts as a transmission line, as described in Figure 2.6(a). The sample is connected using ultrasound bonding to a specific PCB that contain a 50 Ω coplanar wave guide and MCX connectors to connect the cables. Soft 10 cm, 50 Ω cables are used to avoid mechanical perturbation to the sample on the microscope. They are followed by high quality (absence of loss up to 40 GHz) cables for connections to the generator and oscilloscope. The PCB and soft cables enable transmission with no loss up to 5 GHz, sufficient for pulses with a raise time of down to 50 ps. with a resistance 𝑅, the voltage reflection Γ 𝑅 and transmission Γ 𝑇 coefficients are

Γ 𝑅 = 𝑅 2𝑍 0 1 + 𝑅 2𝑍 0 (2.1a) Γ 𝑇 = 1 1 + 𝑅 2𝑍 0 .
(2.1b)

with 𝑍 0 = 50 Ω the transmission line impedance. For an ideal non-resistive sample, the pulse is fully transmitted without any loss. For a finite resistance sample, the transmission is partially transmitted only. Our samples are typically 200 Ω, hence a transmission of about 33%.

The load placed after the sample at the end of the setup is meant to absorb the transmitted pulse and avoid a reflection back to the sample. We use a 𝑅 = 50 Ω load adapted in impedance to the transmission line. In practical, this load corresponds to the input of an oscilloscope (Tektronics DPO4101 with a 1 GHz band pass), which enables to measure the transmitted pulse through the sample, without the need to characterize a priori the sample transmission coefficient. The voltage pulse amplitude being measured on a 50 Ω resistance, the current pulse amplitude is 𝐼 pulse = 𝑉 oscilloscope /50. Additionally, the squareness of the pulse reveals the absence of deformation at the sample, and justifies a posteriori to consider the sample as a purely resistive device.

Considering the 50 V maximal pulse amplitude and a 30 % transmission, a maximum current of 300 mA can be sent through the sample. For a sample that consists of three 1 𝜇m wide tracks in a 20 nm thick multilayer, this corresponds to a maximum current density of 5 × 10 12 A/m 2 , enough for our measurements. Pulses as short as 2 ns could be sent without any loss (1 ns pulses are triangular shaped due to the limited pulse generator raise time).

Magnetic properties measurement

In this section, we outline various measurement techniques and protocols used to characterize our samples. It is important to note that the samples examined in this thesis are magnetic bilayer structures. However, in order to evidence the properties of each layer, the characterization has mostly been conducted through single magnetic layers, i.e. the sample with one of the Co layers (either the top or bottom) removed from the stack. This approach allows for the straightforward extraction of magnetic and interfacial properties for each individual layer. Since the interfaces and the order of deposition remains relatively unchanged, the growth quality is expected to be preserved and the magnetic properties of the single layer are expected to represent the characteristics they carry in their bilayer configuration.

We need to characterize sample parameters such as spontaneous magnetization, anisotropy, DMI, spin torque efficiency, damping constant, and gyromagnetic ratio. The measurement techniques to characterize these parameters include SQUID magnetometry, anomalous Hall effect, second harmonic torque measurements, and Brillouin light scattering (BLS).

SQUID

A Superconducting Quantum Interference Device (SQUID) is an highly sensitive magnetometer employed for measuring weak magnetic moments across a wide range of external magnetic fields and temperatures. Typically, a SQUID comprises two Josephson junctions placed in parallel, forming a superconducting loop where the magnetic flux is measured. Any modification in the magnetic flux, such as when a magnetized sample is brought into proximity with the SQUID, results in an alteration of the output voltage. Consequently, a SQUID provides a means to measure the total magnetic moment of a sample, specifically in the direction perpendicular to the orientation of the SQUID.

In this thesis, we have used a MPMS3 instrument from Quantum Design, with a precision of less than 10 -11 A/m 2 (10 -8 emu). All the measurements of magnetization have been performed at room temperature. Given the low sample signal (for a 1 nm thick magnetic layer with 𝑀 𝑆 = 1.3 × 10 6 A/m at a 5 × 5 mm 2 sample, the maximum moment is 3.25 × 10 -8 Am 2 ), particularly for synthetic antiferromagnetic samples at particular care was given to these measurements. Since during the deposition, some materials is always deposited at sample edges and give some parasitic signal (S-shaped loop that saturates at a few 100 mT), the samples were cut so that any exposed edges is removed.

Brillouin light scattering

Magnetic parameters such as 𝐷 DMI , anisotropy field 𝐻 𝐾 , gyromagnetic ratio 𝛾, and damping constant 𝛼 have been characterized using Brillouin light scattering (BLS) studies. The general idea is to use itinerant spin-wave whose energy is sensitive to all these parameters (note that contrary to ferromagnetic resonance that generally probes homogeneous precession, spin-waves are also sensitive to exchange energies). The principle is to measure the energy variation of back-scattered photons to determine the energy of spin-wave that are absorbed or emitted. To this aim, the sample magnetization is saturated within the film plane and in the plane of light incidence (Damon-Eschbach geometry) using an external magnetic field, and thermal spin-waves (SWs) propagating perpendicular to the field direction are probed by a laser arriving at a well defined incidence. The spin-wave vector is defined by the geometry as 𝑘 sw = 4𝜋 sin(𝜃) 𝜆 (𝜆 is the photon wave length and 𝜃 is the incident angle). When incoming photons interact with the spin-waves, they can either generate (Stokes process) or absorb (anti-Stokes process) magnons (quanta of spin-wave excitations) and the backscattered photons have lower or higher energies than the incident photons. Note that the two corresponding spin-waves have the same energy, but propagate along opposite directions In the Damon Eshbach geometry, the dynamic part of the spin-wave describes a cycloid that is therefore sensitive to DMI: the preferential handedness of the DMI in the systems results in an energy difference between the spin-waves propagating in opposite directions. This energy difference between the Stokes and anti-Stokes peaks reveals the chirality. Quantitatively, the energy of the spin-waves is given by the following expression: [START_REF] Belmeguenai | Interfacial Dzyaloshinskii-Moriya interaction in perpendicularly magnetized Pt/Co/AlO 𝑥 ultrathin films measured by Brillouin light spectroscopy[END_REF].

𝑓 = 𝑓 0 ± 𝑓 DMI = 𝜇 0 𝛾 2𝜋 √︃ [𝐻 + 𝐽 ex 𝑘 2 sw + 𝑃(𝑘 sw 𝑡) 𝑀 𝑠 ] [[𝐻 + 𝐽 ex 𝑘 2 sw -𝑃(𝑘 sw 𝑡)𝑀 𝑠 -𝐻 𝐾 ] ± 𝛾 𝜋𝑀 𝑠 𝐷 DMI 𝑘 sw (2.2)
Where, 𝑃(𝑘 sw 𝑡) = 1 -

1-exp(-|𝑘 sw |𝑡) |𝑘 sw |𝑡
and 𝐽 ex = 2𝐴 ex /𝑀 𝑆 corresponds to the Heisenberg exchange.

The obtained BLS spectra were fitted in order to extract the Stokes and the anti-Stokes peak frequencies with two Lorentzian functions:

𝑦 = 𝑦 0 + 𝐴 Γ 2 HWHM ( 𝑓 -𝑓 S/AS ) 2 + Γ 2 HWHM (2.3)
where 𝑓 S/AS is either 𝑓 𝑆 the Stokes or 𝑓 AS the anti-Stokes frequency, Γ FWHM = 2Γ HWHM the full-width at half maximum, 𝐴 the peak amplitude and 𝑦 0 a constant baseline. An example of the fit is shown in Figure 2.7 From the obtained BLS spectra, following the Stokes and anti-Stokes peak frequency, it is then possible to extract the DMI by varying the incident angle as

Δ 𝑓 = | 𝑓 AS | -| 𝑓 𝑆 | = 2𝛾 𝜋𝑀 𝑠 𝐷 DMI 𝑘 SW (2.4)
An example of experimental data to obtain DMI of the sample can be found in Chapter 5, In the limit, 𝑘 sw ≃ 0, the contribution of the exchange energy is negligible and the mean of the Stokes and the anti-Stokes frequency 𝑓 0 can be approximated as [START_REF] Kittel | On the theory of ferromagnetic resonance absorption[END_REF] 

𝑓 0 = 𝜇 0 𝛾 2𝜋 √︁ 𝐻 (𝐻 -𝐻 𝐾 ) (2.5)
From this last equation, the sample anisotropy field and gyromagnetic vector can be extracted.

Further the damping constant 𝛼 is calculated from the full width half maxima of the peaks as

Γ FWHM = 𝜇 0 𝛾 2𝜋 𝛼(2𝐻 -𝐻 K ) + 1 2 Δ𝐻 𝐾 √︂ 𝐻 𝐻 -𝐻 𝐾 (2.6)
where Δ𝐻 𝐾 represents the distribution of anisotropy fields in an inhomogeneous sample. The first terms of Eq. 2.6 represents the broadening due to intrinsic damping while the second terms stem from the inhomogeneous broadening. For 𝐻 ≫ 𝐻 𝐾 , this function leads to Γ FWHM ≈ 𝜇 0 𝛾 2𝜋 (2𝛼𝐻 -𝛼𝐻 𝐾 + 1 2 Δ𝐻 𝐾 ), that enable to extract the dissipation from the slope and characterize the disorder from the constant, which reveals the inhomogeneous linewidth even in the absence of damping. Examples of fit to experimental data can be found in Chapter 5, Figure 5.22

Second harmonic Hall measurement for SOT efficiency

When a current is passed through the sample, the current induced effective field modifies the equilibrium position of the magnetization. In this section, we explain the effect of a low frequency AC current on the sample. The goal is to establish the measurement technique to obtain the spin Hall efficiency (𝜉 DL ), which has been introduced in chapter 1.

In presence of an magnetic field, the energy of the system for a macrospin with uniaxial anisotropy is given by

𝐸 = -𝐾 eff cos 2 (𝜃) -𝜇 0 M • H (2.7)
with 𝐾 eff the effective OOP anisotropy. The equilibrium magnetization direction (𝜃 0 ,𝜑 0 ) is the solution of 𝜕𝐸 𝜕𝜃 = 0 and 𝜕𝐸 𝜕𝜑 = 0. Although a macrospin approximation is not usually suited to ultrathin films, it remain valid as long as the applied magnetic field is almost perpendicular to the anisotropy axis [START_REF] Grolier | Unambiguous evidence of oscillatory magnetic coupling between Co layers in ultrahigh vacuum grown Co/Au(111)/Co trilayers[END_REF].

Let us first describe the effect of a DC current. When DC current 𝐼 is injected into a HM/FM bilayer, it induces an effective field (ΔH) acting on the magnetization. As a consequence, the magnetization shifts from the equilibrium position by an amplitude (Δ𝜃, Δ𝜑) as [START_REF] Hayashi | Quantitative characterization of the spin-orbit torque using harmonic Hall voltage measurements[END_REF][START_REF] Krishnia | Spin-orbit coupling in single-layer ferrimagnets: direct observation of spin-orbit torques and chiral spin textures[END_REF] 

Δ𝜃 = cos 𝜃 0 (Δ𝐻 𝑥 cos 𝜑 0 + Δ𝐻 𝑦 sin 𝜑 0 ) -Δ𝐻 𝑧 sin 𝜃 0 𝐻 𝐾 cos 2𝜃 0 + 𝐻 cos(𝜃 0 -𝜃 𝐻 ) Δ𝜑 = Δ𝐻 𝑦 cos 𝜑 0 -Δ𝐻 𝑥 sin 𝜑 0 𝐻 sin 𝜃 𝐻 (2.8)
These modulation amplitudes can be extracted from the anomalous Hall voltage mea- This formulation can then be extended to take into the effect of a sinusoidal AC current, to independently extract the contributions from (𝜃 0 , 𝜑 0 ) and (Δ𝜃, Δ𝜑). Due to the presence of an AC current 𝐼 0 sin(𝜔𝑡), the SOT field is also modulated as Δ𝐻 → Δ𝐻 sin(𝜔𝑡). As a consequence, the magnetization direction also oscillate as Δ𝜃 → Δ𝜃 sin(𝜔𝑡) and Δ𝜑 → Δ𝜑 sin(𝜔𝑡)2. Hence the Hall voltage comes out to be,

𝑉 𝑥𝑦 = 𝑉 0 + 𝑉 𝜔 sin(𝜔𝑡) + 𝑉 2𝜔 cos(2𝜔𝑡) (2.10)
with

𝑉 𝜔 = 𝑉 𝐴 cos 𝜃 0 + 𝑉 𝑃 sin 2 (𝜃 0 ) sin(2𝜑 0 ) 𝑉 2𝜔 = 1 2 [𝑉 𝐴 sin 𝜃 0 -𝑉 𝑃 sin(2𝜃 0 ) sin(2𝜑 0 )]Δ𝜃 -𝑉 𝑃 sin 2 (𝜃 0 ) cos(2𝜑 0 )Δ𝜑 (2.11)
with 𝑉 𝐴 = 𝑅 𝐴 𝐼 0 , the anomalous voltage and 𝑉 𝑃 = 𝑅 𝑃 𝐼 0 the planar Hall voltage. It is to be noted that the first harmonic signal is only sensitive to the magnetization rotation angle 2We assume synchronization of effective field and modulation angle Δ𝜃 and Δ𝜑 is with the current frequency. This is valid when the AC frequency is much lower compared to the Larmor frequency (typically in GHz). In our measurements, the applied Ac frequency lies in the range of 10-200 Hz.

(𝜃 0 , 𝜑 0 ). The oscillations due to the current are encompassed inside the second harmonic voltage. Hence separating the two effects.

In the experimental configuration, we measure both first and second harmonic signals simultaneously through a lock-in with respect to sweeping external magnetic field. The magnetization angle (𝜃 0 , 𝜑 0 ) and consequently, the effective anisotropy field is determined from the first harmonic signal. This is then utilized in the second harmonic analysis to determine the effective field induced by the current. Below we outline the extraction procedure for OOP (𝐻 𝐾 > 0) and IP (𝐻 𝐾 < 0) samples.

First harmonic signal: extraction of magnetization rotation angle and anisotropy

For OOP samples, the magnetic field is swept in the plane of the sample, with a small misalignment angle (𝛿𝜃 𝐻 : around 5 • in our experiments), to avoid the formation of multidomain states. 𝑉 𝜔 when normalized to ±1, essentially provides the reduced magnetization along the OOP direction. First, 𝜃 0 , can be directly extracted from 𝑉 𝜔 . The extraction of 𝐻 𝐾 and 𝛿𝜃 𝐻 , follows from an analytical expression for the Stoner-Wohlfarth model [START_REF] Wood | Exact solution for a Stoner-Wohlfarth particle in an applied field and a new approximation for the energy barrier[END_REF]. (2.13)

cos 𝜃 0 = 𝑓 6 ± 1 6 √︄ 2 𝑓 2 -18𝑒 + 54ℎ 𝑧 (1 + ℎ 2 ip ) 𝑓 - ℎ 𝑧 2 (2.

DL torque extraction

The current-induced field has two orthogonal contributions, the damping-like (𝐻 DL ) and field-like (𝐻 FL ), which can be obtained by sweeping the applied field along or transverse to the current direction in the plane of the sample. Here, we show the extraction of the DL field. The field sweep for DL configuration requires the applied field to be along the current direction, 𝜃 𝐻 = 𝜋/2 + 𝛿𝜃 𝐻 and 𝜑 = 𝜑 𝐻 = 0. Under this condition,

𝑉 𝐷 𝐿 2𝜔 = - 1 2 sin(𝜃 0 ) 𝐻 DL 𝑉 𝐴 𝐻 𝐾 cos(2𝜃 0 ) -𝐻 sin(𝛿𝜃 𝐻 -𝜃 0 ) + 2𝐻 FL 𝑉 𝑃 sec(𝛿𝜃 𝐻 ) sin(𝜃 0 ) 𝐻 (2.

14)

In a similar way, by considering 𝜃 𝐻 = 𝜋/2 + 𝛿𝜃 𝐻 and 𝜑 𝐻 = 𝜋/2, the field like contribution can be extracted.

𝑉 𝐹 𝐿 2𝜔 = - 1 2 cos(𝜃 0 ) sin(𝜃 0 ) 𝐻 FL 𝑉 𝐴 𝐻 𝐾 cos(2𝜃 0 ) -𝐻 sin(𝛿𝜃 𝐻 -𝜃 0 ) + 2𝐻 DL 𝑉 𝑃 sec(𝛿𝜃 𝐻 ) sin(𝜃 0 ) 𝐻 (2.15)
For IP samples, the DL field is evaluated following the field sweep along the OOP direction, and 𝜃 𝐻 = 𝛿𝜃 𝐻 , 𝜑 𝐻 = 0. The field dependence on the second harmonic voltage is given by:

𝑉 2𝜔 = - 1 2 sin 𝜃 0 𝑉 𝐴 𝐻 𝐷 𝐿 𝐻 𝐾 cos(2𝜃 0 ) + 𝐻 cos(𝛿𝜃 𝐻 -𝜃 0 ) (2.16)
Here, we focus on the extraction of DL field as it is the relevant parameter for texture dynamics experiments. It is to be noted that the geometry with 𝜙 𝐻 = 0 mostly sensitive to the DL field, and a small sensitivity to the FL field is evidenced through the planar Hall effect (and vice versa for 𝜙 𝐻 = 𝜋/2) Usually, for our samples, 𝑉 𝑃 𝑉 𝐴 < 0.1 and this contribution can be neglected. Fitting the curve with this model enable to determination of the spin torque efficiency 𝜉 𝐷 𝐿 as computed following Eq. 1.33. An example of experimental data and fitting for both OOP and IP samples can be found in Figure 5.5. In figure 2.9, we show the expected result for OOP and IP geometry, both for 𝑉 𝜔 and 𝑉 2𝜔 . Usually, the analysis is limited to the small field range where some sensitivity is evident [START_REF] Hayashi | Quantitative characterization of the spin-orbit torque using harmonic Hall voltage measurements[END_REF]. However, since the effect of SOT is more pronounced close to the anisotropy field [START_REF] Krishnia | Spin-orbit coupling in single-layer ferrimagnets: direct observation of spin-orbit torques and chiral spin textures[END_REF], we analyse the full field regime. Note that in such a case, it is important to accurately determine not only the anisotropy field but also the exact direction of the external field. 𝑉 𝜔 (eq. 2.12 and 2.13) enable to determine the static parameters (anisotropy field) and 𝑉 2𝜔 , plotted here for the damping-like torque and neglecting the planar Hall effect (eq. 2.14 and 2.16), reveal the effect of the SOT. Note that while some sensitivity is observed at small fields, following [START_REF] Hayashi | Quantitative characterization of the spin-orbit torque using harmonic Hall voltage measurements[END_REF], the effect of the DL torque is more pronounced close to the anisotropy field [START_REF] Krishnia | Spin-orbit coupling in single-layer ferrimagnets: direct observation of spin-orbit torques and chiral spin textures[END_REF].

Chapter 3

Skyrmion inertia in synthetic antiferromagnets

The concept of mass and inertia in magnetic textures traces its origins back to 1948 when Döring's early work introduced the idea [START_REF] Döring | Über die Trägheit der Wände zwischen Weißschen Bezirken[END_REF]. Mass and inertia become particularly relevant when discussing solitonic magnetic structures, such as domain walls, vortex cores, and skyrmions. These structures exhibit characteristics similar to particles as they can be excited and manipulated by external forces. The widely used Thiele equation at steady state describes their dynamics as a mechanical force equation. The presence of a mass in DWs is apparent from the 1D model of DW dynamics, where the wall position 𝑥(𝑡), the wall-angle 𝜙(𝑡) appear as canonically conjugated variables [START_REF] Slonczewski | Dynamics of magnetic domain walls[END_REF][START_REF] Schryer | The motion of 180°domain walls in uniform dc magnetic fields[END_REF] and the potential energy associated with 𝜙(𝑡) characterizes the wall mass. Similarly, based on Döring kinetic model, inertial dynamics of magnetic vortex cores has been demonstrated [START_REF] Yoo | Analytical model of the deformation-induced inertial dynamics of a magnetic vortex[END_REF]. However, the question of whether solitonic skyrmions possess a mass has been the subject of substantial debate. Various theories and experiments have suggested the presence of inertia in topological bubbles [START_REF] Büttner | Dynamics and inertia of skyrmionic spin structures[END_REF][START_REF] Moutafis | Dynamics and switching processes for magnetic bubbles in nanoelements[END_REF][START_REF] Makhfudz | Inertia and chiral edge modes of a skyrmion magnetic bubble[END_REF], but whether chiral and small skyrmions exhibit mass remains a contentious topic [START_REF] Back | The 2020 skyrmionics roadmap[END_REF]. Some studies have reported the absence of mass in ferromagnetic skyrmions [START_REF] Kravchuk | Spin eigenmodes of magnetic skyrmions and the problem of the effective skyrmion mass[END_REF], while others have observed inertia under specific excitation conditions [START_REF] Shiino | Inertia-driven resonant excitation of a magnetic skyrmion[END_REF] or near magnetic defects [START_REF] Pavlis | Curvature-induced skyrmion mass[END_REF].

Recent research in antiferromagnetic systems has introduced a novel class of skyrmions in which mass is an intrinsic property of the texture, emerging naturally from a finite antiferromagnetic coupling [START_REF] Velkov | Phenomenology of current-induced skyrmion motion in antiferromagnets[END_REF][START_REF] Kim | Fast vortex oscillations in a ferrimagnetic disk near the angular momentum compensation point[END_REF][START_REF] Kim | Self-focusing skyrmion racetracks in ferrimagnets[END_REF] due to deformation of the bound state. Here the deformation refers to separation of the skyrmion cores in the two lattices. Without going into a rigorous analytical calculation, we first demonstrate the effect through an intuitive explanation and micromagnetic simulations.

Let us consider two rigid skyrmions antiferromagnetically coupled. In section 1.4.4, we saw that, when moment is compensated, AF skyrmions move along the current direction. However due to opposite polarity, the gyrotropic forces acting on the two skyrmions are in opposite directions, attempting to separate them from each other. The separation between the two skyrmion is limited by the skyrmion-skyrmion interaction, which creates a force opposite to the gyrotropic force. One only expects motion along current direction, when the effect of gyrotropic force is compensated through the skyrmion-skyrmion AF coupling force. To reach this, a transient regime from aligned to spatially separated skyrmions is expected, and should induce an inertia to the skyrmion pair. It is to be noted that the gyrotropic force depends on the skyrmion velocity, whereas the coupling force depends on the separation between the skyrmion cores and initially can be assumed as a spring force for small separations. We will later see in section 3.2 that it is indeed a good approximation. Due to the finite interlayer coupling between the two layers, a force maximum can be anticipated, and therefore a maximum velocity, beyond which the two skyrmions decouple. We demonstrate the distinct dynamics of skyrmions below and above this threshold in Figure 3.1 with snapshots of the 2D representation of skyrmion-pair in a SAF system. 3.1(a), illustrates the skyrmion dynamics when the coupling force experienced by the skyrmion pair remains below the maximum force threshold, preserving the stability of the bound state. However, slight deformation of the pair is apparent due to the spatial separation of the skyrmions. Details regarding this spatial separation in the steady state will be explored in Section 3.3.2. Additionally, to attain a stationary regime, the skyrmion bound state undergoes deformation, introducing inertia into the system, as expounded upon in Section 3.3.4. As the SOT force is increased the skyrmion velocity increases and the skyrmion pair separation increases. Beyond a maximum force, the two skyrmions begin to separate. This scenario is shown in 3.1 (b). Here, the bound state is no longer stable, leading to two decoupled skyrmions in each layer. It is important to note that opposite transverse motion of the skyrmions is restored due to their opposite polarity. A consequence of the maximum force, between the scenarios shown in Figure 3.1(a) and 3.1(b), a maximum velocity of skyrmions can be anticipated. This is discussed in section 3.3.3. Figure 3.1(c) illustrates an alternative scenario where due to the exchange field between the two layers, the decoupled individual skyrmion state lose stability. Consequently, instead of skyrmion decoupling, the bound state undergoes annihilation when the force threshold is crossed. In Figure 3.1(d), another situation is demonstrated where an increase in the SOT force results in the elongation of skyrmions in both layers rather than decoupling. In this case, the bound state continually deforms and do not reach a steady state. The absence of a steady state indicates that the skyrmions are not robust. It is important to note that this effect is primarily observed in systems where 𝐷 DMI ≃ 𝐷 𝑐 , where the uniform state is precariously close to destabilization. Such a situation has been already been described in the literature [START_REF] Litzius | The role of temperature and drive current in skyrmion dynamics[END_REF][START_REF] Chen | Skyrmion dynamics in the presence of deformation[END_REF] and we do not enter into details regarding it here.

In the literature, the effect of skyrmion inertia systems is usually described with an effective model. Here the Néel order parameter n = (m 1m 2 )/2 serves to describe the dynamics of magnetization. The dynamics of skyrmions can then be derived by integrating the time dependant dynamics of the order parameter within the collective coordinate approach [START_REF] Tveten | Staggered dynamics in antiferromagnets by collective coordinates[END_REF]. For skyrmions such a solution results in a equation of motion analogous to the Thiele equation, along with an additional term accounting for the mass of the skyrmion [START_REF] Velkov | Phenomenology of current-induced skyrmion motion in antiferromagnets[END_REF][START_REF] Kim | Self-focusing skyrmion racetracks in ferrimagnets[END_REF][START_REF] Kim | Fast domain wall motion in the vicinity of the angular momentum compensation temperature of ferrimagnets[END_REF]. However, the effective model is only valid under the assumption that |n| is constant, and hence is limited to situations where the magnetization in the two sublattice are antiparallel to each other (i.e. small skyrmion-skyrmion separation). For example, the effect of skyrmion separation and eventually decoupling effects cannot be accounted through this To address this limitation, a more comprehensive approach relies on explicit description of the coupled lattice which we employ in this chapter. Instead of considering the Néel order parameter, we describe the dynamics of skyrmions inside each sublattice of the AF with separate ferromagnetic Thiele equations [START_REF] Büttner | Theory of isolated magnetic skyrmions: from fundamentals to room temperature applications[END_REF]. The AF coupling between the sublattice is included inside each Thiele equation in the form a coupling force between the skyrmions.

The chapter is structured as follows. An analytical model is developed to describe skyrmion dynamics in AF coupled sub lattice systems applicable to a wide range of materials with antiferromagnetic coupling, including real antiferromagnets, ferrimagnets, and synthetic antiferromagnets. Micromagnetic simulations have been performed to validate the analytical model keeping the specific case of synthetic antiferromagnets in mind.

Micromagnetic parameters and skyrmion size in SAF

Micromagnetic simulations of SAF carried out in this chapter were conducted using MuMax3 [START_REF] Vansteenkiste | The design and verification of MuMax3[END_REF]. The specific micromagnetic parameters utilized in these simulations are detailed in Table 3.1. These parameters were carefully selected to closely replicate the characteristics of a CoFeB-based SAF. Throughout, both magnetic layers within the SAF are kept identical unless otherwise specified. Since the system is at angular momentum compensation, dipolar coupling is accounted for in a local form integrated inside the effective anisotropy of the system. It is worth noting that the effective anisotropy and In the case of SAFs, due to low magnetization, the stabilized skyrmions are expected to exhibit smaller radii compared to the ferromagnetic situation [START_REF] Bernand-Mantel | The skyrmion-bubble transition in a ferromagnetic thin film[END_REF][START_REF] Büttner | Theory of isolated magnetic skyrmions: from fundamentals to room temperature applications[END_REF]. This difference in size significantly impacts the geometric parameters, namely 𝑛, 𝑑, and 𝑓 (see chapter1, section 1.4.3), which influence the dynamics of skyrmions. To tune skyrmion size in our simulations, we modulate DMI within the range of -1.4 mJ/m -2 to -2.8 mJ/m -2 . This range falls below the critical DMI parameter (|𝐷 𝑐 | = 2.85 mJ/m 2 ), where the domain wall energy becomes positive, allowing skyrmions to be metastable [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF]. We initiated simulations with skyrmions of arbitrary sizes, albeit close to the expected radius, and subjected them to a relaxation process to determine their equilibrium size. The micromagnetic simulations yielded skyrmions ranging from 1.4 nm to 20 nm in size, covering the crucial distinction between small skyrmions (𝑅 < Δ) and large (𝑅 > Δ) skyrmions. The variation of skyrmion size with DMI is depicted in Figure 3.2 and is compared to an analytical formula 𝑅/Δ = [2(1 -𝐷/𝐷 𝑐 )] -1/2 calculated with in local dipolar approximation [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF]. The analytical formula is valid for large skyrmions and exhibits good agreement for 𝑅/Δ > 2.

Furthermore, we designed the interlayer antiferromagnetic coupling to resemble the typical strengths obtained through the RKKY interaction when employing a non-magnetic spacer layer [START_REF] Parkin | Oscillations in exchange coupling and magnetoresistance in metallic superlattice structures: Co/Ru, Co/Cr, and Fe/Cr[END_REF], such as ruthenium (Ru) or iridium (Ir), which are commonly used spacers in SAF. The interlayer coupling was varied between 10 -4 and 1 J/m 2 . It can be commented that, in our SAF based on Ir/Pt, an antiferromagnetic coupling strength of 1 mJ/m 2 was found ( see chapter 5). The equilibrium skyrmion size remains independent of the interlayer coupling strength, as expected, given the locally perfect antiferromagnetic alignment in the static calculations. 

Skyrmion profile

The coupling between the two skyrmions arise from the antiferromagnetic interaction between the two layers, which can be described by the energy term

E AF = 𝐽 AF ∬ (m 1 • m 2 + 1)𝑑 2 𝑟 (3.1)
Here, 𝐽 AF represents the interaction energy constant, which should have a positive value to promote the antiparallel alignment of the magnetic moments. It is worth noting the presence of the "+1" term in the equation, ensures E AF is zero when the moments are aligned antiparallelly. The magnetic configuration of the skyrmions in the two sublattices are given by m 1 (r) and m 2 (r). A strong AF coupling ensures m 2 (r) = -m 1 (r) in the static situation. The skyrmion profile can be established based on parameters such as radius (𝑅), DW width parameter (Δ), core polarity (𝑃) and chirality (𝑐). In section 1.4.1, we discussed the problematics of finding an exact solution to the skyrmion energy functional. In the absence an exact solution, we assume the skyrmions to have a rigid profile described by the ansatz [START_REF] Tomasello | Origin of temperature and field dependence of magnetic skyrmion size in ultrathin nanodots[END_REF]:

tan 𝜃 (r) 2 = 𝑅 𝑟 exp 𝑅 -𝑟 Δ (3.2a) 𝑚 𝑧 (r) = 𝑃 cos[𝜃 (r)] (3.2b) 𝑚 𝑥 (r) = 𝑐𝑃 √︃ 1 -𝑚 2 𝑧 cos[𝜙(r)] (3.2c) 𝑚 𝑦 (r) = 𝑐𝑃 √︃ 1 -𝑚 2 𝑧 sin[𝜙(r)] (3.2d)
Here, 𝜃 represents the angle of the magnetization with respect to the sample normal, r is the radial coordinate of skyrmion and 𝜙 represents the angle between r and x. While this ansatz is not an exact analytical solution for the skyrmion profile, it has been shown to provide a good approximation over a wide range of 𝑅/Δ values. The 𝑚 𝑧 component of skyrmions across a radial direction as obtained from micromagnetic simulations is compared to the ansatz in Figure 3.3 for different skyrmion radii where 𝑅/Δ varies between 0.33 to 4.51.

The computed and simulated result demonstrate good agreement. From the radial profile a crucial distinction between small and large skyrmion can be noticed: for small skyrmions, the magnetization rotates continuously, while for large skyrmions, there is a region around the skyrmion core where the magnetization remains relatively constant. 

Coupling between two skyrmions in compensated AF

After verifying the ansatz for the skyrmion profile, we use this ansatz to calculate the coupling force between the two skyrmions based on their separation in the two sublattices.

This involves the displacement of one skyrmion relative to the other, and we compute the energy cost associated with this separation, which in turn yields the coupling force between the two skyrmions as F 12 = -𝜕E AF 𝜕𝛿R . Here, 𝛿R represents the separation between the skyrmion cores in the two sublattices. The force is normalized to the antiferromagnetic coupling constant and the skyrmion radius. The dots correspond to a numerical evaluation using two rigid skyrmions described by the profile obtained from the ansatz in [START_REF] Tomasello | Origin of temperature and field dependence of magnetic skyrmion size in ultrathin nanodots[END_REF]. The full lines correspond to the small skyrmion separation approximation (Eq. 3.5), and the dashed lines correspond to the large skyrmion separation approximation (Eq. 3.8). Note that for small separation corresponding to 𝑅/Δ > 10, 𝐹 2/1 /𝑅 is independent on the skyrmion size since, in this range, 𝑑 ≈ 2𝜋𝑅/Δ (therefore, 𝐹 2/1 ≈ 2𝜋𝐽 AF 𝑅𝛿𝑅/Δ). (b) Maximum coupling force and (c) corresponding skyrmion separation vs. skyrmion size. In (c), the full line corresponds to 𝛿𝑅 max = 𝑅, valid for small skyrmions.

To establish an analytical model for this coupling, we categorize the skyrmion separation into two distinct regimes: small and large separation. The key differentiation between these two regions lies in the degree of overlap between the skyrmion peripheries. In the case of small separation, there is a significant overlap between the skyrmion peripheries. Conversely, when the separation is large compared to Δ, the overlap between skyrmion peripheries is negligible and the energy primarily corresponds to the overlap between skyrmion cores.

In the small separation regime, the skyrmion profile in one layer can be described in terms of the magnetization in the other layer as:

m 2 ≈ -m 1 -𝛿𝑅 𝜕m 1 𝜕𝑢 - 1 2 
𝛿𝑅 2 𝜕 2 m 1 𝜕𝑢 2 (3.3)
𝑢 being coordinate along the separation direction. With this approximation, the coupling energy Eq. 3.1 can be developed as:

E small AF ≈ 𝐽 AF 2 𝛿𝑅 2 ∬ 𝜕m 1 𝜕𝑢 2 𝑑 2 𝑟 = 𝐽 AF 2 𝑑𝛿𝑅 2 (3.4)
The geometrical parameter 𝑑 (see section 1.4.3) naturally arises in the energy functional.

The coupling force can be derived by taking a derivative with the separation and comes out to be:

F small 2/1 ≈ -𝐽 AF 𝑑𝛿R (3.5) 
In this linear model, the antiferromagnetic interaction acts similarly to a spring force between the two skyrmions, where the spring constant is represented by:

𝑘 = 𝐽 AF 𝑑 (3.6)
It is worth highlighting that this spring constant depends on the skyrmion size through 𝑑, and in the limit of large skyrmions (𝑅 ≫ Δ), where, 𝑑 → 2𝜋𝑅/Δ, 𝑘 varies linearly with the skyrmion size.

In situations where the separation between skyrmions is significantly larger than Δ, the energy is primarily associated with the overlap between the skyrmion cores. This assumption is valid when the skyrmions are relatively large compared to Δ and can be approximated as circular domains with homogeneous magnetization. A geometrical calculation gives

E large AF ≈ 2𝐽 AF 𝑅 2       𝜋 -2 acos 𝛿𝑅 2𝑅 + 𝛿𝑅 𝑅 √︄ 1 - 𝛿𝑅 2𝑅 2       for 𝛿𝑅 < 2𝑅 (3.7a) ≈ 2𝐽 AF 𝑅 2 𝜋 for 𝛿𝑅 > 2𝑅 (3.7b)
This leads to the coupling force:

F large 2/1 ≈ -8𝑅𝐽 AF √︄ 1 - 𝛿𝑅 2𝑅 2 u for 𝛿𝑅 < 2𝑅 (3.8a) ≈ 0 for 𝛿𝑅 > 2𝑅 (3.8b)
It is to be noted that when 𝛿𝑅 exceeds 2𝑅, the overlap between the skyrmion cores vanishes. The energy is constant and coupling force is zero. The skyrmion bound state decouples into individual skyrmions in both layers. Additionally, the stability of individual skyrmions in the two layers is not guaranteed after separation. This is anticipated due to the unfavourable coupling between the homogeneous state and the skyrmion core in two sublattices, both aligned along the same direction. In principle, as skyrmions begin to separate, we anticipate small changes in their shapes, regardless of whether the separation is small or large. However, for the purposes of the analytical and numerical models presented here, we have simplified this aspect by adopting the robust skyrmion approximation, which is close to the real scenario.

The analytically calculated forces as a function of skyrmion separation are depicted in Figure 3.4(a) and are compared to the numerical calculations. Two distinct regimes described above for the numerical calculations for small and large separation are clearly visible, and demonstrate good agreement with equations 3.5 and 3.8. The large skyrmion separation regime do not accurately describe the coupling strength for small skyrmions (𝑅/Δ ≲ 1) since skyrmions of such small sizes cannot be accurately described by circular homogeneous domains. The maximum coupling force observed from numerical calculations (|F 2/1,max | = 9 to 10𝑅𝐽 AF ) is slightly larger than the anticipated values from the two approximations in the analytical method (8𝑅𝐽 AF ) (Figure 3.4(b)). The corresponding skyrmion separation 𝛿𝑅 max at this force maximum is a few Δ for the largest skyrmions and approximately the size of the skyrmion radius for the smallest skyrmions.

Skyrmion dynamics modelling for antiferromagnetic double lattice systems

After introducing the static properties, we now discuss the dynamics of skyrmions in a magnetic double lattice with antiferromagnetic coupling between the sublattices, each hosting Néel skyrmions forming a bound state. The Thiele equation, which describes the steady state dynamics of solitons can be established by the integration of the magnetization dynamics over the full space within the collective coordinate approach [START_REF] Thiele | Steady-state motion of magnetic domains[END_REF]. The dynamics of the reduced magnetization in FMs is given by the LLG equation 3.9. Let us reiterate here in a more convenient manner [START_REF] Haltz | Domain wall dynamics in antiferromagnetically coupled double-lattice systems[END_REF] 

𝜕m 𝜕𝑡 = -𝛾 0 m × H 𝑚 + 𝛼m × 𝜕m 𝜕𝑡 (3.9a) =⇒ 𝐿 𝑠 𝜕m 𝜕𝑡 = -m × f 𝑚 + 𝐿 𝛼 m × 𝜕m 𝜕𝑡 (3.9b)
with H 𝑚 the effective field described as

H 𝑚 = -1 𝜇 0 𝑀 𝑠 𝛿E tot
𝛿m and f 𝑚 = -𝛿E tot 𝛿m is an effective force on m, 𝐿 𝛼 = 𝛼𝐿 s and 𝐿 𝑠 the net angular momentum density of the system.

One can formulate a similar dynamics solution, for antiferromagnetic systems by considering the Néel ordering parameter n = (m 1m 2 )/2. Assuming that |n| remains constant, the dynamics of this order parameter follows [START_REF] Kim | Self-focusing skyrmion racetracks in ferrimagnets[END_REF] 

𝐿 𝑠 𝜕n 𝜕𝑡 + 𝜌 AF n × 𝜕 2 n 𝜕𝑡 2 = n × f 𝑛 -𝐿 𝛼 n × 𝜕n 𝜕𝑡 (3.10)
with f 𝑛 the effective force on n described as f 𝑛 = -𝛿E tot 𝛿n , 𝜌 af ∝ 1 𝐽 af and 𝐿 𝛼 = 𝛼 1 𝐿 s1 + 𝛼 2 𝐿 s2 and 𝐿 𝑠 = 𝐿 𝑠1 -𝐿 𝑠2 the net angular momentum density of the system, indices in the subscript representing the sublattice numbers. One can notice the similarity between the two dynamic equations, apart from an additional term 𝜌 af n × 𝜕 2 n 𝜕𝑡 2 term in Eq. 3.10, which introduces an inertia. This arises at finite AF coupling, as each lattice precess in opposite sense due to their opposite polarization. Within the collective co-ordinate approach [START_REF] Tveten | Staggered dynamics in antiferromagnets by collective coordinates[END_REF], similar to Thiele equation, a dynamic equation for AF skyrmions can be established. This is for example demonstrated by [START_REF] Kim | Self-focusing skyrmion racetracks in ferrimagnets[END_REF] for the case of ferrimagnets where the additional inertia term introduces an extra term 𝑀 v to the AF Thiele equation.

Here, 𝑀 = 𝜌 AF ∫ 𝑑𝑥𝑑𝑦(𝜕 𝑥 n 0 ) 2 represents the associated mass of the skyrmion and is found inversely proportional to the antiferromagnetic coupling strength. Though this formulation is effective, it is limited to small skyrmion velocities, where the skyrmions remain aligned and |n| = 1 remains constant.

Thiele equation modelling for antiferromagnetic sublattices

To overcome the small separation limitations, We adopt two coupled Thiele equations including the antiferromagnetic coupling forces introduced in 3.2. We adopt this model due to the simplicity it offers to describe the intricate dynamics of the bound state, including phenomena such as the decoupling of the bound state that linear approximation models often cannot capture.

The two Thiele equations for the bound state are presented as follows:

G 1 × v 1 -𝛼 1 𝐷 1 v 1 + F 1 + F 2/1 = 0 (3.11a) G 2 × v 2 -𝛼 2 𝐷 2 v 2 + F 2 + F 1/2 = 0. (3.11b)
In these equations, the subscripts denote parameters associated with sublattices 1 and 2.

To reiterate, G = 4𝜋𝐿 𝑠 𝑡 ẑ, represents the gyrovector pointing along the film normal, 𝐷 is the dissipation constant with 𝛼𝐷 = 𝛼𝐿 𝑠 𝑡𝑑, v represents the skyrmion velocity, and F is the SOT-induced force, given by ℏ 2𝑒 J𝜃 SH 𝑓 . The coupling forces between the two skyrmions are denoted as F 2/1 and F 1/2 . By definition, F 2/1 = -F 1/2 , following the action-reaction principle. A schematic representation of these different forces is presented in Figure 3.5 for a SAF situation. When there is strong coupling between the two sublattices, the skyrmion profiles are similar, with m 1 = -m 2 . This implies that the geometric parameters 𝑛, 𝑑, and 𝑓 (see section 1.4.3) for the two skyrmions are related as follows:

𝑛 1 = -𝑛 2 , 𝑑 1 = 𝑑 2 ,
and

𝑓 1 = 𝑓 2 .
Assuming steady-state dynamics with velocities v 1 = v 2 = v, and without questioning the stability of the bound state, the two coupled Thiele equations can be summed to obtain an effective Thiele equation with effective parameters:

G eff = (𝐿 s1 -𝐿 s2 )𝑡𝑛ẑ (3.12a) (𝛼𝐷) eff = (𝛼 1 𝐿 s1 + 𝛼 2 𝐿 s2 )𝑡𝑑 = 𝐿 𝛼 𝑡𝑑 (3.12b) F tot = - ℏ 2𝑒 J (𝜃 SH1 + 𝜃 SH2 ) 𝑓 = - ℏ 2𝑒 J𝜃 SH 𝑓 (3.12c)
The solutions to the steady-state dynamics with the effective parameters are given by:

𝑣 = ℏ𝐽Θ SH 𝑓 2𝑒𝐿 𝛼 𝑡𝑑 / √︃ 1 + 𝜌 2 (3.13a) 𝜌 = 𝑣 𝑦 𝑣 𝑥 = 𝐿 𝑠 𝑛 𝐿 𝛼 𝑑 (3.13b)
It is seen to recover the dynamics of skyrmion motion in ferromagnets with the effective parameters (see section 1.4.3). When angular momentum is compensated between the two sublattices the effective gyrovector is zero, consequently deflection parameter 𝜌 = 0, and the bound state skyrmion moves along the force direction without any transverse velocity, as predicted for antiferromagnetic materials [START_REF] Barker | Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current and temperature[END_REF][START_REF] Zhang | Magnetic bilayer-skyrmions without skyrmion Hall effect[END_REF]. 

Skyrmion separation at steady state

At steady state, the gyrotropic force in each layer is compensated by the coupling force and the two skyrmions are spatially separated from each other. The analysis of coupling force vs separation (Figure 3.4(a)) reveals that in the large separation regime, the coupling force decreases monotonically with increasing separation until the skyrmions are decoupled. Hence, if the skyrmions reach this regime, further separation cannot compensate for gyrotropic effects. Therefore for the analysis of separation during steady state, we only consider the small separation region, where the coupling force behaves similar to a spring force (Eq. 3.5). Note that the small coupling region extends from zero to a maximum separation limit of 𝑅 max as discussed earlier (Figure 3.4 (c)). Additionally, here we consider the possibility of unequal SOT forces in each layer (𝐹 1 ≠ 𝐹 2 ). Under this condition, the skyrmion experiencing the larger applied force will drag the second one via the interlayer coupling. This introduces another source of skyrmion separation, leading to a more complex dynamic behaviour.

The skyrmion separation in the steady state is calculated using the Eq. 3.11 with the linear force approximation F small 2/1 = -𝑘𝛿R. This leads to a separation

𝛿R = G × v -1 2 ΔF 𝑘 (3.14)
Here, ΔF = F 2 -F 1 represents the difference in SOT forces acting on the two skyrmions. The skyrmion separation is found to be inversely proportional to the spring constant 𝑘 and, consequently, to the antiferromagnetic coupling constant. Figure 3.6(a), shows a comparison between the separation along the longitudinal (x) and transverse (ŷ) direction as a function of the force difference. The SOT force is modelled such that F tot = F 1 + F 2 remains constant and ΔF = 𝜂F tot . Using this convention, Eq. 3.14 in terms of the net SOT force can be rewritten as

𝛿R = 1 2𝑘 G × F tot 𝛼𝐷 -𝜂F tot (3.15) 
When both SOT forces are equal (F 1 = F 2 , i.e., 𝜂 = 0), the skyrmion separation 𝛿R is orthogonal to the velocity. It compensates only for the gyrotropic effects in each layer. Similarly, neglecting the gyrotropic force, the separation would be along ΔF, which is parallel to v. In the general case, even though the skyrmion separation depends on both the gyrotropic effect and the force difference, the bound state velocity remains independent of the SOT force difference, as anticipated from effective Thiele equation 3.13. Tuning the force difference (𝜂) has no effect on the transverse deflection, which remains constant as the net SOT force is kept constant throughout. Further, from Eq. 3.15, it can be commented that the relative importance of the effect due to SOT force difference decreases with lower damping constants. Consequently, for smaller dissipation, the direction of 𝛿R is closer to the transverse direction.

For a given current density, the separation between the two skyrmions is highly sensitive to the skyrmion size, particularly due to its dependence on the spring constant 𝑘. However, the relationship between skyrmion size and separation is rather complex as in addition to 𝑘, both 𝐷 and 𝐹 tot also vary with skyrmion size. Figure 3.6 (b) illustrates skyrmion separation as obtained from simulations and the analytical model, keeping 𝜂 = 0. A linear variation between separation and radius is evident for the small skyrmion case. This is a consequence of the increase in F tot with skyrmion size, resulting in larger velocity and larger separation. Note here that for small skyrmion regime, 𝑑 can be assumed to be a constant. However, as the radius increases further, 𝑑 increases with skyrmion size and for 𝑅 > Δ, the separation reaches a maximum. As for large skyrmion regime, in addition to 𝑑, 𝑘, 𝐹 tot and 𝐷 also increase with radius, this leads to an inverse relationship between skyrmion separation and radius. The skyrmion separation is in good agreement with Eq. 3.14, and only the separation along the applied force depends on the force repartition. (b) Scaled skyrmion separation as a function of the skyrmion radius for different interlayer coupling constants and equal force repartition (𝜂 = 0). The results are only given for 𝐽 AF ≤ 10 -2 J/m 2 since for larger coupling constant, the separation is too small to obtain a good accuracy. The line corresponds to the expected value from the model. The parameters used in the simulation are those of a CoFeB based SAF (Table 3.1). In (a) the coupling constant is 0.2 mJ/m 2 and the skyrmion radius is 9.2 nm (𝐷 = 2.5 mJ/m 2 ). A rather large damping constant 𝛼 = 0.3 has been used to enhance the influence of the force difference than at more realistic values. In (b), the skyrmion radius is varied by changing the DMI from -1.4 to -2.8 mJ/𝑚 2 .

Maximum velocity of SAF skyrmions

As described above, the finite coupling in SAF manifests in terms of a maximum velocity, below which the bound state remains stable. At the maximum velocity 𝑣 max , the strength of the gyrotropic force reach the maximum coupling force, which implies that beyond this point, it cannot further be balanced by the coupling force. Trying to increase the velocity beyond this maximum velocity by increasing the SOT force, leads to a situation, where the bound state is not stable; the separation increases over time until skyrmions are decoupled (Figure 3.1 (b)). The maximum velocity 𝑣 max can be expressed as: 1

𝑣 max = |F 2/1,max | |G| ∝ 𝑅𝐽 AF |G| (3.16)
The avove equation essentially summarizes the physical origin of the maximum velocity, as can be anticipated based on the forces applied to the skyrmion pair. The maximum velocity is proportional to the antiferromagnetic coupling constant (𝐽 AF ) which is responsible for aligning the two skyrmions and inversely proportional to the gyrovector strength (|G|) responsible for skyrmion separation. Additionally, 𝑣 max is proportional to the skyrmion radius (𝑅), indicating that larger skyrmions are better coupled to each other. The proportionality factor here varies slightly with the skyrmion size. For instance, it ranges from 10 for the smallest skyrmions to 9 for the largest skyrmions (see Figure 3.4 (b)). The computed maximum velocity is presented in Figure 3.7 and show reasonable agreement with our analytical considerations. In situations where there SOT forces on the skyrmions are not equal (𝜂 ≠ 0), there will be another source of skyrmion separation. Consequently, the maximum velocity |v| max can be expected to decrease. This decrease is described by:

|v| max = |F 2/1,max | √︁ G 2 + 𝜂 2 (𝛼𝐷) 2 (3.17)
1A similar formula can be derived using the small separation coupling force approximation, and replacing the maximum force with the maximum skyrmion separation (𝑣 max = 𝑘𝛿𝑅 max /|G|). However, this alternative approach tends to overestimate the maximum velocity, as the exact coupling force result deviates from the linear approximation at the separation maximum, as observed in Figure 3.4(a).

The maximum velocity is highest when the forces are equal (𝜂 = 0) and decreases as the force applied to either layer dominates (|𝜂| = 1). However, the correction term in this equation, which is proportional to (𝛼𝐷) 2 , is generally small compared to the gyrotropic effect. It becomes significant primarily for very large skyrmions. For example, when 𝑅/Δ = 10 and 𝛼 = 0.1, the maximum velocity is expected to decrease by only 10% between the two extreme force repartition cases.

Transient regime

During steady-state motion, the two skyrmions are spatially separated from each other. The separation of the skyrmions was discussed earlier, and an analytical formula for it was derived in section 3.3.2. Consequently, starting from the equilibrium position where the two skyrmions are aligned, a transient regime is expected. Figure 3.8(a), (b) and (c) show the position of the skyrmion core, longitudinal velocity and the radius, respectively, in the two layers of the SAF as a function of time. A gradual change in both the y-position of the skyrmion core (skyrmion separation) and the skyrmion radius over time, marks the transient period. For this scenario, we have considered same SOT force on each layer. Hence, both the skyrmions move with same velocity along x direction. However the effect of transient regime can be seen from the average longitudinal velocity (Figure 3.8(b)) where an acceleration period, before steady state motion is evident. It can be noticed that after this transient period, both the y-position, longitudinal velocity and the radius remain relatively same, representing the steady-state regime, as explained in previous sections.

During the transient regime, the two skyrmions are expected to have different velocities. To incorporate this effect in the coupled Thiele equation (Eq. 3.11), we use

v 1 = v+ 𝛿 R 2 and v 2 = v -𝛿 R 2 .
Here, v is the skyrmion pair center of mass velocity and 𝛿 R is an additional velocity due to skyrmion separation, which is opposite for the two skyrmions. Finally, including the skyrmion-skyrmion coupling force for small separation, i.e. F 2/1 = -𝑘𝛿R, Eq. 3.11 becomes

G × v + 𝛿 R 2 -𝛼𝐷 v + 𝛿 R 2 + F 1 -𝑘𝛿R = 0 (3.18a) -G × v - 𝛿 R 2 -𝛼𝐷 v - 𝛿 R 2 + F 2 + 𝑘𝛿R = 0 (3.18b)
Combining the two equations and separating variables, we find two independent equations for the center of mass velocity v and the skyrmion separation 𝛿R as:

F tot -2𝛼𝐷v = 𝐺 2 + (𝛼𝐷) 2 𝑘 v (3.19a) 𝐺 2 + (𝛼𝐷) 2 2𝑘𝛼𝐷 𝛿 R + 𝛿R = G × F tot 2𝑘𝛼𝐷 - ΔF 2𝑘 (3.19b)
The first equation bears a resemblance to a single Thiele equation with no gyrotropic force and includes an additional term that introduces inertia to the system. This term corresponds to a mass 𝑀 defined as: show time evolution of (x,y)-coordinate of skyrmion cores, x-velocity and radius of skyrmions in both the layers of SAF respectively. Micromagnetic parameters described in table 3.1, with 𝐷 DMI = 2.8 mJ/m 2 and 𝐽 AF = 0.2 mJ/m 2 is used for simulations. Current pulses of increasing strength are applied to the system at 10 nanosecond intervals, generating a SOT force in the negative x-direction. The current density 𝐽𝜃 SH is specified for each interval. As the current density changes, starting from zero, a transient period highlighted by the blue shaded region becomes apparent where the y-position, x-velocity and the radius of the skyrmion in both SAF layers undergo changes before reaching a steady state, where they stabilize and remain constant. We have assumed, equipartition of force (𝜂 = 0). x-coordinate, x-velocity and radius remain same for skyrmions in both layers.

𝑀 = 𝐺 2 + (𝛼𝐷) 2 𝑘 . (3.20)
This inertia arises from the deformation of the skyrmion pair and can be related to the Döring mass observed in domain walls. The primary source of inertia in SAF skyrmions is the gyrotropic effect that causes the separation of the skyrmions, while a minor correction arises from energy dissipation. It can be commented that the deformation resulting from 3.1). (a) Skyrmion pair velocity and (b) separation vs. time after application of the current ( 𝑗 𝜃 SH = 5 × 10 9 A/m 2 ) for different interlayer coupling constants. The skyrmion radius is 9.2 nm (𝐷 = 2.5 mJ/m 2 ). The dotted line corresponds to the maximum skyrmion separation according to our model. For 𝐽 AF = 10 -4 J/m 2 , the skyrmion coupling is not sufficient to establish a steady state regime at this current density. Note that the velocity is negative since the skyrmion chirality is left-handed. the force difference, which does not contribute to the skyrmion velocity, does not contribute to the inertia too. This highlights that inertia is only induced by deformations directly linked to velocity.

The second equation (Eq. 3.19 (b)) describes the dynamics of the skyrmion separation. Here, the force difference plays a role, but its only effect is on the steady-state value of the skyrmion separation, with no influence on the time scale of the transient regime. Taken together, these two equations entail a characteristic time constant:

𝜏 = 𝑀 2𝛼𝐷 = G 2 + (𝛼𝐷) 2 2𝑘𝛼𝐷 . (3.21)
The skyrmion pair mass (Eq. 3.20) and the time constant (Eq. 3.21) show dependency on both the antiferromagnetic coupling strength and skyrmion size. The relation with AF coupling strength is rather straight forward and similar to the one obtained from the effective model considering Néel parameter (see Eq. 3.10). Both mass and transient time are inversely proportional to the AF coupling constant, as observed in the simulations shown in Figure 3.10. Thus, a stronger antiferromagnetic coupling results in smaller mass and a shorter time constant. The dependency of mass on skyrmion size is rather interesting. disregarding the dissipation term in the mass (𝛼𝐷 ≪ |G|), in the case of large skyrmions, the mass is found to be proportional to Δ/𝑅. However, for small skyrmions, the mass does not diverge, and 𝑅 → 0, 𝑀 → 𝐺 2 /4𝜋𝐽 AF . This intriguing size-dependent behaviour extends to the time constant, which becomes even more influenced by the skyrmion size. Further, it can be commented that, unlike ferromagnetic systems where mass is typically associated to specific excitations, the presence of mass and the associated transient time in SAF seems to be an intrinsic property as it is linked to the gyrotropic behaviour of individual skyrmions, which by definition is ever-present.

The steady-state velocity of skyrmions aligns perfectly with the expected value and is independent of the interlayer coupling constant, as demonstrated in Figure 3.9(a). However, the transient regime observed in the simulations is more complex than what the model predicts. While a first-order transition in velocity and skyrmion separation is generally observed, additional oscillations are visible. These oscillations are induced by the magnetic precession of the skyrmion surrounding regions when subjected to SOT.

Hamiltonian-like dynamics

The difference of inertia between ferromagnetic and antiferromagnetic skyrmions is striking. Using a more formal analysis, establishing Hamilton-like equations, we discuss here the difference in dynamics. We clearly show the pivotal role of the gyrovector that either lead to skyrmion Hall effect for the ferromagnetic case, or to inertia for the antiferromagnetic case.

Ferromagnetic skyrmion

We consider a ferromagnetic skyrmion, that lives in a potential 𝑉. In the absence of dissipation and external forces, the dissipation-less Thiele equation is with 𝑞 the position, 𝑝 the momentum and H the hamiltonian. The potential is directly identified to the hamiltonian H = 𝑉, which shows the absence of kinetic energy and therefore a skyrmion mass. 𝑥 and 𝑦 are two conjugated variables (note that the symmetries imply that they can be interchanged when identified to the position and momentum).

G × r - 𝜕𝑉 𝜕r = 0 (3.22)

Antiferromagnetic skyrmion

Let us consider now a skyrmion in an antiferromagnet, described by two coupled skyrmions, in the elastic approximation. The dissipationless Thiele equation now reads for one of the skyrmions

G × r - 𝜕𝑉 𝜕r + F AF = 0 (3.25)
with F AF the coupling force. Writing r = (𝑥, 𝛿𝑅, 0) and F AF = -𝑘𝛿𝑅 ŷ, the Thiele equation can be developed as

𝛿𝑅 = - 1 𝐺 𝜕𝑉 𝜕𝑥 (3.26a) 𝑥 = 1 𝐺 𝜕𝑉 𝜕𝛿𝑅 + 𝑘 𝐺 𝛿𝑅. (3.26b)
Integrating the skyrmion interaction term, we introduce 𝑇 = 1 2 𝑘𝛿𝑅 2 and find Hamilton-like equations

𝛿𝑅 = - 1 𝐺 𝜕H 𝜕𝑥 (3.27a) 𝑥 = 1 𝐺 𝜕H 𝜕𝛿𝑅 . (3.27b) 
with H = 𝑉 + 𝑇. Note that H also corresponds to the total energy, i.e. potential and elastic energy. The two variables can be identified to the conjugated variables as 𝑞 = 𝑥 and 𝑝 = 𝐺𝛿𝑅. The interaction energy can be written as 𝑇 = 𝑝/2𝑀 where the dissipationless skyrmion mass 𝑀 = 𝐺 2 /𝑘 is found in agreement with the previous analysis. This shows that the interaction energy plays the role of a kinetic energy: during the motion, since gyrotropic effects are compensated by the interaction energy, the energy increases with the velocity as 1 2 𝑀𝑣 2 .

Conclusion

In this theoretical chapter, we have considered the properties of magnetic skyrmions in antiferromagnetic situations. We have shown that they can efficiently be described using two ferromagnetic Thiele equations, where a coupling force is added. While this formalism enables to account for the expected increased velocity and compensation of gyrotropic effects, we have evidenced new properties, with an inertia related to the antiferromagnetic coupling and a maximum velocity at finite couplings. These properties arise from the antagonist gyrovectors of the two coupled lattices and are therefore a specific property of antiferromagnetic skyrmions.

In terms of orders of magnitude, we find that the skyrmion mass and the associated transient time scale inversely with the antiferromagnetic coupling strength. This implies that, in order to observe such effects, small couplings need to be considered. In real antiferromagnets and ferrimagnets, transient times in the sub-picosecond range are expected, making these new properties negligible. On the contrary, synthetic antiferromagnets differ from these materials, as the coupling strength is much smaller and can be scaled by controlling the spacer thickness. In such a situation, transient times larger than 1 ns could be obtained, making our theoretical description relevant. In the concluding section of Chapter 5, we discuss this inertia in the context of our samples and propose experimental directions towards its evidence.

Chapter 4 Stabilization and nucleation of skyrmions at zero field

The applicability of skyrmions in spintronic devices hinges upon two crucial requirements: controlled nucleation and solitonic motion. Spontaneous nucleation of textures is to be avoided and skyrmions must be nucleated in a controlled and deterministic fashion over the uniform state. In this context, rather than the skyrmion lattice ground state, isolated skyrmions, that can be controlled one by one are required. In consequence, such skyrmion should not correspond to the energy minimum, but rather be a metastable excitation over the uniform background [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF]. Moreover, during their motion, the skyrmion morphology must preserved, to make their dynamics predictable [START_REF] Sampaio | Nucleation, stability and currentinduced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Woo | Observation of room-temperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF]. This necessitates that the skyrmion solution is well-separated in energy from other metastable solutions. It is crucial to note that the solitonic nature of skyrmions is not a consequence of skyrmion topology alone, as topology allows for continuous deformation of skyrmions into different states, such as elongated worm-like domains. Instead, it is a consequence of a substantial energy difference between skyrmions and other metastable configurations. Practically, this energy difference must be larger than the thermal energy produced by current pulses used to move them [START_REF] Büttner | Dynamics and inertia of skyrmionic spin structures[END_REF].

In experimental conditions, metastable skyrmions are generally achieved in the presence of an external magnetic field aligned antiparallel with the skyrmion cores [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF][START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF][START_REF] Woo | Observation of room-temperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF][START_REF] Juge | Currentdriven skyrmion dynamics and drive-dependent skyrmion Hall effect in an ultrathin film[END_REF]. This field serves two key purposes: (1) it lowers the energy of the uniform magnetic state, effectively making skyrmions metastable in comparison and (2) it significantly raises the energy of competing excitations, such as stripe or worm-like domain configurations, making skyrmions the lowest energy textures with a large energy gap from other competing states.

The use of an external magnetic field has been effective in stabilizing skyrmions, but adds complexity to devices. Therefore, there is a growing interest in understanding and achieving skyrmion stability without the need for an external field. This is especially important in the perspective to use antiferromagnetic materials, which are less sensitive to external magnetic fields. Several attempts have been made to stabilize topologically nontrivial textures in both confined and extended magnetic thin films. One solution is to use an internal field for example through an exchange bias [START_REF] Rana | Room-temperature skyrmions at zero field in exchange-biased ultrathin films[END_REF][START_REF] Guang | Creating zero-field skyrmions in exchange-biased multilayers through x-ray illumination[END_REF] or through RKKY coupling from an uniform FM layer [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. Some other approaches show skyrmion stabilization at zero field with the help of geometrical confinement [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], magnetic field history [START_REF] Duong | Stabilizing zerofield skyrmions in Ir/Fe/Co/Pt thin film multilayers by magnetic history control[END_REF][START_REF] Li | Formation of zero-field skyrmion arrays in asymmetric superlattices[END_REF], thermal effect induced morphological transition [START_REF] Lemesh | Current-induced skyrmion generation through morphological thermal transitions in chiral ferromagnetic heterostructures[END_REF], micromagnetic parameters tuning [START_REF] Bhattacharya | Creation and annihilation of non-volatile fixed magnetic skyrmions using voltage control of magnetic anisotropy[END_REF][START_REF] Brandão | Tuning isolated zero-field skyrmions and spin spirals at room-temperature in synthetic ferrimagnetic multilayers[END_REF], or exchange frustration [START_REF] Meyer | Isolated zero field sub-10 nm skyrmions in ultrathin Co films[END_REF]. However, it is important to note that the presence of topological non-triviality alone does not necessarily imply the existence of solitonic skyrmions. While solitonic skyrmions have been theoretically predicted [START_REF] Sampaio | Nucleation, stability and currentinduced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF][START_REF] Back | The 2020 skyrmionics roadmap[END_REF], their experimental observation at zero field has proven to be challenging.

In this chapter, we investigate the potential presence of solitonic skyrmions at zero external magnetic field. Our approach focuses on tuning magnetic interactions, especially the magnetic anisotropy of the sample. We confirm that topological non-triviality alone is insufficient to exhibit solitonic characteristics and establish a general methodology that can be applied to various samples for stabilizing solitonic skyrmions. This approach forms the basis for the subsequent chapter, where we aim to stabilize solitonic skyrmions in synthetic antiferromagnetic materials at zero field conditions.

Essential considerations for solitonic skyrmion stabilization at zero field

The stability and formation of magnetic textures in thin films result from a delicate balance between different competing factors. DMI promotes spin chiral rotation, while dipolar interactions encourage the formation of textured phases. On the other hand, Heisenberg exchange interaction and anisotropy favour collinear alignment. These interactions can be effectively described using the domain wall energy, which provides a comprehensive framework for understanding the interplay of these diverse interactions [START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF]. Let us recall, that the DW energy represents the intrinsic energy scale characterizing magnetic textures. It is expressed as 𝜎 DW = 4 √ 𝐴𝐾 eff -𝜋𝐷 DMI . Notably, the contributions from exchange and anisotropy contribute to augmenting the domain wall energy, while the DMI work towards its reduction (dipolar coupling, in its local form -shape anisotropy -also contribute to the reduction, through the effective anisotropy). A negative value for 𝜎 DW destabilizes the uniform state and, therefore promotes spontaneous generation of textures. Conversely, for a positive 𝜎 DW , the homogeneous ground state remains stable, although the system can support metastable excitations to some extent. It is to be noted that dipolar coupling can also exert long-range influences, which affects the stability of magnetic textures, particularly when dealing with materials possessing magnetic layer thickness greater than 𝜎 DW /𝜇 0 𝑀 2 𝑠 [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF][START_REF] Büttner | Dynamics and inertia of skyrmionic spin structures[END_REF]. It promotes a demagnetized state due to a flux closure configuration, introducing another mechanism for creating textures and shifts the energy scale of the system. Achieving metastable skyrmions requires a delicate balance between these various interactions. This balance should ensure that 𝜎 DW > 0, while avoiding a situation where the uniform magnetic state becomes the sole solution.

Based on prior experimental investigations, we can establish a general guideline used to attain metastable skyrmions. In multilayer thin films, the DW energy can be tuned by varying the magnetic layer thickness, as both 𝐷 DMI and 𝐾 eff vary inversely with it. Figure 4.1 illustrates the dependence of the DW energy, DMI, and anisotropy on the thickness of the ferromagnetic material. It can be noticed that, unlike 𝐷 DMI , 𝐾 eff changes sign from positive to negative at a thickness known as the spin reorientation thickness (SRT) (shown with blue star). Most experiments aimed at stabilizing skyrmions begin with realizing this transition. Near SRT, 𝐾 eff ≃ 0, implying 𝜎 DW < 0, and textures spontaneously generate. This provides experimentalists a convenient starting point as direct observation of chiral textures is often the precondition for skyrmion studies. The energy landscape of the system is then tuned externally with the help of an OOP magnetic field. The energy contribution from the magnetic field is proportional to the area of antiparallel domains, hence making them energetically unfavourable. With this external control, the energy of up and down magnetized textures can be gradually tuned and within a specific range of magnetic field, metastable skyrmions can be stabilized in the system. Skyrmions stabilized using this approach are generally solitonic, as the application of a magnetic field at an appropriate value significantly increases the energy cost of other excited states compared to skyrmions.

The above described approach requires a system close to SRT, where a magnetic field is essential to probe the metastable skyrmion phase. However, theoretical studies suggest that it is possible to stabilize skyrmions without the need for a magnetic field by increasing the DW energy [START_REF] Sampaio | Nucleation, stability and currentinduced motion of isolated magnetic skyrmions in nanostructures[END_REF][START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF]. In essence, this approach utilizes the inherent interactions within the film, to achieve similar results without relying on external controls. To draw an analogy, while a magnetic field minimizes the area of antiparallel domains, anisotropy minimizes the perimeter of these domains. By enhancing anisotropy, the energy of all excited states, including skyrmions and stripe phases, increases. However, elongated textures like stripe phases are expected to experience a more significant energy increase compared to skyrmions due to their longer perimeter. This indicates that selectively stabilizing skyrmions in the presence of enhanced anisotropy is an attractive alternative for skyrmion stabilization without depending on external magnetic controls. Note that in Figure 4.1, the domain wall energy of the system reaches zero at two distinct points: one near the SRT and the other significantly farther from it. Ideally, the DW energy can be tuned close to any of these regions to achieve the desired positive DW energy. However, extremely low thicknesses can render the magnetic properties of the sample unreliable, as even the exchange interaction may vary substantially at such small thicknesses. In addition, SRT is easily identifiable in PMA thin films, making it a convenient reference point from which thickness can be reduced to fine-tune the DW energy. Therefore, in this study, we adopt the strategy of tuning the DW energy close to SRT.

The primary objective of this study is to achieve stabilization of solitonic skyrmions. In this context, the current-induced nucleation of skyrmions plays a pivotal role. It holds significance not only due to its direct technological implications but also because it offers valuable qualitative insights into the relative energy landscape of the system. Current induced nucleation events are inherently stochastic and lack a preference for any specific magnetic texture. Consequently, they effectively select the lowest energy metastable configuration of the system. Further, to consistently observe a particular texture as the outcome of nucleation events, it must possess a significant energy difference from other excited states. Thus, nucleation experiments can serve as a qualitative indicator of the solitonic nature of skyrmions.

We can effectively summarize the methodology employed in this chapter to search for solitonic skyrmions at zero field as follows:

• The DW energy of the system is gradually tuned with thickness control, starting from SRT.

• Current-induced nucleation experiments are performed to verify whether skyrmions are the most likely result and behave as solitons when moved.

Symmetric bilayer stacks and chiral energy optimization

To explore the stability of skyrmions at zero field, we selected to work with a [Pt/Co/Au] based symmetric bilayer. Similar samples have been investigated for stability and efficient current induced motion of skyrmions [START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF]. Figure 4.2 (a) offers a sketch of this stack. This multilayer consists of two mirror-image layers: Pt/Co and Co/Pt, with an Au spacer sandwiched in between, hence the name "symmetric bilayer". The dipolar coupling in such symmetric bilayer stacks enhances the chiral energy, allowing them to stabilize skyrmions, even in the presence of relatively low DMI. The mechanism of chiral energy enhancement in these systems is explained below [START_REF] Hrabec | Velocity enhancement by synchronization of magnetic domain walls[END_REF].

To understand the stability of chiral textures in this sample, let us consider Néel domain walls in the two magnetic layers, each enforced by the DMI of the respective layer. In the top layer, the DMI is positive, inducing right-handed chirality, while in the bottom layer, it is negative, leading to left-handed chirality. Consequently, in this system, the DMI stabilizes DWs with opposite chirality in the two layers (as shown in Figure 4.2 (a)). Néel DWs induce volume magnetostatic charges, generating a magnetic field that opposes the wall magnetization (indicated by the red arrows in Figure 4.2 (a)). This results in an increase, denoted as 𝛿 𝑁 , to the DW energy. Additionally, there are two more interactions to consider: (i) the DW-DW interaction and (ii) the domain-DW interaction. The DW-DW magnetostatic interaction arises from the volume charges created by the Néel walls, similarly to 𝛿 𝑁 . When the two walls have opposite chiralities, the charges from one wall to the other lower the energy (indicated by the blue arrows in Figure 4.2 (a)) and for a spacer thickness of the order of DW width parameter Δ, the contribution to the DW energy, denoted as 𝛿 DW-DW , is of the same order but opposite in sign as compared to 𝛿 𝑁 , so we can neglect 𝛿 𝑁 + 𝛿 DW-DW . The last contribution arise the from the stray field generated by the domains (illustrated by the green arrows in Figure 4.2 (a)) acting on the wall magnetization. It is striking to note that this interaction promotes Néel walls with opposite chiralities in the two layers and results in a significant energy reduction through a flux closure mechanism [START_REF] Bellec | Domain wall structure in magnetic bilayers with perpendicular anisotropy[END_REF]. The energy contribution is denoted as 𝛿 D-DW and reinforces the chiral nature of each wall. The energy associated with a DW in such a system can be expressed as follows:

𝜎 DW = 4 √︁ 𝐴𝐾 eff -𝜋𝐷 DMI -𝛿 D-DW .
Here, 𝐷 DMI is the effective DMI of the system and is the average DMI of the two layers. The combined effect of DMI and 𝛿 D-DW determines the net chiral energy of the system [START_REF] Hrabec | Velocity enhancement by synchronization of magnetic domain walls[END_REF]. It is convenient to express the chiral energy in terms of an effective DMI 𝐷 eff = 𝐷 DMI + 𝛿 D-DW /𝜋. Quantitative calculations of the DW energy by varying the spacer thickness have been performed by [START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF] using numerical models (Figure 4.2 (b)) and a optimal spacer thickness, where the dipolar contribution maximizes has been determined. The Au spacer thickness of 2.5 nm chosen in this work is close to this optimal thickness to exploit most out of the dipolar interaction while avoiding interlayer exchange [START_REF] Grolier | Unambiguous evidence of oscillatory magnetic coupling between Co layers in ultrahigh vacuum grown Co/Au(111)/Co trilayers[END_REF].

It can be noted that the outer Pt layers further act as SHE layers and provide SOT. To maximize this effect, the Pt layer thickness is set at 5 nm. The arrangement of the stack is such that, both the chirality of textures and spin accumulation at the top and bottom Co interfaces are opposite. The SOT efficiency (eq. 1.33) at the two cobalt films is opposite in sign due to the opposite stacking order. Combined with the opposite chiralities, the SOT force points along the same direction, which is a key requirement for texture dynamics. The Au spacer does not contribute to SHE [START_REF] Ryu | Chiral spin torque arising from proximity-induced magnetization[END_REF].

We have opted to investigate symmetric bilayer systems in our study of skyrmions at zero field due to the added stability provided by dipolar coupling. Nevertheless, the findings presented in the following sections should be generalized to any magnetic thin film that exhibits substantial chiral energy irrespective of its origin.

Material characterization

For characterizing the magnetic properties of the samples, we fabricated single-magneticlayer (SL) stacks: (Ta/Pt/Co/Au) and (Ta/Pt/Au/Co/Pt). These single-layer samples allow for the straightforward extraction of the magnetic properties of each individual layer. The determination of DMI is based on previous investigations by [START_REF] Hrabec | Velocity enhancement by synchronization of magnetic domain walls[END_REF][START_REF] Géhanne | Strength and length scale of the interaction between domain walls and pinning disorder in thin ferromagnetic films[END_REF] on similar Pt/Co/Au-based samples, where DMI was assessed through domain wall dynamics. Since DMI originates from the interface, the DMI energy constant 𝐷 DMI can be expressed as 𝐷 DMI = 𝐷 𝑆 /𝑡 Co , with 𝐷 𝑆 representing the interfacial DMI constant. These previous studies, involving 𝑡 Co values of 1.1 and 0.9 nm, yielded similar 𝐷 𝑆 values. Specifically, 𝐷 𝑆 values of -0.79 ± 0.01 pJ/m and +0.54 ± 0.01 pJ/m were found for Pt/Co/Au and Au/Co/Pt stackings, respectively. Notice that due to the reversal of the stacking order the sign of DMI is changed between the two stacks. The slight variation in DMI depending on the stacking order can be attributed to differences in interface quality. As explained before, in addition to DMI, the stray field emerging in proximity to magnetic textures induces opposite chiralities through a flux closure effect. The absolute value of 𝐷 D-DW , calculated using the chiral energy formalism, is approximately 0.5 mJ/m 2 in magnitude. Thus, for the examined samples with 𝑡 Co values ranging from 1.3 to 1.6 nm, an average |𝐷 eff | of approximately 1.0 ± 0.2 mJ/m 2 appropriately characterizes our samples.

Field induced skyrmion observation close to SRT

In this section, we employ the conventional approach to stabilize skyrmions through magnetic field control to validate the potential for skyrmion stabilization in our samples. We start with a low anisotropy sample near SRT (𝑡 Co = 1.6 nm). Figure 4.4 (a) presents an extended hysteresis loop for this sample, along with the minor loops. These butterflylike loops exhibit low remanence and are characteristic of low anisotropy. Within the major hysteresis loop, we observe two distinct regions. As the magnetic field decreases from saturation, the sample remains in a homogeneous state until it reaches a nucleation field (before zero field). At this point, the magnetization undergoes a sudden change characteristic of texture nucleation. Following the nucleation field, there is a tail region where the magnetization gradually changes with the field. This tail region can be probed to explore different magnetic configurations. The minor loops in When an OOP magnetic field is applied to this demagnetized state, the domains aligned antiparallel to the field direction contract. Upon reaching a field close to saturation, isolated skyrmions with cores oriented antiparallel to the field direction are formed, as observed from MFM in Figure 4.4 (c). However, upon the removal of the external field, these initially formed skyrmions lose their stability. As illustrated in Figure 4.4 (d), they undergo a spontaneous expansion, transforming into wormlike domains. This transformation occurs as the skyrmions are not stable in the absence of the field due to the low domain wall energy associated with the sample. As a result, the skyrmions expand and turn into elongated domains with maximized domain wall lengths, a phenomenon similar to the run-out instability previously used to describe magnetic bubbles [START_REF] Malozemoff | Magnetic domain walls in bubble materials[END_REF]. This remanent state slightly differs from the true demagnetized state (Figure 4.4 (a)), as the remanent magnetization is not exactly zero at zero field. This can be attributed to a small energy barrier that inhibits the nucleation of additional stripes, preventing the system from reaching a fully demagnetized state.

A step towards skyrmion stabilization at zero field

To prevent the transformation of skyrmions into elongated worm-like textures at zero external magnetic field, it is essential to enhance the shape stability of skyrmions. This can be achieved by increasing the DW energy of the system, which, in turn, enhances the stability of the uniform ground state. Therefore, elongated textures with larger perimeters have higher DW energy, making them energetically costly to form compared to skyrmions. One effective way to increase the DW energy is by adjusting the sample anisotropy, which can be accomplished by varying the thickness of the magnetic layer (see Figure 4.1). Figure 4.5 (a-f) depicts the hysteresis loops of samples with decreasing Co layer thickness in 0.5 Å steps. This thickness reduction leads to a gradual transition from butterflylike hysteresis, as observed near the spin reorientation thickness (Figure 4.4 (a)), to nearly square loops, which are observed at 𝑡 Co = 1.30 nm (Figure 4.5 (f)). Another significant change is that the nucleation field changes sign, and the hysteresis loops exhibit 100% remanence. As the thickness decreases, the tailed region of the hysteresis loop becomes increasingly shorter. These observations indicate a substantial enhancement in the stability of the uniform magnetic state.

For Co thicknesses below 𝑡 Co = 1.2 nm, the loops become completely square, indicating that uniaxial anisotropy dominates to such an extent that only uniform up and down magnetic states can be accessed through field-induced hysteresis. In the intermediate thickness range of 1.3 to 1.55 nm, various magnetic states are still accessible through an OOP magnetic field. This phenomenon can be understood as a range of thickness characterized by intermediate domain wall energy. The energy value is significant enough to prevent self-demagnetization at zero field while still allowing the existence of magnetic textures. This idea is further supported by the observation that these samples can be effectively demagnetized using a conventional demagnetization protocol (as depicted in minor loops or Figure 4.6 (a) and (d)). The minor loops exhibit another intriguing characteristic. Unlike the butterfly-like hysteresis where the remanence of the minor loops is very small, reducing the thickness results in significant remanence even in the minor loops. This suggests an increased stability of magnetic textures accessible through the minor loops. Similar to the butterfly sample, here, starting from a demagnetized state and applying a magnetic field close to the saturation magnetization, compact skyrmions with core magnetization antiparallel to the magnetic field can be stabilized. This is shown for samples with Co thicknesses of 𝑡 Co = 1.55 and 1.5 nm, in Figure 4.6 (b) and (e). When the applied magnetic field is removed from the field-stabilized skyrmion state, distinct behaviours emerge in these samples. In the case of the 1.55-nm-thick sample, where the domain wall energy is relatively low, it fails to prevent a run-out instability. This leads to the emergence of a zero-field magnetic state similar to what is observed in thicker samples. However, the domain expansion is more constrained.

In contrast, for the 1.5 nm thick sample, as shown in Figure 4.6(e)-(f), higher domain wall energy prevents the instability, resulting in compact skyrmions even at zero external magnetic field. When the magnetic field is removed, the primary effect is an increase in the diameter of the skyrmions. This increase is expected as the OOP magnetic field compresses skyrmion diameter, given its orientation opposite to the skyrmion core. Apart from it, some minor deformations, such as small anisotropic expansion and the emergence of flower-like shapes is also observed. These minor deformations indicate that while the shape stability of skyrmions has been increased, they are precariously close to instability. Nevertheless, the system demonstrates long-term stability. This is crucial for practical applications as it ensures the reliability and longevity of the desired magnetic configurations. Notably, extended stability checked overnight yielded consistent results [see Figs. [START_REF] Moodera | Large magnetoresistance at room temperature in ferromagnetic thin film tunnel junctions[END_REF].6 (i) and (j)].

In addition to skyrmions, a wide range of other magnetic configurations can be accessed by probing the tail region, exhibiting a continuous transition with the applied magnetic field. When the field is removed, these textures remain relatively unchanged at zero field, without any undesired emergence of new textures through parasitic nucleation. This phenomenon is demonstrated in the case of the 𝑡 Co = 1.50-nm sample, in Figure 4.7. By employing a standard demagnetization process, a disordered stripe phase emerges (Figure 4.7 (a)), resembling what is observed for thicker samples. After applying a field smaller than the saturation field, different states are stabilized at remanence. The field history controls the compactness (increases with field) and density (decreases with field) of textures at remanence. A continuous evolution from skyrmions to worm-like textures in the remanent state is evident. This reflects the increased complexity of systems with moderate domain wall energy. Although skyrmions can be stabilized, they are not exclusive at zero field.

Based on the hysteresis loops in Figure 4.5, the prospect of further reducing the Co thickness to enhance shape stability at zero magnetic field is certainly appealing. Thinner showcase the sample at zero magnetic field, following a sequence of steps: saturation in negative magnetic field, and then application of 32, 28, and 24 mT, respectively. The magnetic field is removed before taking the images. These images offer insights into the changes in the magnetic configuration of the sample in response to varying magnetic field history.

Co layers are associated with an increased domain wall energy, which, in principle, should further suppress the run-out instability. This concept aligns with the observed behaviour when transitioning from a 1.60 nm to a 1.50 nm Co thickness. Within the Co thickness range of 1.30 nm to 1.45 nm, a demagnetization process results in much larger domains compared to the thicker ones (see Figure 4.8 (a)), indicating a significant enhancement in domain wall energy. However, during the field manipulation process in these samples, only stripe-like or worm-like states were evidenced, and a rapid transition from these states to a uniform state occurs as the magnetic field is increased. This transition behaviour is shown in Figure 4.8 for 𝑡 Co = 1.45 nm. In this context, achieving skyrmion stabilization through a field-sweeping procedure appears unattainable. This could be attributed to our limitations in term of accuracy in the field control process, as the tailed region is rather narrow in these samples. Additionally, during the field control process, our methodology always follows a continuous evolution from a demagnetized state. Consequently, it is possible that all the metastable states within the system remains inaccessible due to inherent limitations in the approach itself.

Current induced nucleation of skyrmions at zero field

In this section, we explore the possibility of electrically controlled nucleation of isolated skyrmions from a uniform state in the absence of an external magnetic field. While it is possible to stabilize skyrmion-like textures at zero field through a field-induced process, b) to (f), the applied OOP magnetic field is incrementally increased, eventually reaching magnetic saturation as shown in (f). This sequence of images provides insight into the transformation of magnetic configurations in response to changing field strengths. their nucleation presents significant challenges. In the field-induced process, starting from a demagnetized state, textures evolve gradually with the application of a magnetic field, leading to a relatively deterministic outcome. It allows for selecting the skyrmion state through the field history, even in samples where various metastable configurations can exist at zero field (see Figure 4.7). In contrast, the nucleation event is inherently stochastic, and the outcome depends on the relative energy landscape of the system. This highlights the necessity of gaining a precise understanding of the relative energies of all these metastable states to predict the final outcome of the nucleation process.

To get around this complexity, nucleation experiments are often conducted in the presence of an external magnetic field, which acts as a tuning parameter. When appropriately set, this external field forces the outcome of the nucleation event to be skyrmions, a phenomenon well-demonstrated in multiple experimental studies [START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF][START_REF] Jiang | Blowing magnetic skyrmion bubbles[END_REF][START_REF] Fallon | Controlled individual skyrmion nucleation at artificial defects formed by ion irradiation[END_REF]. In the absence of an external tuning parameter, this optimization needs to be achieved by fine-tuning the micromagnetic parameters within the sample. However, the underlying principle remains consistent: for skyrmions to emerge as the outcome of a nucleation process, they must be the lowest energy metastable configuration with a substantial energy barrier separating them from other excitations. Consequently, achieving controlled nucleation of skyrmions demands meticulous material optimization.

To address these challenges, our study focuses on devices with track widths of either 1 µm or 3 µm. These devices are designed with one contact having a sharp electrode, while the other contact remains flat, a design adopted from [START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF]. Before each set of measurements, the device is subjected to saturation using an OOP magnetic field. Subsequently, short current pulses lasting between 2 and 10 ns are applied in the absence of any external magnetic field. This results in various phenomena occurring at the interface of the sharpcontact electrode, including current concentration, divergence of current lines, thermal effects, and spin accumulation, which can nucleate textures near the sharp electrode [START_REF] Litzius | The role of temperature and drive current in skyrmion dynamics[END_REF][START_REF] Lemesh | Current-induced skyrmion generation through morphological thermal transitions in chiral ferromagnetic heterostructures[END_REF]. A significant contribution to the nucleation process can be attributed to the thermal energy generated at the hot spot near the sharp contact. Further away from the contact, current lines are more evenly distributed, reducing the thermal effect and limiting nucleation events close to the sharp electrode. The symmetrical nature of the multilayer stack and the specific geometry of current injection result in a minimal impact of the Oersted field [START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF]. Below, we present the results of current-induced nucleation for the samples in which the stability of the uniform state at zero field has been confirmed following saturation. While it is possible to stabilize skyrmion-like textures at zero field in the 𝑡 Co = 1.50 nm sample through a field-driven process, applying a current pulse to the sample leads to demagnetization of the entire track, resulting in the formation of a stripe phase. This effect is demonstrated in Figure 4.9 (a 1 -a 6 ) where the nucleation of stripe domains across the entire sample is observed with a 5 ns current pulse of 0.4×10 12 A/m 2 . It was initially assumed that the nucleation events would be limited to the vicinity of the sharp contact due to the hot spot created there. However, the results suggest that the nucleation energy barrier in this sample is so low that even heat dissipation away from the sharp contact can destabilize the uniform magnetic state, leading to parasitic and undesirable nucleation events. Reducing the pulse width or amplitude either leads to no nucleation or a similar outcome. These results highlight that while skyrmions can be stabilized in this sample, the stripe phase likely has a lower energy. The nucleation of the stripe phase can be attributed to a very small domain wall energy in the system. To move forward, it is necessary to increase the DW energy, which can be achieved by decreasing the sample thickness.

For samples with a cobalt thickness of 𝑡 Co = 1.45 nm, the application of current pulses with a magnitude of 𝐽 = 0.4 × 10 12 A/m 2 and a duration of 5 ns results exclusively in the formation of stripe patterns near the region of the sharp contact (see Figure 4.9 (b 1 -b 6 )). This is interpreted by an increased stability of the uniform state and an elevated nucleation barrier compared to the previous sample, so that nucleation only occurs at the hottest part, where current is concentrated. This observation aligns with the approach outlined in field-induced texture nucleation, where reducing the Co thickness amplifies the domain-wall energy. While skyrmions are not nucleated in these samples, the relatively low density and increased nucleation barrier of stripes suggest that it is a step in the right direction. Reducing the sample thickness further, in the case of the sample with a cobalt thickness of 𝑡 Co = 1.3 nm, applying current pulses triggers the formation of compact skyrmionic textures near the sharp contact. Figure 4.10 illustrates this effect through the application of 4 ns, 𝐽 = 1.15 × 10 12 A/m 2 current pulses to a saturated state. This outcome is obtained from a sample with an extremely small thickness, where the hysteresis loop is almost square (see Figure 4.5), and skyrmion stabilization via field induced process was unattainable. This suggests that we do not have access to all the metastable states of the system through the field-induced process.

The squareness of the hysteresis indicates a very high DW energy in the sample. Increasing the DW energy enhances the energy cost of both skyrmions and stripes. However, as the net DW energy cost is proportional to the perimeter of the texture, it significantly increases the relative cost of elongated textures like stripes compared to skyrmions. The nucleation of only skyrmions in this sample is further proof of this effect, indicating that the skyrmion state is the lowest energy excited state and is well separated in energy compared to other textures. The energy difference between the skyrmion state and other textures accentuates the likelihood of skyrmion nucleation being the predominant outcome, regardless of the specific nucleation mechanism involved. Furthermore, it is verified that changing the sample polarity through the application of a saturating magnetic field in the opposite direction before applying the current pulses results in the nucleation of skyrmions with opposite polarity.

Proof of topology and solitonic nature

The nucleation of individual skyrmions, to a large extent, assures their solitonic characteristics. Consequently, regardless of the specific nucleation mechanism and conditions (whether in the presence or absence of an external magnetic field), the dynamic properties of these nucleated skyrmions are expected to be similar. In this section, our focus is on investigating the dynamics of skyrmions induced by spin-orbit torque. This analysis serves to substantiate the existence of solitonic skyrmions at zero external magnetic field. Furthermore, the dynamics provides concrete proof of topological nature of nucleated textures which was only speculated upon until now due to the presence of substantial chiral energies.

We studied dynamics of skyrmions using tracks with 3 µm in width. This width is much larger compared to the diameter of the nucleated skyrmions. This allows for confinementfree motion and offers valuable insights into their solitonic and topological nature. In the case of the 𝑡 Co = 1.3 nm sample, the current density necessary for both nucleation and motion falls within the same range. Consequently, the current pulses used to nucleate the skyrmions are also effective in moving them. Multiple current pulses lead to the nucleation of new skyrmions and the displacement of existing ones. This sequential process generates a train of skyrmions after application of several current pulses. The results of this process, involving four current pulses with varying pulse widths or amplitudes, are presented in Figure 4.11 (a 1 -c 4 ). Each pulse induces the motion of the skyrmions with minimal deformation, affirming their solitonic nature. Given the negative (positive) DMI at the bottom Pt/Co (top Co/Pt) interface along with the expected negative (positive) 𝜉 DL , motion of skyrmions in the direction of current was anticipated (see section 1.3.3 for details) and confirmed.

Regardless of the pulse duration or amplitude, the skyrmions consistently deflect towards the right edge of the track ( Figure 4.11 (a 1 -c 4 )). This deflection aligns with the gyrotropic behaviour characteristic of skyrmions [START_REF] Jiang | Direct observation of the skyrmion Hall effect[END_REF][START_REF] Litzius | Skyrmion Hall effect revealed by direct time-resolved x-ray microscopy[END_REF]. Here, we recall that the current-induced motion of skyrmions in a steady state can be described by the Thiele equation [START_REF] Thiele | Steady-state motion of magnetic domains[END_REF][START_REF] Thiele | Application of the gyrocoupling vector and dissipation dyadic in the dynamics of magnetic domains[END_REF] , which is given as G × v -𝛼𝐷v + F = 0. This equation includes a gyrotropic deflection term responsible for the transverse motion of skyrmions, given by a skyrmion Hall angle Θ Sk = arctan(𝐺/𝛼𝐷). Here, the parameter 𝐺 contains information on skyrmion topology and is proportional to its core polarity (±1). This aspect offers a convenient mean to assess the topological nature of these textures. To verify this, we investigated a track starting from an initial saturated state with opposite magnetization orientations. The nucleated skyrmions exhibited cores with opposite polarization, evident from the opposing contrast of the MFM images (see Figure 4.11 (d 1 ) and (d 2 )). Skyrmions with opposite core polarizations exhibit deflections along opposite transverse directions, thereby confirming the topological nature of these textures.

The motion of skyrmions induced by current in the 𝑡 Co = 1.30 nm thick sample was further investigated using narrower 1 µm wide tracks. The relatively smaller width of the track provides confinement and increases the track-skyrmion interaction. Figures 4.12(a) to (e) illustrates the motion of skyrmions in response to a series of current pulses (𝐽 = 1.13 × 10 12 A/m 2 , 4 ns). Dashed circles indicate the positions of the skyrmions, while their trajectories are represented by dashed lines. It is noticed that the motion of the skyrmions between two pulses is not uniform and varies from one skyrmion to another. This variability is attributed to the influence of defects [START_REF] Kim | Interdimensional universality of dynamic interfaces[END_REF]. Skyrmion motion primarily occurs by hopping within the inhomogeneous pinning landscape of the sample, which restricts their velocity. Additionally, once skyrmions reach the sides of the magnetic tracks, they either annihilate or become pinned. Figure 4.12(f) displays the average velocity 𝑣 avg as a function of current density. A linear increase in skyrmion velocity is evident with the current density, with a depinning current density around 0.5×10 12 A/m 2 . This notable depinning current is attributed to the role of defects and the high pinning at the Co/Au interface. However, a maximum average velocity of around 70 m/s is achieved at 1.13 × 10 12 A/m 2 , which is comparable to the results obtained for skyrmions stabilized by a magnetic field in ferromagnetic materials. Application of current pulses with higher current density leads to skyrmion deformations or further nucleation within the track, and therefore, these data points were excluded from the velocity curve. In summary, the dynamics experiment provides evidence for the existence of solitonic skyrmions at zero field. Indeed, regardless of the nucleation mechanism or conditions, once solitonic skyrmions are established in the system, exhibit similar dynamics.

Conclusion

• In this chapter, through careful tuning of micromagnetic parameters, we reveal that FM samples can host skyrmions at zero field under specific conditions. This result stands in contrast with the usual approach adopted in the community where skyrmions are generally stabilized close to SRT in presence of an external magnetic field. The process of skyrmion stabilization necessitates a meticulous optimization of sample properties, especially the magnetic anisotropy, which can be achieved by finely controlling the magnetic layer thickness. Based on the results obtained, we can outline two crucial prerequisites to stabilize zero field skyrmions: (i) the system should have an enhanced DW energy so that the uniform state is stable at zero field, (ii) the anisotropy of the system should be moderate so that magnetic textures can exist as metastable configurations. • While in some samples it was possible to achieve skyrmion-like textures through a field-induced process at zero field, current-induced nucleation resulted only in the nucleation of stripes. This highlights that, at zero field, due to the absence of an external tuning parameter, various magnetic configurations can be metastable. Hence, the observation of skyrmions at zero field does not necessarily mean that skyrmions are the lowest energy metastable configuration of the sample. • Our investigation with current-induced nucleation and dynamics further emphasizes the limitations of field control processes in accessing these metastable skyrmions, particularly in samples with high magnetic anisotropy. Nevertheless, the skyrmions nucleated at zero field exhibit qualitative similarities to those stabilized with an external magnetic field. The topological nontriviality of skyrmions was demonstrated through gyrotropic deflection. During their motion, though slight elongation is occasionally observed, their overall shape and size remain relatively consistent. This confirms the existence of solitonic skyrmions at zero field. • Beyond its immediate technological significance, the demonstrated methodology can be directly applied to stabilize skyrmions in antiferromagnetic systems, which are insensitive to moderate magnetic fields. We explore this in the next chapter and reveal that, by following the approach developed here, we can indeed stabilize and manipulate skyrmions in synthetic antiferromagnetic multilayers.

Chapter 5

Synthetic antiferromagnets for skyrmion stabilization and dynamics

As established in Chapter 3, the compensation of gyrovectors in synthetic antiferromagnetic systems implies that skyrmions should exhibit skyrmion-Hall-effect-free motion [START_REF] Barker | Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current and temperature[END_REF][START_REF] Zhang | Magnetic bilayer-skyrmions without skyrmion Hall effect[END_REF], a highly desirable feature for potential applications in spintronic devices. However, despite this promise, there have been only limited experimental investigations into the dynamics of skyrmions within SAF systems [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF][START_REF] Juge | Skyrmions in synthetic antiferromagnets and their nucleation via electrical current and ultra-fast laser illumination[END_REF][START_REF] Dohi | Formation and current-induced motion of synthetic antiferromagnetic skyrmion bubbles[END_REF][START_REF] Chen | Realization of isolated and highdensity skyrmions at room temperature in uncompensated synthetic antiferromagnets[END_REF]. The studies in the literature on SAF skyrmions either show no motion [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF][START_REF] Juge | Skyrmions in synthetic antiferromagnets and their nucleation via electrical current and ultra-fast laser illumination[END_REF][START_REF] Chen | Realization of isolated and highdensity skyrmions at room temperature in uncompensated synthetic antiferromagnets[END_REF] or very small velocities of bubble skyrmions in unbalanced SAFs [START_REF] Dohi | Formation and current-induced motion of synthetic antiferromagnetic skyrmion bubbles[END_REF]. As of now, there is a lack of conclusive evidence demonstrating the anticipated Hall-effect-free, high-velocity motion of SAF skyrmions.

It is this anticipation and motivation that drive our exploration of SAF systems in this chapter.

In this chapter, we delve into the stabilization, current-induced nucleation, and spin-orbit torque-induced dynamics of skyrmions within cobalt (Co)-based synthetic antiferromagnetic multilayers. While we have previously showcased the nucleation and dynamics of skyrmions in ferromagnetic (FM) bilayers, one of our primary objectives in this chapter is to determine whether the methodologies developed in Chapter 4 for stabilizing solitonic skyrmions in FM systems at zero field are applicable to synthetic antiferromagnetic configurations. We start this chapter by elucidating the necessary conditions and constraints for stabilizing skyrmions within SAF systems at zero field. Subsequently, we provide a brief overview of the design for the three distinct multilayer stacks explored within this context. Each of these multilayer stacks is discussed in the context of their ability to stabilize, nucleate, and facilitate the motion of SAF skyrmions. We focus on the final SAF stack in which efficient skyrmion motion was observed and conduct a comprehensive analysis through a large statistical dataset to confirm that SAF skyrmions indeed exhibit Hall-effect-free motion. The chapter concludes with a discussion of modelling skyrmion dynamics using the Thiele approach and an exploration of the challenges associated with measuring skyrmion inertia in these SAF systems -a concept introduced in Chapter 3.

Multilayer design

To stabilize skyrmions in SAFs, the multilayers have to be optimized keeping following requirements in mind: (i) significant DMI, (ii) interlayer antiferromagnetic exchange coupling, (iii) PMA, (iv) magnetic moment compensation, (v) efficient SOT and (vi) a possible requirement of a bias field. The constraints deduced by these properties are discussed below.

• DMI: In SAFs featuring antiferromagnetic coupling between two magnetic layers, the long-range dipolar field is very low and can be ignored as a first approximation. Under such conditions, DMI is the only source of chiral energy (see section 4.2 for our definition of chiral energy) for stabilization of skyrmions in the system. To enhance chiral energy, it is important to have a sizable DMI in both magnetic layers. The sign of DMI in the two magnetic layers must be the same to complement the antiferromagnetic coupling, which preserves the sense of magnetization rotation in the two layers. In this work, we have utilized Pt/Co interfaces which produces one of the highest DMI seen in multilayers.

• Strong interlayer antiferromagnetic coupling: Strong antiferromagnetic coupling ensures antiferromagnetic alignment of magnetization in the two magnetic layers. Additionally, as seen in chapter 3, larger antiferromagnetic coupling implies greater dynamic stability of skyrmions in SAFs. Antiferromagnetic coupling between the two magnetic layers can be achieved by the insertion of a spacer layer that promotes interlayer exchange coupling (IEC). To maintain the same sign of DMI in the two magnetic layers, an additional Pt layer is inserted in the spacer, effectively making the spacer a bilayer. The IEC spacer may consist of metallic [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], semiconducting [START_REF] Chongthanaphisut | Interlayer exchange coupling in ferromagnetic semiconductor trilayers with out-of-plane magnetic anisotropy[END_REF], and insulating [START_REF] Nistor | Oscillatory interlayer exchange coupling in MgO tunnel junctions with perpendicular magnetic anisotropy[END_REF] layers. Here, we have worked with metallic layers. A list of metallic spacers suitable for IEC can be found in [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]. In metals, the most commonly used spacers are Ru and Ir. In this study, we have chosen Ir as the spacer layer. First, a strong antiferromagnetic coupling in Co/Ir/Co has been observed in the literature [START_REF] Yakushiji | Very strong antiferromagnetic interlayer exchange coupling with iridium spacer layer for perpendicular magnetic tunnel junctions[END_REF][START_REF] Ishikuro | Highly efficient spin-orbit torque in Pt/Co/Ir multilayers with antiferromagnetic interlayer exchange coupling[END_REF]. We have found that for Co-based systems, for the similar thickness of spacer Pt layer (0.7 nm), the antiferromagnetic coupling strength for Ir/Pt spacer at the first RKKY peak is 1.1 mJ/m 2 (see section 5.2.1), which is much larger compared to the first RKKY peak of Ru/Pt systems (around 0.2 mJ/m 2 ) [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF].

• PMA: As established in chapter 4, to stabilize solitonic skyrmions at zero field, PMA is the most important quantity that has to be optimized. PMA has to be optimized keeping two important considerations in mind: (i) at zero field, the uniform OOP AF state is stable and (ii) the anisotropy is moderate so that the sample can still host textures.

• Magnetic moment compensation: To form a compensated SAF, the magnetic moment per unit area 𝑀 𝑠 𝑡 FM of the two FM layers must be the same. As we will explore in section 5.5.1, even though the FM in the two layers are the same, by changing their interfaces, the saturation magnetization of the system may vary. Hence attention must be given so that the net moment of the system is compensated. Though in this work, we always use Co as the FM in both layers, it could possible to form a SAF, with different FMs in the two constituent layers [START_REF] Juge | Skyrmions in synthetic antiferromagnets and their nucleation via electrical current and ultra-fast laser illumination[END_REF]. Such situations require even more attention to the moment compensation.

• SOT: The ultimate goal of this work is to observe efficient skyrmion motion in SAFs. It makes the optimization of the SOT forces in the sample crucial. The spacer layers are very thin and if any is expected to play an insignificant role in the SOT of the system. To drive skyrmions, SOT forces can be applied to either one or both layers of the SAF. In the former situation, as explored in section 3.3.3, one skyrmion drags the other, due to AF coupling. If SOT forces are applied through both layers, skyrmions can be moved more efficiently. However, care must be given so that the forces in both layers are in the same direction. As the two magnetic layers have same chirality, the SOT layers which are at the top and the bottom of the respective magnetic layers, implies materials with opposite spin Hall angle required for efficient SOT induced motion.

• Bias field: In FM systems, skyrmions are usually stabilized with the help of an external magnetic field, as discussed in Chapter 4. Since SAF systems are insensitive to external magnetic fields, alternatively, an internal field can be applied to one of the SAF layers to assist in skyrmion stabilization. This can be achieved, for example, by using a high PMA FM layer that is electronically coupled to the SAF. Notably, the first successful stabilization of skyrmions in SAFs by [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF] was achieved in the presence of such a bias layer. From our investigation of skyrmion stabilization at zero field (Chapter 4) we conclude that it is not an essential condition. However, it can be beneficial, and in the initial designs of the SAF multilayers, we have kept the possibility of adding such a bias layer.

Taking these requirements into consideration, three types of SAFs were developed during this thesis. Schematic of the SAF multilayers are depicted in Figure 5.1. We name the three multilayers shown in 5.1 (a), (b), and (c) as SAF1, SAF2, and SAF3 respectively. This naming follows a chronological order, with each subsequent multilayer stack addressing the shortcomings of the previous one and optimizing micromagnetic parameters along with SOT. Below we present a general description of these multilayers. SAF1 presents an [Ir/Co/Pt] based SAF multilayer. As mentioned above, between the two FM Co layers, a spacer layer consisting of Pt/Ir is present to promote AF IEC. The bottom-most Pt layer is a part of the buffer layer that is common to all samples (see Chapter 2). It can be commented that, below the bottom Co layer we have a Pt/Ir layer. This allows us the possibility of adding another Co layer at the bottom of the SAF without changing the multilayer structure, to achieve a bias field in the system. In this study, though we do not utilize such bias layers, inspired by the study of [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF], we reserved the possibility of adding a bias layer if necessary.

Repetition of trilayer [Ir/Co/Pt] unit enables symmetry breaking along the stacking direction and promotes DMI of the same sign in both Co layers. Both the Ir and Pt interfaces contribute to the PMA of the film. The thick Pt layers (5 nm) situated at the bottom and top of the stack can produce SOT in the Co layers through SHE. However, the top Pt layer is in direct contact with the Co layer and the bottom Pt layer has a thin Ir layer separating it from the Co layer. This Ir layer should reduce the flow of spin current into the bottom Co layer [START_REF] Ishikuro | Dzyaloshinskii-Moriya interaction and spin-orbit torque at the Ir/Co interface[END_REF]. Hence the dominant contribution for SOT arises from the top Pt layer. Note that due to antiferromagnetic coupling and DMI symmetry, the textures in both layers will possess the same chirality. In this condition, if both the top and bottom Pt layers contribute equally to SOT, the SOT force in the two layers would be in opposite directions and the textures would not move.

Characterization of SOT forces in this multilayer revealed that, though the bottom-most Ir layer, reduces the the flow of spin current, it cannot completely block the spin current generated from the bottom Pt layer. This leads to inefficient skyrmion motion in this sample. Further, as the bottom Co layer is surrounded by thin heavy metal layers (both Pt and Ir), a reduction in DMI is observed in this layer compared to the top Co layer. SAF2 to SAF3 were designed to overcome these shortcomings. However, though efficient skyrmion motion was not observed in this sample, it provides an excellent platform for understanding the properties of SAFs and SAF skyrmions (detailed in section 5.3). SAF2 : Pt(5)/Co(tCo)/Ir(0 58)/Pt(0 7)/Co(tCo)/Ir(0 58)/Ta(5): SAF2 was designed based on our understanding of nucleation and motion of skyrmions in ferromagnets at zero field and the successful stabilization of skyrmions in SAF1, with no bias. The general guidelines developed for the stabilization and nucleation of solitonic skyrmions in ferromagnets in Chapter 4 were verified in the SAF1 multilayers, confirming that the utilization of a bias layer is not a necessary condition for skyrmion stabilization. This freedom allowed us to choose the bottom-most layer, which no longer needed to be Pt as in SAF1. Further, as the thin Ir layer linked to the bottom-most Pt layer in SAF1 do not diffuse the spin current from the Pt layer completely, it would be beneficial in terms of SOT efficiency to replace the bottom-most Pt layer with an opposite spin Hall angle material. We chose Ta to replace this Pt layer. However, since, our sample growth process is based on the deposition of the multilayer on top of a 5 nm Pt buffer, it is then more natural to reverse the stack. A schematic of the whole stack is depicted in Figure 5.1(b). The material parameters of SAF2 could be initially assumed to be similar to SAF1, as the reversal of the stack should not have a large impact on the interfacial properties, with the added benefit of a larger SOT.

It can be commented that, SOT characterization reveals an increase in SOT efficiency in these multilayers. However, for reasons not clear to us, even though skyrmions could be nucleated in these multilayers, efficient motion was not observed. We, briefly discuss the results obtained for SAF2 in section 5.4. SAF3 : Pt(5)/Co(tCo)/Ir(0 58)/Pt(0 7)/Co(tCo)/Ta(5): SAF3 presents a very similar structure to SAF2, however, without the Ir layer inserted between the top Co and Ta layer. The removal of the Ir layer has two added benefits. (i) It increases the SOT efficiency in the top layer. (ii) Pt/Co/Ta has been reported to possess a higher DMI compared to Pt/Co/Ir layer [START_REF] Shahbazi | Domain-wall motion and interfacial Dzyaloshinskii-Moriya interactions in Pt/Co/Ir(𝑡 𝐼𝑟 )/Ta multilayers[END_REF]. However, it is important to note that this change results in a stack with two non-equivalent magnetic layers and may lead to alterations in magnetic and interfacial properties. We can comment here that these SAF multilayers showed efficient skyrmion motion and will be explored in section 5.5.

In the following, we detail on the micromagnetic parameters of the aforementioned SAF multilayers.

Building blocks of SAF: Extraction of essential parameters

In addition to a strong AF coupling, PMA, DMI, and SOT strength have been extracted for the three aforementioned SAFs by preparing both the full stack and corresponding single layers. The single layer samples have been prepared by removing one of the FM layers from the corresponding SAF multilayers. Below, we present the extraction procedure and values of different materials and interfacial quantities. All the quantities are summarized in section 5.2.5.

Sample name

RKKY coupling strength

The strength of the RKKY coupling between the two ferromagnetic Co layers depends significantly on the thickness of the non-magnetic spacer layer(s). To optimize this coupling, we study the OOP field-dependant evolution of the magnetization (M-H) for SAF1 multilayer by varying the spacer Ir layer thickness (𝑡 Ir ), while keeping the thickness of the spacer Pt layer fixed at 0.7 nm. The thicknesses of the Co layers were kept constant at 0.8 nm, to induce a high PMA , which in turn makes the magnetic reversal sharp and simplifies the interpretation.

When the PMA of the sample is high enough, in presence of an OOP magnetic field, there are four stable configurations of the SAF: uniform up ( ↑ ↑ ), uniform down ( ↓ ↓ ) and two antiferromagnetic states ( ↓ ↑ and ↑ ↓ ). When the thickness and saturation magnetization of the two layers are the same, the surface energy density1 of the two AF states are independent on the applied field strength and correspond to -𝐽 RKKY . Here, 𝐽 RKKY corresponds to the surface energy density of the system due to AF coupling, and does not dependant on the thickness of the magnetic layer. The energy density of the uniform up and down states are -2𝜇 0 𝐻𝑡 Co 𝑀 𝑠 + 𝐽 RKKY and 2𝜇 0 𝐻𝑡 Co 𝑀 𝑠 + 𝐽 RKKY respectively. We denote the field required to switch the system from the AF state to up or down configurations as the RKKY field 𝜇 0 𝐻 RKKY . Looking at the energy of the corresponding states the RKKY field is given by

|𝜇 0 𝐻 RKKY | = 𝐽 RKKY /𝑡 Co 𝑀 𝑠 .
The OOP hysteresis loops of four samples are depicted in Figure 5.2 (a)-(d), for different Ir thicknesses of 0.24 nm, 0.65 nm, 1 nm, and 1.4 nm. Notably, for 𝑡 Ir = 0.24 nm, the hysteresis loop is square, indicating a ferromagnetic interlayer coupling through the Pt/Ir spacer. By increasing the Ir thickness, it is possible to transition from FM to AF coupling. At 𝑡 Ir = 0.65 nm, the hysteresis loop exhibits a plateau close to the zero field region, where the net magnetization remains zero, followed by a sharp transition on both sides of the hysteresis loop. This switching field indicates the RKKY field defined above. For 𝑡 Ir = 1 nm and 1.35 nm, the hysteresis loops again indicate a transition between ferromagnetic and antiferromagnetic coupling, highlighting the oscillatory nature of the RKKY coupling with spacer thickness. Two regions of antiferromagnetic coupling were observed, with antiferromagnetic peaks occurring at 0.58 nm for the first region and 1.5 nm of Ir thickness for the second region. These values are in good agreement with previous work in the literature [START_REF] Saito | Antiferromagnetic interlayer exchange coupling and large spin Hall effect in multilayer systems with Pt/Ir/Pt and Pt/Ir layers[END_REF][START_REF] Yakushiji | Very strong antiferromagnetic interlayer exchange coupling with iridium spacer layer for perpendicular magnetic tunnel junctions[END_REF], with small deviations possibly attributed to variations in thickness calculations through different studies. A significant RKKY coupling strength of 1.1 mJ/m 2 was obtained for the first RKKY peak. It can be deduced from Figure 5.2 (e) that slight variations in Ir thickness by a few angstroms can significantly reduce the coupling strength from its maximum value. Therefore, precise control over the thickness during the deposition process is crucial. The second antiferromagnetic exchange region shows a much smaller coupling strength and hence is of limited interest to this work. For the subsequent work, the Ir thickness was kept constant at 0.58 nm, corresponding to the position of the first RKKY peak.

Previous reports show that, unlike the Ir thickness, varying the Pt thickness in the spacer layer does not result in oscillations in the sign of coupling. Instead, it has an exponential effect on the coupling strength [START_REF] Saito | Antiferromagnetic interlayer exchange coupling and large spin Hall effect in multilayer systems with Pt/Ir/Pt and Pt/Ir layers[END_REF]. Therefore, it can serve as a tuning parameter for controlling the coupling strength. In this work, the Pt thickness in the spacer layer is maintained at a constant value of 0.7 nm. While reducing the Pt thickness to increase the coupling strength might be tempting, to preserve the symmetry of the DMI in the two layers, the Pt thickness is kept close to approximately 3 monolayers of Pt. The observed RKKY strength is independent of the outer layers (layers outside of Co/Pt/Ir/Co) and the ordering of the spacer layers (Pt/Ir or Ir/Pt). Hence, though the measurements were shown 1Surface energy density defines the energy density integrated over the thickness of the magnetic layers. for SAF1, it also characterizes SAF2 and SAF3.

PMA

The effective anisotropy constant of the samples has been determined through the measurement of anisotropy field 𝐻 𝐾 . The surface anisotropy 𝐾 𝑠 and the effective anisotropy field are related as

𝐾 eff = 𝑀 𝑠 𝜇 0 𝐻 𝐾 2 = 𝐾 𝑠 𝑡 - 𝜇 0 𝑀 2 𝑠 2
To correctly estimate the 𝐾 𝑠 value from the PMA samples (𝐻 𝐾 > 0), we have performed anisometry measurements (see chapter 2 for detailed explanation), where the OOP magnetization (𝑚 𝑧 ) of the sample is studied as a function of an in-plane magnetic field, either through optical means (Kerr magnetometry) or electrical means (anomalous Hall effect). Both methods provide essentially the same results for single-layer FMs. Figure 5.3 (b) shows an example of normalized (to saturation value at zero field) AHE signal for the bottom layer of SAF3 with 𝑡 Co = 1.4 nm. This behaviour can be reproduced by macrospin energy minimization in Stoner-Wohlfarth model [START_REF] Wood | Exact solution for a Stoner-Wohlfarth particle in an applied field and a new approximation for the energy barrier[END_REF][START_REF] Grolier | Magneto-optical anisometry of ultrathin cobalt films[END_REF]. An example of fitting of one branch of the AHE data taking the effective anisotropy field and magnetic field misalignment (to the sample plane) angle as the fitting parameters (see chapter 2 for detail). Indeed the model provides a good solution for PMA samples and is used to precisely determine 𝐻 𝐾 . On the other hand, for IP magnetized samples, 𝐻 𝐾 is negative and is determined either from (Eq. 2.13) or from the slope of the curve close to zero field. The calculated 𝐾 𝑠 values for the top and bottom layer of SAF1 are found to be 1.66 mJ/m 2 and 1.64 mJ/m 2 respectively. Similarly the 𝐾 𝑠 values for the top and bottom layer of SAF2 are found out to be 1.85 mJ/m 2 and 1.93 mJ/m 2 respectively. It is to be noticed that, the anisotropy values obtained for the top and bottom layers of both SAF stacks are similar. SAF3, features FM Co layers with different interfaces, (Pt/Co/Ir) and (Pt/Co/Ta) for the bottom and the top layers respectively. Here, significant reduction in the surface anisotropy is noticed for the top Co layer, which is magnetized IP due to shape anisotropy. The surface anisotropy of the bottom and the top layers of SAF3 are 1.85 mJ/m 2 and, 0.34 mJ/m 2 respectively.

DMI

The DMI constant, 𝐷 DMI , was determined through measurements by Brillouin light scattering (BLS) spectroscopy. After magnetizing the film in-plane with an external magnetic field, spin waves propagating perpendicular to the field direction were probed. The preferred handedness introduced by DMI results in an energy difference between spin waves propagating in opposite directions with opposite wave vectors, leading to frequency shifts, Δ 𝑓 = 2𝛾𝐾 SW 𝐷 DMI 𝜋𝑀 𝑠 (see Chapter 2 for details). An example of the BLS spectra obtained for the top layer of SAF3 is shown in [START_REF] Dhiman | Thickness dependence of interfacial Dzyaloshinskii-Moriya interaction, magnetic anisotropy and spin waves damping in Pt/Co/Ir and Ir/Co/Pt trilayers[END_REF], which serves as the primary contributor to DMI in this film. Additionally, the reduction in DMI in the bottom layer compared to the top layer can be attributed to the relatively small thickness of the Pt layer in the bottom layer, considering that DMI accumulates with the thickness of the heavy metal (HM) layer and saturates around 2-3 nm of Pt thickness [START_REF] Tacchi | Interfacial Dzyaloshinskii-Moriya interaction in Co/CoFeB films: effect of the heavy-metal thickness[END_REF].

In SAF3, the upper and lower layers feature Pt/Co/Ta (𝑀 𝑠 = 0.85 ×10 6 A/m) and Pt/Co/Ir (𝑀 𝑠 = 1.3 ×10 6 A/m) interfaces, respectively. A change in the sign of DMI values compared to SAF1 is observed due to the reversal in the spatial position of the Pt layer. DMI values of -0.67 and -0.63 mJ/m 2 are obtained for the upper and lower layers, respectively. Despite the thin Pt layer in the upper layer, the additive nature of DMI in the Pt/Co/Ta interface results in an increased DMI compared to the bottom layer of SAF1. Furthermore, even though the top layer of SAF1 and the bottom layer of SAF3 have similar (reversed stacking) interfaces, a difference in the absolute DMI values is evident between these layers, highlighting the influence of stack ordering on the DMI of the system. Nevertheless, both SAF1 and SAF3 stacks comprise two magnetic layers, each exhibiting DMI of the same sign, which is positive for SAF1 and negative for SAF3. This implies that the DMI in both stacks will promote consistent chirality in both the upper and lower layers, a critical condition for stabilizing chiral textures in SAF systems. Although it has not been explicitly measured, from a symmetry argument, it is reasonable to expect that in SAF2 multilayers, both layers will possess DMI of the negative sign.

Spin-orbit torques

The measurement protocol for SOT efficiency is detailed in Chapter 2. Employing the outlined approach, the fitting of experimental data for two samples with OOP and IP effective anisotropy is depicted in Figure 5.5 (a) and (b), respectively. A summary of the effective DL field (𝐻 DL ) with the applied current density is presented in Figure 5.5 (c). The sign of 𝜉 DL is determined by the sign of the slopes (see Section 1.33). Notably, in accordance with our convention, for efficient motion of chiral textures, 𝜉 DL must exhibit the same sign in the two constituent SAF layers. Figure 5.5 (c) indicates that this condition is met for both SAF2 and SAF3. However, for SAF1, the bottom and top layers have 𝜉 DL of opposite signs, with the efficiency of the top layer exceeding that of the bottom layer. This mismatch results in an anticipated reduction in net SOT efficiency, rendering this SAF multilayer less effective for SOT-induced motion of chiral textures. A summary of the calculated SOT efficiency values for each stack is presented in Table 5.2.

Summary of essential parameters

Below we provide a summary of the micromagnetic parameters determined for the three SAF stacks. 

Skyrmion stabilization in SAF1

Hysteresis behaviour with FM thickness

In order to understand the effect of magnetic anisotropy, a series of SAF1 multilayers and their corresponding single layers were prepared varying the Co layer thickness. Figure 5.6 depicts OOP hysteresis loops of the samples as measured with Kerr magnetometry.

In the single layers, by increasing the Co thickness the hysteresis loops gradually transit from OOP to IP, characteristic of ultra-thin films with interfacial anisotropy. Here, both the bottom and top layers have the same Ir/Co/Pt interfaces. However, the bottom layer is surrounded by thin Ir (0.58 nm) and Pt (0.7 nm) layers whereas the top layer has a thin Ir and thick Pt layer surrounding it. It results in a small difference in surface anisotropy constants (Table 5.2) and consequently a small difference in the SRT thickness. The estimated SRT thickness for the bottom and the top layer from anisometry studies are 1.57 nm and 1.62 nm respectively.

The magnetic anisotropy of the FM layer as well as the interlayer coupling greatly affects the hysteresis of the SAF structure. Figure 5.6 (c) shows the example for SAF1, where the OOP hysteresis curves are plotted by varying the Co thickness between 1.15 nm to 1.6 nm. In other words, it depicts multilayers starting from high effective anisotropy to (almost) zero effective anisotropy. In addition to anisotropy, the RKKY field 𝜇 0 𝐻 RKKY , also varies inversely with the thickness of the magnetic layer as 𝜇 0 𝐻 RKKY = 𝐽 RKKY /(𝑡 Co 𝑀 𝑠 ). However, unlike the effective anisotropy, which becomes zero at SRT, the exchange field remains significant.

The observed hysteresis behavior in Figure 5.6 (c) can be broadly categorized into three regions. In the regime where the effective anisotropy field (𝜇 0 𝐻 𝑘 = 2𝐾 eff /𝑀 𝑠 ) is significantly larger than 𝜇 0 𝐻 RKKY (cyan curve, 𝑡 Co = 1.15nm), the loop exhibits a distinct plateau with zero magnetization around the zero-field region. In this configuration, the system maintains an antiferromagnetic arrangement, with one layer aligned along the magnetic field and the other layer opposing it. Beyond 𝜇 0 𝐻 RKKY , a rapid magnetization reversal occurs in the layer opposing the magnetic field, leading to system saturation.

In cases where 𝜇 0 𝐻 𝐾 is comparable to or less than 𝜇 0 𝐻 RKKY , the system retains an antiferromagnetic configuration at zero field. However, a gradual magnetization rotation occurs in both layers before reaching 𝜇 0 𝐻 RKKY , indicative of a spin-flip transition [START_REF] Clark | Néel Ferrimagnets in Large Magnetic Fields[END_REF]. Reversals in such scenarios are slower and may be accompanied by domain formations. At zero anisotropy, magnetization is expected to linearly vary with the magnetic field without any layer reversal signatures. Nevertheless, in the sample close to zero anisotropy (1.6 nm in Figure 5.6 (c)), a small hysteresis near zero field is observed. This hysteresis may arise from a slight difference in the anisotropy of the two magnetic layers. It is speculated that this small hysteresis results from a combination of a small positive 𝐾 eff in the top layer and a small negative 𝐾 eff in the bottom layer.

Observation of magnetic textures in SAF

Methodology for optimization of texture observation in SAF

The magnetic configurations of the SAF multilayers have been observed by MFM. In SAF systems, the dipolar field diminishes as the magnetization, on average, compensates along the vertical direction. Although a nonzero dipolar field persists due to the small spatial separation between the two ferromagnetic layers, it decays more rapidly than in ferromagnetic systems. The formation of contrast in MFM relies on the gradient of the dipolar field along the vertical direction, which, in the case of SAF systems, decays even more rapidly [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. This heightened decay poses challenges in imaging SAF systems with MFM, especially as the net magnetization is effectively compensated.

To address these challenges, we functionalized commercially available AFM tips for texture observation in MFM. This independent approach provides the flexibility to optimize the magnetic coating on AFM tips, tailoring it to the specific characteristics of the system under investigation. The MFM phase signal amplifies with the magnetization of the MFM tip. Notably, SAF samples exhibit insensitivity to small magnetic fields, thus limiting the potential perturbation induced by the AFM tip within the samples. Leveraging this advantage, we prepared MFM tips with 10-15 times more magnetic layer coating compared to the tips utilized in the study of symmetric bilayer ferromagnetic samples (discussed in Chapter 4). Figures 5.7 (a) and (b) present a comparison of MFM images obtained for a symmetric bilayer sample and a 1Å unbalanced SAF sample under identical measurement conditions, utilizing a high-magnetization tip. The color scale corresponds to the MFM signal, associated with tip-phase oscillations for both images. The bilayer ferromagnetic sample has been demagnetized prior to imaging. In an ideal scenario, the image should reveal an equal number of up and down domains within the system. However, due to the high magnetization of the tip, the bright contrast region (indicative of a repulsive interaction between the tip and the texture) is diminished, suggesting tip-induced perturbations. Additionally, some jumps along the slow-scan axis (from the bottom to the top of the image) are observed, indicating irreversible perturbations.

The signal strength observed in the FM sample is approximately 8 times stronger when compared to the SAF sample. When observed at the same phase scale, the textures in the SAF sample are nearly imperceptible, becoming visible only when the contrast is amplified by a factor of up to 8. This discrepancy indicates that the signal generated from the SAF state is approximately an order of magnitude smaller compared to the FM sample. Furthermore, it is noteworthy that tip-induced perturbations are not observed in the SAF sample. Firstly, there are no abrupt changes or jumps along the slow scan axis, indicating the absence of irreversible perturbations. Secondly, the amount of bright and dark contrast in the SAF sample is roughly equivalent, demonstrating the absence of reversible perturbation.

A significant optimization of the MFM tips is required to image completely compensated SAFs. This is why we often use an unbalanced SAF up to a thickness difference of 2 Å (𝑡 Co (bottom) > 𝑡 Co (top)) between the two FM layers for ease of imaging during the primary analysis of the samples.

As-grown states of SAF

The static properties of the SAF1 samples were studied by varying the magnetic layer thickness. Figure 5.8 (a)-(h) shows examples of the as-grown states of the samples, as observed through MFM. Here, as-grown state refers to the state of the sample after deposition, without applying any external perturbations. As the deposition is done layer by layer, during the deposition process, textures initially form in the bottom magnetic layer of the sample then imprinted on the top layer due to the AF interaction and subjected to relaxation. The as-grown states of samples are generally textured and close to a net zero magnetization state. The magnetic layer thickness of the bottom and top layer for each image are shown on top of the images in terms of 𝑡 Co (bottom)/ 𝑡 Co (top) in nanometers. Further reduction in the magnetic layer thickness intensifies the domain wall energy, resulting in the formation of even larger domains. Eventually, this process gives rise to isolated circular domains in the samples, as evidenced in Figures 5.8 (d) through (h). These observations suggest the potential stabilization of skyrmions in these samples. Furthermore, the stability of the homogeneous antiferromagnetic state has been confirmed in all the samples depicted in Figure 5.8 after saturation with a large out-of-plane magnetic field. Due to the limited impact of long-range dipolar fields in SAF samples, even those with small positive effective anisotropy can maintain the AF homogeneous state at zero field.

The as-grown states presented here may not precisely represent a fully demagnetized state, as commonly observed in ferromagnetic materials. However, they offer a qualitative understanding of the samples. Achieving a fully demagnetized state in our samples is challenging due to the strong antiferromagnetic coupling. Nevertheless, the results obtained for the as-grown samples can be explained based on the domain wall energy of the system, akin to what one would expect for a true demagnetized state.

Isolated skyrmion nucleation by field-induced procedure

Field control of magnetic states in SAF samples is rather challenging due to their insensitivity to magnetic fields, especially for samples with high anisotropy. However, as shown in Figure 5.6(c), for samples close to the spin-reorientation transition (SRT), a small hysteresis is observed near zero field. In this context, we attempt to investigate and probe such hysteresis loops. To do this, we consider the sample with Co layer thicknesses close to SRT, shown in Figure 5.8 (a).

The initial, as-grown state of the sample exhibits a stripe phase. The field probing procedure is executed as follows: the sample is first saturated with a high positive (negative) magnetic field. Subsequently, a smaller negative (positive) magnetic field, referred to as the probing field, is applied to the sample. Following the removal of the field, the zero-field state of the sample is examined with MFM. Increasing the probing field is observed to reduce the size and density of magnetic textures, as depicted in Figures 5.6(c)-(d). Within a probing field range of 180-300 mT, isolated skyrmion-like magnetic textures emerge (Figure 5.6(e)). This indicates that, although the ground state of the sample is likely to be a stripe phase, various magnetic states, including skyrmion-like textures, can be stabilized under specific field history at remanence. The process outlined above is similar to the field-induced process developed in Chapter systems, where a magnetic field could be employed to induce textures across a broader range of thicknesses. This observation suggests that in SAFs with PMA, the absence of long-range dipolar interactions can prevent spontaneous texture formation, even with a small anisotropy.

Current control of skyrmion nucleation and motion in SAF

Expanding upon the successful methodology developed in Chapter 4, a similar strategy is adopted in this section to facilitate the nucleation and motion of SAF skyrmions at zero field. To achieve this, we lithographed 1 to 3 µm tracks of SAF1 and employed current-induced nucleation, following the approach outlined in Section 4.4. Starting from a homogeneous magnetic state achieved by saturating it with an external magnetic field, we introduced current pulses into the micrometric track using a sharp contact.

When the sample is close to the spin-reorientation transition, we observe that while isolated skyrmion-like textures can be stabilized (as shown in Figure 5.9) through a fieldinduced process, current injection leads to the formation of domains throughout the sample (Figure 5.10). This outcome aligns with the nucleation results obtained for ferromagnetic samples near SRT, as discussed in Section 4.4. Following the approach outlined in chapter 4, higher anisotropy samples were studied. Upon the subsequent application of current pulses, the skyrmions in SAF1 are observed to move in the direction of the current. In this sample, both the top and bottom Co layers have an Ir/Co/Pt interfaces, and the sign of the DMI is determined by the Co/Pt layer, which is positive. The SOT generated by the top and bottom Co layers competes with each other. However, due to a higher value of the spin-Hall efficiency 𝜉 DL in the top layer, the dominant layer for SOT is the top Pt layer. As a result of this combination of chirality and SOT, the chiral textures are expected to move in the direction of the current (see Section 1.3.3), as observed.

The measured velocity of skyrmions in SAF1 is relatively small, approximately 15-20 m/s, compared to the high-velocity motion expected for SAF systems. This reduced velocity can be attributed to the fact that the SOT in this multilayer has not been fully optimized, and the SOT forces generated for the top and bottom Co layers are in competition with each other. Additionally, a small thickness imbalance between the bottom and top Co layers results in uncompensated magnetic moments. As a consequence, the gyrovectors for the skyrmions in the top and bottom layers are not equal, causing a small gyrotropic deflection of the skyrmions from the current direction during their motion. Consequently, all the nucleated textures are observed to move along the top edge of the track. 

SAF2: A brief summary

To address the issue of low SOT found in SAF1, SAF2 and SAF3 were designed. In SAF2, the SOT force for the bottom Co layer is provided by a Pt layer beneath the Co layer, and the force for the top Co layer is provided by the top Ta layer, mediated through a thin Ir layer. Since Pt and Ta have opposite spin-Hall angles (𝜃 SH ), the net force acts in the same direction, and efficient SOT-driven skyrmion dynamics were expected in this stack. However, in SAF2, although nucleation of skyrmions was observed, their motion could not be detected. We briefly discuss this system below. SAF2 consists of a repetition of a trilayer structure [Pt/Co/Ir]. Due to this symmetrical configuration, the stack is similar to the SAF1 multilayer with regard to micromagnetic parameters, albeit with a slight increase (as shown in Table 5.2). The static properties of the multilayer qualitatively resemble those of the SAF1 multilayer, and we do not delve into the details here. Figure 5.12 presents the results of a nucleation experiment conducted in a SAF2 sample with Co thicknesses of 1.3 nm and 1.2 nm for the bottom and top layers, respectively. In Figure 5.12(b), the outcome of applying six 8 ns current pulses at a current density of 8.6 × 10 11 A/m 2 to the homogeneous state is depicted. As a result of these pulses, skyrmions with radii ranging from 50 to 90 nm were observed nucleating throughout the track. However, contrary to our expectations, the motion of skyrmions was not observed. This suggests that the current density required for motion in this sample is greater than the nucleation current threshold. Increasing the current density led to the nucleation of much larger domains throughout the sample, but the effective motion of skyrmions could not be observed. We speculate the presence of a very high depinning current threshold in this sample. Our analysis of material parameters (see Table 5.2) indicates that this sample holds potential for texture dynamics studies, as the SOT efficiency of the stack has been significantly improved compared to SAF1. However, despite our speculation about a high depinning current threshold, we must admit that the results obtained here are puzzling, and we have yet to find a proper explanation. Understanding the dynamics of textures in this sample requires further investigations. Throughout this thesis, SOT characterization has been conducted on individual single-layer ferromagnetic samples. Whether the SOT experienced by textures in this SAF stack differs from our predictions based on single-layer samples remains to be answered.

Texture stabilization and dynamics in SAF3

Effect of non-equivalent interfaces

SAF3 presents a SAF with two non-equivalent magnetic layers, as the interfaces of the two magnetic layers (Pt/Co/Ir and Pt/Co/Ta) are different. This gives rise to variations in magnetic and interfacial properties in the two FM layers. One positive aspect of employing such non-equivalent magnetic layers is the increase in the DMI value, as discussed earlier. However, it also presents some challenges, as changes in magnetization and anisotropy are observed between the FM layers. magnetometry from single-layer samples. In both layers, 𝑀 𝑠 𝑡 Co is seen to linearly increase with the thickness of the Co layer. Notably, at similar Co thickness, the 𝑀 𝑠 𝑡 Co value is lower for the top layer (Pt/Co/Ta) compared to the bottom layer (Pt/Co/Ir). A linear fit to the experimental data shows a positive slope and a non-zero intercept on the x-thickness axis. This intercept is lower for the bottom layer compared to the top layer. One possible interpretation of such linear variation with a non-zero x-intercept could be that the slope provides the saturation magnetization, while the intercept indicates a dead-layer thickness. The dead layer refers to a thickness below which the magnetization is zero in the sample. Confirming such interpretations would require a more detailed material analysis, which has not been performed in this work. Nonetheless, the crucial quantity of interest here is the moment per unit area 𝑀 𝑠 𝑡 Co , which needs to be the same for both the top and bottom layers to form a compensated SAF. A scheme for selecting the appropriate thicknesses of the two layers is shown in Figure 5.13 through the magenta lines. We typically choose the thickness of the bottom Co layer and calculate the corresponding compensation thickness for the top layer. In addition to the reduced magnetization, the top layer exhibits a lower anisotropy value (see Table 5.2). Notably, within the measured thickness range of 0.75 nm to 1.95 nm, the top layer remains in-plane, whereas the bottom layer remains out-of-plane (OOP) up to 1.7 nm.

To summarize, in SAF3, we couple an OOP bottom Co layer to an IP top Co layer with a strong antiferromagnetic coupling. The thickness of the two Co layers are selected in such a way that the magnetization is compensated across the vertical profile. This unique configuration makes the stacks atypical and adds complexity to stabilizing magnetic textures within them.

Hysteresis and texture observation

In the designed SAF3, one FM layer is in-plane IP, while the other is OOP. Consequently, the stability of the homogeneous state is not straightforward. To achieve the stabilization of skyrmions at zero applied field in this system, it is essential to first ensure the stability of the OOP uniform AF state at zero field. To understand the potential stability of this uniform state, let us examine the energy of the system under a macrospin approximation. When an applied magnetic field is perpendicular to the film, the surface energy of the system can be expressed as:

E = -𝐾 1 𝑡 1 cos 2 (𝜃 1 ) -𝜇 0 𝐻 𝑀 s1 𝑡 1 cos(𝜃 1 ) -𝐾 2 𝑡 2 cos 2 (𝜃 2 ) -𝜇 0 𝐻 𝑀 s2 𝑡 2 cos(𝜃 2 ) -𝐽 RKKY cos (𝜃 1 -𝜃 2 ) (5.1)
In the above equation, the indices 1 and 2 refer to the quantities in the bottom and top layers, respectively. 𝐾 represents the effective anisotropy, with 𝐾 1 > 0 for the bottom layer and 𝐾 2 < 0 for the top layer. The terms 𝑀 𝑠 represent the saturation magnetization, and 𝑡 represents the thickness of the ferromagnetic layer, such that 𝑀 s1 𝑡 1 = 𝑀 s2 𝑡 2 . The parameter 𝜃 is the angle between the magnetization and the OOP direction, and 𝐻 is an external magnetic field along the OOP direction.

First, let us consider a OOP bottom layer with high anisotropy such that, the magnetization in this layer is always along the OOP direction (𝜃 1 = 0 or 𝜋). In this situation, the energy of the system primarily varies with the IP layer, with an additional contribution of 𝐽 cos(𝜃 2 ) due to the antiferromagnetic coupling, as compared to an isolated layer. The equilibrium solution for an isolated IP layer subjected to an OOP field typically results in three-segment hysteresis loops: The OOP component of magnetization exhibits a linear variation with the magnetic field, with a slope 1/|𝐻 𝑘2 |, until it saturates for a field greater than the anisotropy field. Here, 𝐻 𝑘2 represents the effective anisotropy field, negative for an IP layer. The addition of antiferromagnetic coupling shifts these hysteresis loops in two directions, influenced by the RKKY field 𝜇 0 𝐻 RKKY = 𝐽 RKKY 𝑀 𝑠 𝑡 . To establish a homogeneous magnetic state at zero field, it is essential for the IP layer to be saturated at zero field. This can be achieved when the shift caused by the RKKY field is larger than the anisotropy field of the IP layer. In conclusion, given our initial condition that the OOP layer remains saturated, a homogeneous ground state can be achieved in the SAF system when |𝜇

0 𝐻 RKKY | > |𝜇 0 𝐻 k2 |.
The solution to Eq. 5.1 becomes intricate when we remove the constraint that the OOP layer is always saturated, allowing for variations in 𝜃 1 and 𝜃 2 . To explore the effects of these variations, we conducted macrospin simulations. We used the parameters 𝑀 𝑠 𝑡 = 𝑀 𝑠1 𝑡 1 = 𝑀 𝑠2 𝑡 2 = 1.1 × 10 6 𝐴/𝑚 2 × 1 𝑛𝑚. Figure 5.14 (a1-d1), (a2-d2), and (a3-d3) depict hysteresis loops for the SAF (in blue), along with the corresponding top (IP anisotropy; red curve) and bottom (OOP anisotropy; green curve) layers. These variations were done by changing (1) the OOP anisotropy of the bottom layer, (2) the IP anisotropy of the top layer, and (3) the AF coupling strength respectively. While one parameter is varied, the others were kept constant. Figure 5.14 (a1-d1) investigates the influence of increasing the OOP anisotropy (𝐾 1 in the bottom layer) on the system. It keeps the anisotropy field constant in the top layer and maintains the RKKY field at a level greater than the IP anisotropy field. When the OOP anisotropy in the bottom layer is sufficiently high (e.g., 0.9 T as depicted in Figure 5.14 (d1)), the system adopts an OOP antiferromagnetic state at zero field as predicted. As the OOP anisotropy of the bottom layer decreases, the bottom layer begins to deviate from the assumption of being consistently saturated and demonstrates canting near zero field. There exists a critical point (Figure 5.14 (c1)) where further reductions in OOP anisotropy destabilize the OOP AF configuration, leading to a canted state at zero field. However, at a higher field, OOP AF state is stabilized. In cases where the OOP anisotropy is lower compared to the IP anisotropy, the system becomes predominantly influenced by the IP anisotropy (Figure 5.14 (a1)) and no OOP AF state can be stabilized.

In Figure 5.14 (a2-d2), we systematically reduce the IP anisotropy (𝜇 0 𝐻 𝐾2 ) from -0.44 T to zero while maintaining the OOP anisotropy field (𝜇 0 𝐻 𝐾1 ) and RKKY field (𝜇 0 𝐻 RKKY ) at 0.8 T and 0.3 T, respectively. The relatively high OOP anisotropy field makes the situation close to our assumption of an always saturated state in the OOP layer, albeit with slight canting, which makes the system slightly less ideal. Qualitatively, the hysteresis loops exhibit the expected behaviour. Notably, when |𝜇 0 𝐻 𝐾2 | > |𝜇 0 𝐻 RKKY |, the state at zero field is canted. As |𝜇 0 𝐻 𝐾2 | decreases, approaching |𝜇 0 𝐻 RKKY |, a crossing point emerges where the uniform OOP antiferromagnetic state becomes stable at zero field. Further reduction in |𝜇 0 𝐻 𝐾2 | results in a scenario where the stability of the OOP AF state is observed over a wider field range.

We also explored the impact of the coupling strength on the hysteresis by maintaining the anisotropy field of the top and bottom layers at -0.04 T and 0.8 T, respectively. Increasing the antiferromagnetic coupling strength results in a higher RKKY field and broadens the hysteresis loop for the top IP layer. With higher AF coupling, we observe a more pronounced deviation from the linear hysteresis behaviour expected of the IP layer. This change is accompanied by deviations from a saturated state in the bottom layer. As previously mentioned, these effects were not captured by the simple analytical model. In the case of the SAF stack, increase in AF coupling strength leads to an increase in the saturation field. Qualitatively, we can make a remark that, increasing the AF coupling strength expands the field region in which the homogeneous antiferromagnetic state remains stable.

In summary, the developed numerical results illustrate the conditions under which we can stabilize the homogeneous AF ground state by coupling IP and OOP anisotropy layers together. The stability of this state depends on all three factors discussed above. To enhance this stability, it is necessary to fine-tune the materials in such a way that (i) the OOP anisotropy in the bottom layer is increased, (ii) the strength of in-plane anisotropy in the top layer is decreased, and (iii) the RKKY field is increased. In our samples, reducing the thickness of the magnetic layers simultaneously addresses all of these requirements.

Homogeneous ground state and texture observation in SAF3

Hysteresis loops obtained through Kerr magnetometry for three compensated SAF3 multilayers are presented in Figure 5.15 (a)-(c). These multilayers have progressively decreasing thicknesses for both the bottom and top Co layers as we move from (a) to (c). Corresponding MFM images of the as-grown state are displayed in Figure 5.15 (d)-(f). In Figure 5.15 (a), we observe a SAF with a bottom Co layer thickness of 1.05 nm and a top Co layer thickness of 1.5 nm. Individual magnetometry measurements on single-layer samples confirm that both layers have the same magnetic moment. When sweeping the magnetic field from a high negative to a high positive value, we observe that the system retains a non-zero magnetization at zero field. Within the field range of approximately ± (200-300 mT), a homogeneous antiferromagnetic state can be inferred. This type of hysteresis loop aligns with our macrospin calculations, as shown in Figure 5.14, and is characteristic of a system with higher IP anisotropy field compared to the RKKY field. In the macrospin model, such systems exhibit a canted magnetic state at zero field.

The experimental results agree remarkably well with our numerical calculations, reinforcing the trends observed in the macrospin model. As we progressively reduce the Co layer thicknesses, we observe a consistent decrease in the magnetic field required to stabilize the homogeneous state. Figure 5.15 (b) illustrates a specific configuration where the bottom layer has a Co thickness of 1 nm, and the top layer is 1.45 nm thick. In this case, the system achieves a homogeneous state prior to reaching zero magnetic field. At zero magnetic field, the magnetization entirely vanishes, affirming that the moments of the bottom and top layers are indeed equal, reflecting a compensated SAF. Further decreasing the Co layer thickness from this point results in a system where the out-of-plane anisotropy dominates, leading to the anticipation of a homogeneous SAF state over a broad range of magnetic field. (c). These images clearly depict the presence of magnetic textures in the samples. When the zero field state remains canted, the as-grown state exhibits a low periodicity and a high density of textures. However, in situations where the zero field state remains AF and OOP, there is a noticeable increase in the size of the textures and a decrease in their density. This observation suggests an increase in the domain wall energy in these cases. Importantly, the stability of the homogeneous state has been confirmed, in these two samples through MFM images taken at zero field after applying a high magnetic field (1T) to the samples.

Current control over skyrmion nucleation and motion

The two SAF systems presented in Figure 5.15 (b) and (c) are promising candidates for conducting skyrmion nucleation experiments at zero field, building upon the results established in Chapter 4. These systems fulfil the necessary prerequisites: the ability to host magnetic textures, as verified from the as-grown state, and a stable OOP uniform antiferromagnetic state at zero field. Moreover, the SAF3 samples have been optimized for the efficient motion of textures through SOT. The combination of these properties satisfies the desired conditions outlined in Section 5.1. In the following section, we present the results of skyrmion nucleation and dynamics for the sample shown in Figure 5.15 (b), notably with Co thicknesses of 1 nm for the bottom layer and 1.45 nm for the top layer.

Nucleation of SAF skyrmions

The nucleation experiments conducted here followed the methodology outlined in Section 4.4. In patterned 3 µm tracks, current pulses with widths ranging from 3 to 10 ns were applied to a uniform state using a sharp tip. Figure 5.16 (a) displays an MFM image captured after applying four 7 ns pulses with a current density of 6.5 ×10 11 A/m 2 to the uniform state. This results in the simultaneous nucleation and motion of isolated skyrmions. Further, the polarity of the homogeneous state was reversed by applying a saturating magnetic field in the opposite direction. Figure 5.16 (b) illustrates the results of applying four 4 ns pulses with a current density of 6.5 ×10 11 A/m 2 to the reversed homogeneous state. Notably, nucleation and motion of isolated textures were observed with both polarities. The observed difference in contrast from dark to bright after polarity reversal is primarily due to the increased sensitivity of the MFM to the top layer of the SAF, providing evidence of polarity reversal.

The skyrmions nucleated in Figure 5.16 (a) and (b) are observed to move along nearly straight paths, as indicated by the red reference lines in each image, which are parallel to the track edge. This observation suggests that the motion of skyrmions is almost free from the skyrmion Hall effect, which is expected in SAF systems with magnetization compensation. As discussed in Chapter 3, in SAFs, the gyrotropic deflection of skyrmions in the top and bottom layers occurs in opposite directions, and these effects tend to cancel out when a strong antiferromagnetic coupling is present, allowing for more efficient skyrmion motion along the SOT force direction. Given the negative DMI and negative 𝜉 DL in both layers, the expected motion direction for skyrmions is along the current direction, as discussed in Section 1.3.3. This expectation was confirmed.

In the initial demonstration, skyrmions were nucleated at the tip of the sharp contact. However, due to the sharp tip, the current density in the track is not homogeneous, which could result in deviations in the motion of skyrmions. To ensure accurate comparison with theoretical models, it is crucial to have uniform current lines along the track. This uniformity can be achieved, for example, at locations far away from the sharp contact. In this work, to avoid any ambiguity, we also worked with tracks featuring flat contacts where the divergence of current lines could be minimized. Additionally, to limit interactions between skyrmions and the edges of the track, we designed wider 5 µm tracks. Figure 5.17 presents the nucleation and motion of skyrmions in tracks with flat contacts. Figure 5.17 (a) depicts a uniform state, while Figure 5.17 (b) displays an MFM image after applying three 4 ns pulses with a current density of 6.5 ×10 11 A/m 2 . Due to naturally occurring small inhomogeneities at the interface between the contact pad and the sample track, specific nucleation points are observed. Skyrmions nucleate at these points and subsequently move along the track after additional pulses. Similar nucleation experiments were conducted by reversing the magnetic polarity of the sample. Figure 5.17 (c) shows an MFM image after applying ten 4 ns pulses with a current density of 6.5 ×10 11 A/m 2 to the homogeneous state.

In both Figure 5.17 (b) and (c), skyrmions are nucleated at the center of the track, and larger elongated domains are nucleated near the edge of the track. The appearance of these elongated domains near the track edge can be attributed to disorder and variations in anisotropy, which is prominent at the track edge. Due to a significant DMI in our samples, all nucleated textures move along the current direction, regardless of their size and shape. This indicates that all the nucleated textures are homochiral. However, following a strict definition of skyrmion circularity provided in the next section, these elongated textures are not considered as skyrmions.

Skyrmion detection procedure and radius extraction

In this section, we outline the image analysis protocol that was developed to analyze the size and shape of skyrmions observed during the nucleation process. Since a large number of skyrmions were nucleated and moved using different current densities on the track, it was essential to establish a reproducible protocol to minimize human bias in detecting skyrmion size and motion. The process begins with the MFM image (Figure 5.18(a)), which is initially binarized using Otsu's thresholding algorithm (Figure 5.18(b)). After binarization, isolated white and black pixels may be present in the image due to noise in the measurement. The noise is removed through morphological filtering. A gaussian blurring algorithm at times are used to make the image smooth. Two kinds of morphological filters were used (i) opening filter : to remove the isolated white pixels in between black pixels and (ii) closing filter : to remove isolated black pixels in-between the white pixels. An example of the image after the filtering procedure is presented in Figure 5.18(c).

From the filtered image, isolated white contours are extracted. These extracted contours are then fitted to ellipses. Contours with a semi-major and minor axis ratio greater than 2.5 are disregarded since considered as elongated textures. This definition was established arbitrarily in the absence of a formal definition for the shape of a skyrmion. The remaining contours are made accessible through clickable pointers, and suitable magnetic domains are manually chosen (Figure 5.18(d)). These chosen domains are then superimposed onto the original MFM image to verify the validity of the procedure. During the development process, the obtained results were often cross-checked with results obtained using opensource image analysis software such as ImageJ.

From the obtained contours, several quantities can be calculated, including the centroid of the contour, eccentricity, surface-to-perimeter ratio, area, and more. However, our analysis focuses on two key quantities: the area and the centroid of the contour. The centroid, calculated from the contour moments, provides the center of the isolated domains. To estimate the radius of the skyrmions, we assume a circular shape and calculate it as √︁ Area/𝜋. A histogram of the skyrmion radii extracted using this procedure is presented in Figure 5.18(e). The average radius of nucleated skyrmions is approximately 204.5 nm, with a standard deviation of 68 nm. The variation in skyrmion size can be attributed to the presence of disorder and inherent inhomogeneities in the granular film. These factors can lead to a considerable dispersion in the size of nucleated skyrmions. Further discussion and additional details regarding this phenomenon are needed.

Motion of skyrmions

In the previous section, we described a semi-automated procedure for skyrmion detection. To analyze the motion of skyrmions, this detection protocol is applied to two images: one taken before and one after the application of a current pulse. Examples of such images are shown in Figure 5.19 (a) and (b). The contours, representing the periphery of skyrmions, from the second image are superimposed onto the first image and skyrmions that have moved are then manually connected. An example of the final result, with connected white lines indicating skyrmion displacement, can be seen in Figure 5. 19(c). By following this protocol, we can determine the successive displacement of skyrmions caused by current pulses, their velocity, and the deflection angle (𝜃 sk ). The motion of a large number of skyrmions (676) was tracked by applying different current densities to the track. Figure 5.20 shows the variation of skyrmion velocity with current density, with error bars representing the standard deviation in velocity. A depinning current density of 5.1 ×10 11 A/m 2 was observed, below which skyrmions do not move. Beyond this threshold, the average skyrmion velocity increases with the current density, a behaviour similar to what is observed in ferromagnetic systems. For the largest applied current density, a mean velocity of about 300 m/s is reached. While direct comparisons are challenging due to differences in multilayer structures, the velocities obtained in the SAF system appear much larger compared to the ferromagnetic systems studied in Chapter 4 and typical skyrmion velocities in ferromagnetic systems from literature.

In addition to the observed advantage in terms of velocity, the gyrotropic deflection of skyrmions is significantly suppressed in these SAF samples. To examine this, the skyrmion deflection angle is evaluated from the displacement in skyrmion position, as

𝜃 sk = arctan 𝑣 𝑦 𝑣 𝑥 .
Here 𝑣 𝑥 and 𝑣 𝑦 are the velocities of the skyrmion along and transverse to the track. The skyrmion deflection angles obtained for all the detected skyrmions are summarized in Figure 5.21(a), while Figure 5.21(b) shows the skyrmion deflection measured at different current densities. Regardless of the applied current density, a small mean deflection angle of less than 3 • was consistently observed. When combining the results across all measurements, a mean skyrmion Hall angle of 0.65 • ± 6.9 • was determined. This is in contrast to the typically large deflection angles exceeding 30 • found in ferromagnetic samples and demonstrates the negligible transverse motion of SAF skyrmions.

Discussion

Dynamics modelling

The double lattice Thiele model, developed in Chapter 3, Section 3.3, can be effectively applied to describe the skyrmion dynamics observed in SAF systems when they reach a steady state. The solution for SOT induced velocity of double lattice skyrmions, in presence of a current density 𝐽 is given by (Eq. 5.2)

𝑣 = ℏ𝐽𝜉 DL 𝑓 2𝑒𝐿 𝛼 𝑡𝑑 1 √︁ 1 + 𝜌 2 (5.2a) 𝜌 = 𝑣 𝑦 𝑣 𝑥 = 𝐿 𝑠 𝑛 𝐿 𝛼 𝑑 (5.2b)
For compensated systems, 𝐿 𝑠 = 0 and 𝜌 = 0 hence a deflection free motion of skyrmions.

In the absence of this deflection term, the skyrmion velocity becomes dependent on the geometrical parameters 𝑓 and 𝑑 (Eq. 1.42). Specifically, 𝑓 is proportional to the skyrmion radius ( 𝑓 ≃ 𝜋 2 𝑐𝑅), while 𝑑 exhibits a singular behaviour and varies as 𝑑 ≃ 4𝜋 exp -𝑅 2Δ + 𝑅 2Δ . An exchange stiffness of 𝐴 ex = 20 × 10 -12 J/m is chosen. The effective anisotropy of the system is taken as a thickness average of the effective anisotropy of the top and the bottom layer. We find Δ = √︁ 𝐴 ex /𝐾 eff of 8 nm. Furthermore, the skyrmion velocity is influenced by material-dependent parameters like 𝜉 DL (see Table 5.2) and 𝐿 𝛼 𝑡 = (𝛼 1 𝐿 s1 𝑡 1 + 𝛼 2 𝐿 s2 𝑡 2 ). For SAF, Eq. 5.2 describes a skyrmion velocity which varies linearly with the applied current density. This linear behaviour is characteristic of pinning-free systems. However, in real systems, the dynamics of skyrmions deviate from this ideal linear behaviour due to the presence of pinning potentials. As a result, the linear motion of skyrmions is typically observed only during the flow regime, where skyrmions overcome the pinning potentials [START_REF] Berges | Size-dependent mobility of skyrmions beyond pinning in ferrimagnetic GdCo thin films[END_REF]. The flow regime is characterized by a linear increase in skyrmion velocity with current density. The measured current density vs velocity points suggests that at the highest velocity, the motion is close to reach the asymptotic flow regime. This inference is supported by the lines drawn between successive data points, which gradually move closer to a perfect linear regime with an intercept close to zero (see Figure 5.22(a)).

Figure 5.22 (b), shows the variation of tracked skyrmion velocity as a function of the skyrmion radius for J = 8 × 10 11 A/m 2 . The velocity shows almost no dependency on the skyrmion radius. Such behaviour arises for large skyrmions where the skyrmion radius is much larger than the DW width parameter and in the absence of gyrotropic deflection. For large skyrmions 𝑑 ≈ 𝑅/2Δ is a good approximation so 𝑓 /𝑑 is independent of skyrmion radius). The red curve in Figure 5.22 (b) provides a fit to the skyrmion velocity by fixing all the experimentally determined parameters and only taking the damping constant 𝛼 (assumed to be the same for both the top and bottom layers) as the fitting parameter. The fit provides 𝛼 = 0.35 ± 0.01. The dotted red line in Figure 5.22(a) shows the expected velocity as a function of current density, as determined from Eq. 5.2 with 𝛼 = 0.35.

The measured damping constants from the distribution of BLS resonance frequencies, for the top and bottom layers are 0.048 and 0.056 respectively (see Figure 5.22 (c) for the top layer field vs FWHM). The damping constant obtained from the skyrmion dynamics analysis (0.35) is about 10 times larger than the one obtained from the BLS analysis. It is however in good agreement with the literature on skyrmions and domain dynamics in Pt/Co based systems (0.2 to 0.5) [START_REF] Juge | Currentdriven skyrmion dynamics and drive-dependent skyrmion Hall effect in an ultrathin film[END_REF][START_REF] Hrabec | Velocity enhancement by synchronization of magnetic domain walls[END_REF][START_REF] Shahbazi | Domain-wall motion and interfacial Dzyaloshinskii-Moriya interactions in Pt/Co/Ir(𝑡 𝐼𝑟 )/Ta multilayers[END_REF][START_REF] Metaxas | Creep and flow regimes of magnetic domain-wall motion in ultrathin Pt/Co/Pt films with perpendicular anisotropy[END_REF][START_REF] Jué | Domain wall dynamics in ultrathin Pt/Co/AlOx microstrips under large combined magnetic fields[END_REF]. Such a disagreement, although not always commented in the literature due to a lack of simultaneous determination of damping for both texture and precessional dynamics, has already been noticed (in GaMnAs a factor of 30 has even been noticed [START_REF] Dourlat | Field-driven domain-wall dynamics in (ga,mn)as films with perpendicular anisotropy[END_REF]). This discrepancy in damping values is often attributed to magnetic disorder in the sample, which can introduce new dissipation mechanisms [START_REF] Min | Effects of disorder and internal dynamics on vortex wall propagation[END_REF]. Beyond the finite depinning current, such a disorder in our study is also observed in the significant inhomogeneous linewidth broadening (1 GHz) observed from the BLS spectra (horizontal dotted line in 5.22 (c)).

Proof of topology in unbalanced SAF

The presence of significant DMI and the observed motion of skyrmions along the current direction, guided by the SOT-induced force, provide substantial evidence of the chiral nature of these magnetic textures. Chirality implies a well-defined topology |𝑄| sk = 1, a characteristic feature of skyrmions. This observation alone is sufficient to establish the skyrmionic nature of the observed textures. However, to further strengthen the evidence of their topological nature, we conducted an analysis of texture motion in an uncompensated SAF system. It is important to note that in an uncompensated SAF, while the textures are antiferromagnetically coupled, there exists a net difference in magnetic moment. This difference leads to a non-zero gyrovector, which is reflected in the gyro-deflection term in the Thiele equation. Consequently, textures in such a system are expected to retain a transverse velocity component with respect to the current direction. To verify this effect, we prepared an uncompensated SAF with a 30% uncompensation by adjusting the bottom and top Co layer thicknesses to 1.05 nm and 1.15 nm, respectively. In Figure 5.23 (a) and (b), we applied five 5 ns pulses at a current density of 6.9 ×10 11 A/m 2 to the system starting from uniform states, with a magnetic polarity reversal between (a) and (b). In both situations, we observe the nucleation of textures from the center of the track. These nucleated textures move towards opposite edges of the track. It shows that topological deflection is recovered in an unbalanced situation. A deflection angle of ± 17 • was measured. The deflection angle is still smaller compared to the typical value of deflection angle obtained for ferromagnetic situations, due to a relative compensation of magnetization. It is important to note that due to a change in sample anisotropy, larger textures with varied shapes were nucleated in this scenario, in addition to isolated circular textures. Nonetheless, this reappearance of topological deflection in the unbalanced samples directly confirms the topological nature of the textures. Using a continuity argument, we can conclude that the textures nucleated and moved in the compensated SAF were indeed topologically nontrivial and skyrmionic.

Comparison with the literature

In the optimized SAF3 system, it was observed that skyrmions can be moved by SOT with negligible deflection. An average skyrmion velocity of 300 m/s was achieved for the largest applied current pulses (8 ×10 11 A/m 2 ). This velocity is significantly higher compared to the typical skyrmion velocities obtained for ferromagnetic systems. In Figure 5.24, a comparison between the obtained velocities in the SAF system and a symmetric bilayer ferromagnet, as developed in Chapter 4, is presented. Though these two systems are not directly comparable, a substantial increase in skyrmion velocity is evident in the SAF system when compared to the FM system. It can be highlighted here that the symmetric bilayer ferromagnets are optimized for texture dynamics through SOT and the velocity observed for this system is comparable to the highest reported skyrmion velocities in FM systems [START_REF] Hrabec | Current-induced skyrmion generation and dynamics in symmetric bilayers[END_REF][START_REF] Woo | Observation of room-temperature magnetic skyrmions and their current-driven dynamics in ultrathin metallic ferromagnets[END_REF][START_REF] Juge | Currentdriven skyrmion dynamics and drive-dependent skyrmion Hall effect in an ultrathin film[END_REF][START_REF] Litzius | Skyrmion Hall effect revealed by direct time-resolved x-ray microscopy[END_REF]. The existence of DWs and skyrmions in SAFs has been reported in several SAF systems [START_REF] Yang | Domain-wall velocities of up to 750 ms -1 driven by exchange-coupling torque in synthetic antiferromagnets[END_REF][START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF][START_REF] Juge | Skyrmions in synthetic antiferromagnets and their nucleation via electrical current and ultra-fast laser illumination[END_REF][START_REF] Dohi | Formation and current-induced motion of synthetic antiferromagnetic skyrmion bubbles[END_REF][START_REF] Raymenants | Nanoscale domain wall devices with magnetic tunnel junction read and write[END_REF]. The initial observations of skyrmions in SAF by [START_REF] Legrand | Room-temperature stabilization of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF], utilized the interlayer coupling of an adjacent bias layer to obtain skyrmions from a spin spiral state in low PMA systems. Subsequently, observations of skyrmion bubbles and skyrmions in uncompensated SAFs in the presence of an external field have been reported [START_REF] Dohi | Formation and current-induced motion of synthetic antiferromagnetic skyrmion bubbles[END_REF][START_REF] Chen | Realization of isolated and highdensity skyrmions at room temperature in uncompensated synthetic antiferromagnets[END_REF][START_REF] Chen | Controllable generation of antiferromagnetic skyrmions in synthetic antiferromagnets with thermal effect[END_REF]. Very recently, [START_REF] Juge | Skyrmions in synthetic antiferromagnets and their nucleation via electrical current and ultra-fast laser illumination[END_REF], observed skyrmions at zero field without any external magnetic field.

The resistance to external fields and the absence of dipolar stray fields make spin textures in AFs superior to their ferromagnetic counterparts in terms of the motion and stability of magnetic states. For e.g. the Walker breakdown [START_REF] Mougin | Domain wall mobility, stability and Walker breakdown in magnetic nanowires[END_REF][START_REF] Koyama | Current-induced magnetic domain wall motion below intrinsic threshold triggered by Walker breakdown[END_REF] observed in FMs that causes a decrease in DW velocity, is absent in AF systems [START_REF] Selzer | Inertia-free thermally driven domain-wall motion in antiferromagnets[END_REF]. AF DWs can be moved without any inertia and acceleration phase leading to higher effective velocities. In this context, SAF systems have been studied and experimentally shown to have efficient DW multilayer texture size (nm) vel (m/s) 𝐽 𝑐 (A/m 2 ) ref.

Pt [START_REF] Cohen | Current driven chiral domain wall motions in synthetic antiferromagnets with Co/Rh/Co[END_REF] Table 5.3: Some synthetic antiferromagnetic systems hosting skyrmions and DWs along with their size and velocities.

motion [START_REF] Yang | Domain-wall velocities of up to 750 ms -1 driven by exchange-coupling torque in synthetic antiferromagnets[END_REF][START_REF] Chen | Voltage-induced high-speed DW motion in a synthetic antiferromagnet[END_REF]. However, though efficient SOT-induced motion has been predicted for skyrmions, the experimental studies showing skyrmion (bubble) motion are a handful and the observed velocities are limited to 10 m/s [START_REF] Dohi | Formation and current-induced motion of synthetic antiferromagnetic skyrmion bubbles[END_REF]. It makes it hard to quantitatively compare our results with the literature. We comment here that, a recent work from Spintec has demonstrated very high skyrmion velocity in SAFs reaching upto 900 m/s during a conference [START_REF] Urrestarazu | Stabilization and nucleation of antiferromagnetic skyrmions in synthetic antiferromagnets[END_REF]. In Table 5.3, we have shown a comparison between the results obtained in the literature for different systems with our results.

Can we measure the skyrmion mass?

In Chapter 3, we discussed the presence of inertia and the associated mass, given by 𝑀 = G 2 +(𝛼𝐷) 2 𝐽 RKKY 𝑑 , as well as the transient time 𝜏 = 𝑀 2𝐿 𝛼 𝑡𝑑 that is intrinsic to SAF skyrmions (see Section 3.3.4). Based on the observed material parameters, we associate a mass of the order of 10 -25 kg and a transient time in the pico-second range to our skyrmions. Naturally, one might wonder whether we can extract the mass of skyrmions from velocity measurements. However, this transient time is too small, and its effects are challenging to probe. Nonetheless, here, we demonstrate that even if the transient time were larger, for example, in the nano-second range, it would still be impossible to disentangle the effects of skyrmion mass through measured skyrmion velocity measurement using MFM, which operate over time scales of minutes and essentially measure skyrmions in a static condition.

To elaborate on the situation, let us consider the motion of skyrmions when a current pulse with a pulse width of Δ𝑡 is applied. This current pulse exerts a SOT force, denoted as F tot , on the skyrmion. The equation of motion of the skyrmion due to the SOT force is given by:(See Eq. the characteristic time constant associated with the skyrmion motion. Integrating the velocity over a large time scale of MFM measurements (minutes; it can be considered as ∞ for practical purposes), we find a displacement of Δx = v 0 Δ𝑡, which remains the same regardless of the time constant and Δ𝑡. Figure 5.25 illustrates the velocity and displacement of the skyrmions over time for a range of time constants. We assume a steady-state velocity of 300 m/s, and the pulse is applied for 5 ns. It is evident that irrespective of the time constant, the net displacement of skyrmions is 300 m/s × 5 ns = 1.5 µm. This observation highlights that slow imaging techniques like MFM cannot reveal the effect of skyrmion inertia.

The inertia of skyrmions is an intricate property and can only be probed by timeresolved experiments with an operational time scale close to the characteristic time constant 𝜏 associated with the system. To increase the time constant, few approaches can be considered. The time constant is inversely proportional to skyrmion size via 1/𝑑 2 , so smaller skyrmions are expected to have a larger time constant. Further, reducing material parameters, such as 𝛼 and the RKKY coupling 𝐽 RKKY , can increase the time constant.

Conclusion

In this chapter, we demonstrated results of three types of SAF stacks following a chronological development order in search solitonic SAF skyrmions at zero field. At first, we verified that the methodology developed in Chapter 4, for stabilization of skyrmions at zero field in FM systems remain valid for SAF configurations, through the study of SAF1. Though skyrmions could be stabilized and nucleated in this sample, the velocity of skyrmions remained limited to 20 m/s in this multilayer. Following an optimization of SOT, through addition of a Ta layer, we studied SAF2 and SAF3 systems. In SAF2, though skyrmions could be nucleated, could not be moved. The reasons are not transparent to us and requires further investigation. We were finally able to observe efficient skyrmion motion in an atypical SAF system, where two magnetic layers one with positive and one with negative OOP magnetic anisotropy, were coupled via interlayer exchange coupling. The key findings include the demonstration of the anticipated advantages of SAF skyrmions over their ferromagnetic counterparts. Specifically, the observation of skyrmion Hall effect-free motion and increased velocities was demonstrated for the SAF3 configuration. Despite the particularly nontrivial micromagnetic parameters of SAF3, optimization of these properties allowed for the stabilization of a homogeneous antiferromagnetic ground state, over which skyrmions were nucleated as metastable excitations through the application of current pulses. The use of flat contact pads unequivocally showed that SAF skyrmions move along the current direction without the detrimental skyrmion Hall effect. A comprehensive statistical analysis was conducted for skyrmion nucleation and dynamics in this sample, providing robust verification of these aspects. The ability to nucleate and efficiently move skyrmions solely through current injection in compensated SAFs present promising prospects for future applications.

Summary

Magnetic skyrmions have been investigated extensively over the past decades through analytical, numerical and experimental means improving understanding over various facets regarding generation, stabilization and dynamics of these intriguing spin textures. In this thesis, I have tried to tackle, some interesting aspects that are both technologically relevant and fundamentally interesting. Particularly, our focus revolves around synthetic antiferromagnetic (SAF) systems to evidence nucleation and efficient skyrmion motion at zero field conditions.

In Chapter 1, essential concepts of chiral magnetism tailored to ultra-thin magnetic films were presented, outlining the motivation for this thesis. Subsequently, Chapter 2 delved into the pertinent experimental details of sample fabrication, imaging, and characterization techniques.

In the third chapter, we delve into a theoretical exploration of skyrmion dynamics in antiferromagnetic configurations. In contrast to the prevalent effective model approach established in the literature for the study of antiferromagnets, we demonstrate that more nuanced aspects of skyrmions in antiferromagnetic situations can be captured by modelling skyrmion dynamics with two coupled ferromagnetic Thiele equations. Using this model, we initially validate the already established results for antiferromagnetic skyrmions and then focus on some novel aspects. Our findings reveal that inertia is intrinsic to AF systems due to the presence of finite coupling. The inertia of skyrmions in antiferromagnets manifests itself as a transient regime, during which skyrmions undergo an acceleration phase. Through our model, we predict the existence of a transient regime lasting up to 1 nanosecond in materials with weak antiferromagnetic coupling like SAF. This transient regime could be probed through time-resolved techniques. Another property of the finite antiferromagnetic coupling is the existence of a maximum velocity, beyond which the coupling cannot compensate gyrotropic effects, which lead to a decoupling. Although this aspect is less concerning for real antiferromagnets due to the presence of a relatively strong AF coupling, it is crucial for synthetic antiferromagnets where the coupling can be weaker. This consideration must be factored into the design of SAF systems.

The fourth chapter is a necessary prerequisite of chapter 5, where we experimentally demonstrate skyrmion dynamics in SAF materials. Due to insensitivity to magnetic field of antiferromagnetic materials, the stabilization of skyrmions in SAFs is rather challenging. To this end, in Chapter 4, we studied the possibility of obtaining solitonic skyrmions at zero field. Through a careful tuning of micromagnetic parameters, especially the anisotropy of the sample, we showed that indeed skyrmions can be stabilized at zero field. A general guideline for zero field stabilization of skyrmions was developed, that can be adopted in various kinds of thin film systems. The pre-requisites for zero field stabilization of skyrmions are (i) stability of the uniform ground state, and (ii) moderate positive DW energy so that textures are metastable. Further, we highlight that, at zero field, due to the absence of an external tuning parameter, various magnetic configurations can be metastable, and the observation of skyrmions is not a sufficient condition for their solitonic nature. Finally, in a optimized system, we demonstrated the existence of solitonic skyrmions under zero-field conditions. This was confirmed through both currentinduced nucleation and motion of skyrmions within a uniform ground state. Importantly, the qualitative behaviour of skyrmion dynamics remained consistent with field-stabilized skyrmions. The concepts established in this chapter have significant technological and fundamental implications. On a technological front, the elimination of the magnetic field requirement in skyrmion-based devices simplifies their design. From a fundamental perspective, this approach offers a general guideline for achieving skyrmions at zero field across various thin-film configurations, where the domain wall energy of the system can be tuned.

In Chapter 5, the primary focus of this thesis is addressed, aiming to provide experimental evidence of efficient current-driven skyrmion motion in synthetic antiferromagnets (SAFs) without gyrotropic effects. Despite predictions of efficient high-velocity skyrmion motion in SAFs nearly eight years ago [START_REF] Barker | Static and dynamical properties of antiferromagnetic skyrmions in the presence of applied current and temperature[END_REF][START_REF] Zhang | Magnetic bilayer-skyrmions without skyrmion Hall effect[END_REF], experimental verification had been lacking. By employing a Pt/Ir-based spacer to promote Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling, a robust antiferromagnetic coupling of up to 1 mJ/m 2 was achieved-a crucial requirement for the dynamical stability of skyrmions, as outlined in Chapter 3. The concepts developed in Chapter 4 for skyrmion stabilization at zero field were then applied to SAF systems.

Various stacks based on Co ultrathin films, utilizing current-induced force via spin-orbit interaction in Pt and Ta, were proposed to achieve the goal. The progressive demonstration of skyrmion stabilization, nucleation, and propagation was showcased in different SAF stacks. In the final SAF stack, skyrmions were efficiently moved, particularly in an unconventional sample coupling a perpendicular magnetic anisotropy layer with an in-plane anisotropy layer. The strong antiferromagnetic coupling established a stable uniform out-of-plane state at zero field after optimizing micromagnetic parameters, a crucial requirement for solitonic skyrmion stabilization discussed in Chapter 4. Through an extensive dataset, it was demonstrated that skyrmions can be nucleated and efficiently moved at zero field in SAFs, achieving a maximum velocity of up to 300 m/s without any deflection. These conclusive results open up new possibilities for realizing room-temperature skyrmion-based devices beyond conventional ferromagnetic skyrmions.

Résumé étendu

Les skyrmions magnétiques sont des textures topologiquement protégées qui se comportent comme des particules qui pourraient être utilisées dans de futurs dispositifs de spintronique2. Brièvement, ils correspondent à de petites bulles magnétiques dont le coeur est aimanté dans une direction opposée à la direction d'aimantation de la couche magnétique, avec une transition chirale du coeur vers la périphérie (dans une direction donnée l'aimantation tourne dans un sens unique, fixée par l'interaction Dzyaloshinskii-Moriya). Leur topologie non triviale leur donne une bonne stabilité mais nuit à leur dynamique. En effet, lorsqu'une force est appliquée à un skyrmion ferromagnétique (via l'action d'un courant par exemple), ils subissent une force de déflection dite gyrotropique, orthogonale à leur vitesse, dont l'origine est liées à la topologie3. Ainsi les skyrmions sont poussés vers les bords de pistes magnétiques, d'où un risque d'annihilation. En outre, cet effet limite leur vitesse. Dans ce travail, nous explorons leurs propriétés dans les antiferromagnétiques synthétiques (SAF), c'est à dire constitués de deux couches minces magnétiques couplées antiferromagnétiquement à travers une couche de séparation, qui ont été proposés pour surmonter ces limites4.

La première partie de notre travail (chapitre 3) est consacrée à l'étude théorique des proprités de skyrmions dans les empilements antiferromagnétiques synthétiques5. L'intérêt d'un tel empilement est de coupler deux skyrmions de topologies opposées, dans la mesure où les coeurs de skyrmions sont aimantés dans deux directions opposées) et qui subissent des déflections gyrotropiques opposées. Pour comprendre la dynamique dans ce cas, l'idée est de décrire chaque couche magnétique de l'empilement avec un modèle conçu pour le cas ferromagnétique (équation de Thiele6) auquel on ajoute une force de couplage. A faible séparation spatiale, cette force agit comme un ressort dont la raideur est inversement proportionnelle au couplage antiferromagnétique. A plus forte séparation, nous notons un maximum à cette force de couplage qui disparait lorsque les skyrmions n'ont plus aucun recouvrement. A vitesse finie, la paire de skyrmions se déplace sans déflection gyrotropique. En revanche, les deux skyrmions sont légèrement séparés, d'une distance proportionnelle à la vitesse. La force de couplage présentant un maximum, nous notons l'existence d'une vitesse maximale, au-delà de laquelle la séparation entre les skyrmions 2A. Fert, V. Cros, and J. Sampaio, "Skyrmions on the track", Nature Nanotechnology 8, 152 (2013) 3N. Nagaosa and Y. Tokura, "Topological properties and dynamics of magnetic skyrmions", Nat. Nano. 8, 899 (2013).

4X. Zhang, Y. Zhou, and M. Ezawa, "Magnetic bilayer-skyrmions without skyrmion Hall effect", Nat. Commun. 7, 10293 (2016).

5S. Panigrahy, S. Mallick, J. Sampaio, and S. Rohart, "Skyrmion inertia in synthetic antiferromagnets", Phys. Rev. B 106, 144405 (2022).

6A. Thiele, "Steady-state motion of magnetic domains", Phys. Rev. Lett. 30, 230 (1973). nellement, le champ magnétique appliqué vient presque saturer l'échantillon pour éviter la prolifération spontanée de textures. Nous montrons que celui-ci peut être remplacé par une augmentation de l'anisotropie magnétique (en pratique, ceci est réalisé en diminuant l'épaisseur des couches de Co), ce qui a pour effet d'augmenter l'échelle d'énergie des textures magnétiques. Ainsi, nous avons obtenus des échantillons présentant une rémanence totale (stabilité de l'état uniforme) dans lesquels des textures magnétiques peuvent être stabilisées lors du renversement de l'aimantation. A la différence des échantillons usuels, les skyrmions obtenus proches de la saturation restent stables à champ nul, avec toutefois une légère augmentation de taille. La nucléation et le contrôle par un courant électrique se sont avérés plus exigeant pour éviter la nucléation parasite d'autres textures magnétiques. Avec des anisotropies magnétiques plus élevées encore, nous avons réussi une démonstration de contrôle à champ magnétique nul avec des propriétés dynamiques analogues aux meilleurs résultats de la littérature obtenus à champ fini8.

Dans le chapitre 5, nous réalisons concrètement nos échantillons antiferromagnétiques synthétiques. Dans un premier temps, nous étudions le couplage antiferromagnétique de deux couches de Co à travers un espaceur composé d'une bicouche Ir/Pt. En fonction de l'épaisseur d'iridium, nous notons un comportement oscillant, signe d'un effet Ruderman-Kittel-Kasuya-Yoshida et un maximum d'énergie de couplage antiferromagnétique de 1 mJ/m 2 est obtenu. Nous proposons ensuite trois échantillons basés sur l'empilement Co/Ir/Pt/Co, avec différentes couches non magnétiques extérieures. Dans un premier empilement (Pt/Co/Ir/Pt/Co/Ir/Pt), nous montrons que, comme dans l'étude sur les couches ferromagnétiques, des skyrmions peuvent être stabilisés à champ magnétique nul, en optimisant l'épaisseur des couches pour avoir une énergie d'anisotropie magnétique finie. Toutefois, dans ce type d'échantillon, la dynamique des skyrmions est relativement lente. En effet, l'action du courant a pour origine l'effet Hall de spin (création d'une accumulation de spin à l'interface liée à des effets de conversion charge-spin par l'interaction spin-orbite) qui induit des forces de directions opposées sur les skyrmions dans l'une et l'autre couche9. Pour surmonter cette difficulté, nous montrons qu'il est nécessaire d'utiliser de part et d'autre de l'empilement Co/Ir/Pt/Co deux couches non magnétiques présentant des signes d'effet Hall opposés. Ainsi, dans un empilement Pt/Co/Ir/Pt/Co/Ta, nous avons obtenu des résultats satisfaisants. Notons toutefois que dans cet empilement, la statique est relativement complexe dans la mesure où l'anisotropie magnétique est différente d'une couche à l'autre: la couche Pt/Co/Ir présente une anisotropie perpendiculaire et la couche Pt/Co/Ta présente une anisotropie planaire. Grâce au fort couplage antiferromagnétique entre les couches, nous arrivons à stabiliser des états magnétiques à aimantation perpendiculaire et antiferromagnétiques, dans lesquels les skyrmions sont stables à champ magnétique nul. Dans cet échantillon, l'effet du courant électrique est efficace et nous montrons la possibilité de nucléer et déplacer efficacement les skyrmions. Le résultat majeur est l'observation d'un mouvement sans déflection comme attendu pour un couplage antiferromagnétique et des vitesses élevées, jusqu'à 300 m/s pour un courant électrique de 0.8 × 10 12 A/m 2 . Dans des échantillons non compensées (augmentation de l'épaisseur de l'une des couches), une déflection gyrotropique est retrouvée, en raisons d'une compensation imparfaite entre les couches et vient prouver la nature topologique 8S. Mallick, S. Panigrahy, G. Pradhan, and S. Rohart, "Current-induced nucleation and motion of skyrmions in zero magnetic field", Phys. Rev. Appl. 18, 064072 (2022).

9A. Thiaville, S. Rohart, E. Jué, V. Cros, and A. Fert, "Dynamics of dzyaloshinskii domain walls in ultrathin magnetic films", EPL (Europhysic. Lett.) 100, 57002 (2012). Les résultats positifs obtenus sur les empilements antiferromagnétiques synthétiques viennent confirmer le fort potentiel de ce type d'échantillon pour améliorer la dynamique des skyrmions. A terme, il sera intéressant de s'intéresser aux effets d'inertie, prédits au début de ce travail. Pour cela, il est nécessaire de diminuer l'intensité du couplage antiferromagnétique à travers l'espaceur, ce qui peut être fait en modifiant son épaisseur. En effet, vu les paramètres de l'échantillon que nous avons étudié, l'inertie des skyrmions est ici relativement faible et conduit à des régimes transitoires de quelques picosecondes seulement. Il semble possible d'atteindre des temps de 1 ns à terme. En outre, la mise en évidence de l'inertie requiert des techniques de mesures plus élaborées que les mesures quasistatiques (mesures de la position avant et après l'application d'une impulsion) utilisées ici, dans la mesure où le retard acquis dans la phase d'accélération est entièrement comblée par la phase de décélération après l'impulsion. Des mesures résolue en temps, accessibles par des techniques de type pompe-sonde10, sont ainsi à envisager.
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 11 Figure 1.1: Principle of Dzyaloshinskii-Moriya interaction. (a) Moriya rules for DMI vector orientation direction for different symmetry classes[START_REF] Moriya | Anisotropic superexchange interaction and weak ferromagnetism[END_REF], adapted from[START_REF] Li | Magnetic skyrmions: basic properties and potential applications[END_REF]. (b) Schematic representation of the 3-site mechanism proposed by Fert and Levy[START_REF] Fert | Role of anisotropic exchange interactions in determining the properties of spin-glasses[END_REF] for the DMI at the interface between a FM and a HM.
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 12 Figure 1.2: A review of surface DMI constant 𝐷 𝑠 of the Pt/Co/X thin films. X denotes metals (light green) or oxides (light yellow) and are named outside the circle.The blue-green and orange-red palettes are for experimental methods where the signs are known (negative and positive, respectively), while the gray palette is for data where only the magnitude of is available. The thickness of the bottom layer of Pt varies between 0.8 and 30 nm. The top layer thickness (in nm) is shown as internal ticks (up to 6 nm). The large circles are the scale of 𝐷 𝑠 (up to 3 pJ/m). Adapted from[START_REF] Kuepferling | Measuring interfacial Dzyaloshinskii-Moriya interaction in ultrathin magnetic films[END_REF] 

Figure 1 . 3 :

 13 Figure 1.3: interlayer exchange coupling strength variation with spacer thickness.Magnitude of the interlayer exchange coupling (𝐽 ex is 𝐽 RKKY in our notation) as a function of Ir thickness (𝑡 𝐼𝑟 ) measured at room temperature in samples with Ir (sample A) and Pt/Ir spacer (sample B). The oscillation period of AF interlayer exchange coupling is about 0.95 nm for both films. Adapted from[START_REF] Saito | Antiferromagnetic interlayer exchange coupling and large spin Hall effect in multilayer systems with Pt/Ir/Pt and Pt/Ir layers[END_REF] 
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 14 Figure 1.4: Bloch and Néel DW profile. Schematic representation of 180-degree domain walls between two domains showinng (a) Bloch and (b) Néel domain wall with their magnetization profile. (c) Definition of the angles.

Figure 1 . 5 :

 15 Figure 1.5: Magnetic bubble domains in a uniaxial sheet under the influence of an external bias field. Starting from a demagnetized state OOP magnetic field is increased from (a) to (c). Adapted from [65].

Figure 1 . 6 :

 16 Figure 1.6: Schematic of a (a) Néel skyrmion and (b) Bloch skyrmion profile. The arrows represent the direction of the magnetization m. The color profile of the arrows represents the 𝑚 𝑧 value and ranges from red to blue with red representing 𝑚 𝑧 = 1, blue representing 𝑚 𝑧 = -1, and white for 𝑚 𝑧 = 0. (c) shows the wrapping of a unit sphere by the magnetization field of both Néel and Bloch skyrmions. (d) Definition of polar coordinates.

Figure 1 . 7 :

 17 Figure 1.7: Skyrmion-resembling magnetic textures.. Schematic of an (a) antiskyrmion: 𝑃 = -1 and 𝑊 = -1, (b) Biskyrmion: 𝑃 = 1 and 𝑊 = 2, (c) skyrmionium or target skyrmion: 𝑃 = 0, 𝑊 = 1, (d) up-vortex (meron): 𝑃 = 1 2 , 𝑊 = 1, (e) achiral bubble: 𝑊 = 0.
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 18 Figure 1.8: Magnetization dynamics: showing the effect of precession and damping term. The red arrow represents the magnetization direction. H eff is the effective field. The effect of a tangential precession and radial damping torque is shown in violet and green arrows respectively.

Figure 1 . 9 :

 19 Figure1.9: Origin of spin torques. (a) A spin-polarized current generated in a fixed magnetic layer can be transferred to a soft layer, where itinerant spins realign with their surroundings, causing a torque due to the conservation of angular momentum (adapted from[START_REF] Sahoo | Spin-orbit torque: moving towards two-dimensional van der waals heterostructures[END_REF]). (b) In the case of a magnetic stripe, the spin alignment can be induced by previously encountered magnetic states, leading to a continuous realignment of itinerant electrons upon entering a region with a gradient in magnetization. The region with magnetization gradient is then shifted along the direction of the electron current flow.
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 110 Figure 1.10: Mechanisms of Spin Hall effect. (a) Mechanisms of SHE showing extrinsic and intrinsic contributions (adapted from [100]). (b) Schematic of electrons splitting depending on their spin polarization in SHE materials. (c) Optical detection of the spin Hall effect in a GaAs thin film with spin density (left) and reflectivity (right) measured through Kerr rotation. Image shows spin polarization localized at the two edges of the sample with opposite signs. (adapted from [92]).
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 111 Figure 1.11: Origin of the Rashba effect. (a) The Rashba torque originates from an electric field at the interface between two materials, inducing a spin alignment of traversing electrons. (b) Additionally, this effect can arise from a shift in the band structure of the material (adapted from [95]).

  Figures 1.12 (b), (c), and (d) depict three more scenarios with reversed values of 𝜃 SH , DMI sign, and stacking order compared

Figure 1 . 12 :

 112 Figure 1.12: DW motion in the presence of DL-SOT showing the different characteristics of HM, and ferromagnet interface which can affect the DW motion. (a) The effective damping like torque and the resulting velocity direction is shown for four situations. From (a) by changing DMI, spin hall angle sign and stacking order three other situations are demonstrated in (b) to (d) respectively.

Figure 1 . 13 :

 113 Figure 1.13: Metastable skyrmions and their size. (a) Energy of different states versus DMI, showing skyrmions are metastable for DMI smaller than 𝐷 𝑐 (adapted from [110]). (b)-(d) Simulation results of metastable skyrmion radius variation with different micromagnetic parameters: (b) anisotropy, (c) DMI and (d) exchange stiffness are compared to Eq. 1.39 (adapted from[START_REF] Wang | Thermal generation, manipulation and thermoelectric detection of skyrmions[END_REF]). With increased DW energy skyrmions size decreases. Skyrmion radius diverges as the DW energy is close to zero showing the unstable skyrmion regime as predicted by[START_REF] Rohart | Skyrmion confinement in ultrathin film nanostructures in the presence of Dzyaloshinskii-Moriya interaction[END_REF].
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 114 Figure 1.14: Skyrmion observation in thin films. (a) Néel Skyrmion lattice and stripe domains observed by SP-STM (adapted from[START_REF] Romming | Fielddependent size and shape of single magnetic skyrmions[END_REF]) (b) Room temperature skyrmion stabilized through interlayer exchange coupling, observed through SPLEEM. (adapted from[START_REF] Chen | Room temperature skyrmion ground state stabilized through interlayer exchange coupling[END_REF]) (c) Room temperature skyrmion stabilized with no external magnetic field in a lithographed dot through PEEM (adapted from[START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF]) and (d) conversion from a stripe domain phase to skyrmion lattice and isolated skyrmion phase through application of OOP magnetic field (adapted from[START_REF] Moon | Universal method for magnetic skyrmion bubble generation by controlling the stripe domain instability[END_REF]).

Figure 1 . 15 :

 115 Figure 1.15: Experimental skyrmion dynamics. (a) Skyrmion velocity vs applied current density for two multilayers [Pt/Co/Ta] 15 and [Pt/CoFeB/MgO] 15 showing a depinning current (adapted from [123]). (b) Variation of skyrmion velocity and deflection angle for a Ta/CoFeB/TaO 𝑥 film showing dependence of skyrmion Hall angle with velocity (adapted from [132]). (c) Qualitative expectation of skyrmion velocity with driving force in presence of pinning [133] (d) Skyrmion velocity with current density in a GdCo ferrimagnetic sample showing the flow regime where expected skyrmion motion from Thiele equation can be restored (adapted from [130]).
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 116 Figure 1.16: Skyrmion trajectory in materials with antiferromagnetic coupling. A schematic showing the current driven SOT force, gyrotropic force and expected trajectory of skyrmions in (a) ferromagnet, (b) an intrinsic antiferromagnet, (c) a ferrimagnet and (d) a synthetic antiferromagnetic system.
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 117 Figure 1.17: Skyrmions observation in ferrimagnets. (a) STXM images showing ferrimagnetic skyrmions at Fe and Gd absorption edge demonstrating AF coupling skyrmions in the two sub-lattices (adapted from[START_REF] Woo | Current-driven dynamics and inhibition of the skyrmion Hall effect of ferrimagnetic skyrmions in GdFeCo films[END_REF]). (b) Smallest roomtemperature skyrmion observation reaching minimum size of 10 nm in Pt/GdCo/TaO x (adapted from[START_REF] Caretta | Fast current-driven domain walls and small skyrmions in a compensated ferrimagnet[END_REF]). (c) High velocity motion of skyrmions beyond pinning regime with temperature controlled reversal of skyrmion Hall angle in Pt/GdCo/Ta beyond and above angular momentum compensation[START_REF] Berges | Reversal of the skyrmion topological deflection across ferrimagnetic angular momentum compensation[END_REF] .

Figure 1 . 18 :

 118 Figure 1.18: Skyrmion obsevation and DW dynamics in SAF multilayers. (a) MFM images showing skyrmion observation in SAF with the help of a bias layer (adapted from [148]). (b) Skyrmion observation, explicitly demonstrating AF coupling in a [Pt/Co/Ni/Co/Ru] stack (adapted from [149]). (c) top: magneto-optic Kerr effect microscopy images illustrating the movement of a single domain wall along a SAF nanowire composed of Co/Ni/Co/Ru/Co/Ni/Co. Bottom: The domain-wall velocity dependent on the ratio of remnant magnetization to saturation magnetization [29]. (d) A comparison of skyrmion velocity and skyrmion Hall angle between a FM and a uncompensated SAF sample [150].
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 21 Figure 2.1: Molecular beam epitaxy setup. (a) A picture of the instrument, (b) target materials (c) sample holder with 0.8 × 0.8 cm 2 substrates and (d) schematic of a typical magnetic bilayer sample used in this thesis.
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 22 Figure 2.2: (a)-(g) Schematic description of the nano fabrication process. (h) An optical image of a functional magnetic track.
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 23 Figure 2.3: MFM in double pass mode showing the first pass topo-scan for surface topography and the second pass lift for the magnetic image.

Figure 2 . 4 :

 24 Figure 2.4: Tip induced perturbation of FM sample. A magnetic sample containing up and down domains is imaged twice (not at the same location) with a tip magnetized along two directions. Apart from the opposite contrast, the images reveal tip induced perturbation, where dark domains with attractive contrast are favoured as compared to bright domains.
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 25 Figure 2.5: Functionalizing AFM tips for MFM studies though tunable magnetic and non-magnetic layer coating.
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 26 Figure 2.6: Transport stage for current induced skyrmion motion studies with MFM. (a) A typical magnetic track used for current induced texture dynamics studies and sketch of connection to the pulse generator and oscilloscope with 50 Ω impedance lines. (b) A 5 ns pulse measured across the final 50 Ω load, after transmission through the magnetic track. (c) Photograph of a sample attached to the PCB designed for this work. (d) Photograph of the microscope with the transport stage.
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 27 Figure 2.7: Example of a fitted BLS spectrum with a Lorentzian function for a Pt/Co/Ta sample.

Figure 5

 5 Figure 5.4.

Figure 2 . 8 :

 28 Figure 2.8: Definition of relevant angles for second harmonic Hall measurements. ì 𝑀 denotes the magnetization and ì𝐻 the magnetic field. Adapted from[START_REF] Hayashi | Quantitative characterization of the spin-orbit torque using harmonic Hall voltage measurements[END_REF] 
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 231 [START_REF] Romming | Writing and deleting single magnetic skyrmions[END_REF] with ℎ = 𝐻 𝐻 𝐾 , the normalized field with ℎ ip the in-plane and ℎ 𝑧 the OOP component,𝑑 = 1ℎ 2 , 𝑒 = 𝑑 cos[ 1 3 cos -1 (54ℎ 2ip ℎ ] and 𝑓 = ± √︃ 9ℎ 2 𝑧 + 6𝑑 + 6𝑒. For IP samples (𝐻 𝐾 < 0), the field is swept along the OOP direction. The equilibrium condition follows cos 𝜃 0 sin 𝜃 0 = 𝐻 |𝐻 𝑘 | sin(𝜃 𝐻 -𝜃 0 ).

Figure 2 . 9 :

 29 Figure 2.9: Expected results from harmonic Hall measurements for (a) out-ofplane and (b) in-plane anisotropy samples. Each curve is represented with the applied field perfectly perpendicular to the anisotropy axis and slightly (1 and 2 • ) misaligned.𝑉 𝜔 (eq. 2.12 and 2.13) enable to determine the static parameters (anisotropy field) and 𝑉 2𝜔 , plotted here for the damping-like torque and neglecting the planar Hall effect (eq. 2.14 and 2.16), reveal the effect of the SOT. Note that while some sensitivity is observed at small fields, following[START_REF] Hayashi | Quantitative characterization of the spin-orbit torque using harmonic Hall voltage measurements[END_REF], the effect of the DL torque is more pronounced close to the anisotropy field[START_REF] Krishnia | Spin-orbit coupling in single-layer ferrimagnets: direct observation of spin-orbit torques and chiral spin textures[END_REF].
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 31 Figure 3.1: Stable and unstable regimes in SAF skyrmion dynamics with SOT. (a-d) shows four kinds of SAF skyrmion dynamics with top view snapshots exclusively showing the spatially uncompensated magnetization. The micromagnetic parameters are adapted from table 3.1 with (a): 𝐷 DMI = 2.1 mJ/m 2 , 𝐽 AF = 0 4 mJ/m 2 , 𝐽𝜃 SH = 2.0 × 10 10 A/m 2 : stable steady state motion, (b): 𝐷 DMI = 2.1 mJ/m 2 , 𝐽 AF =0.4 mJ/m 2 , 𝐽𝜃 SH = 2.5 × 10 10 A/m 2 , showing decoupling of the bound state resulting in two independent skyrmion in each layer (c) : 𝐷 DMI = 1.9 mJ/m 2 , 𝐽 AF =0.4 mJ/m 2 , 𝜃 SH = 2 × 10 10 A/m 2 : close to decoupling, annihilation of the bound state rather than separation. (d) : 𝐷 DMI = 2.8 mJ/m 2 , 𝐽 AF = 0.4 mJ/m 2 , 𝐽𝜃 SH = 1.3 × 10 10 A/m 2 : elongation of the bound state and steady state motion could not be established.

Figure

  Figure3.1(a), illustrates the skyrmion dynamics when the coupling force experienced by the skyrmion pair remains below the maximum force threshold, preserving the stability of the bound state. However, slight deformation of the pair is apparent due to the spatial separation of the skyrmions. Details regarding this spatial separation in the steady state will be explored in Section 3.3.2. Additionally, to attain a stationary regime, the skyrmion bound state undergoes deformation, introducing inertia into the system, as expounded upon in Section 3.3.4. As the SOT force is increased the skyrmion velocity increases and the skyrmion pair separation increases. Beyond a maximum force, the two skyrmions begin to separate. This scenario is shown in 3.1 (b). Here, the bound state is no longer stable, leading to two decoupled skyrmions in each layer. It is important to note that opposite transverse motion of the skyrmions is restored due to their opposite polarity. A

Figure 3 . 2 :

 32 Figure 3.2: Skyrmion size vs DMI in a CoFeB based SAF. Using micromagnetic parameters as described in table 3.1, skyrmion radius vs DMI is shown. On the top axis, the DMI strength is normalized relative to the critical DMI value (𝐷 𝑐 = 2.85 mJ/m 2 ), which acts as the boundary between two distinct regimes: one characterized by positive domain wall energy when 𝐷 DMI 𝐷 𝑐 < 1, and the other marked by negative domain wall energy when 𝐷 𝐷 𝑀 𝐼 𝐷 𝑐 > 1. On the right axis, the skyrmion radius is normalized relative to the domain wall width parameter (Δ = 4.43 nm). The continuous line shows the analytical expression 𝑅/Δ = [2(1-𝐷/𝐷 𝑐 )] -1/2 valid for 𝑅 ≫ Δ [110].
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 33 Figure 3.3: Comparison between simulated radial profile and Eq. 3.2. 𝑚 𝑧 component of skyrmion across a radial direction is extracted from one layer of SAF for various radii with same Δ is shown with stars. Calculated 𝑚 𝑧 component using Eq. 3.2 for corresponding radius and Δ is shown with solid lines.
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 334 Figure 3.4(a) shows the resulting forces as a function of skyrmion separation for a range of 𝑅/Δ values from 0.1 to 1000. Notably, for small separations, the force exhibits a linear increase with the skyrmion separation until it reaches a maximum value. Beyond this point, as the separation increases, the force decreases. Figures 3.4 (b) and (c) provide insights into the calculated maximum force, denoted as 𝐹 1/2max , and the separation at which the force becomes maximum, denoted as the maximum separation (Δ𝑅 max ), respectively, as functions of the normalized radius 𝑅/Δ.
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 35 Figure 3.5: Schematic representation of a SAF skyrmion and forces experienced during their steady state dynamics. (a) shows a static SAF skyrmion bound state in the absence of external force. The two skyrmions are perfectly superimposed on each other in the X-Y plane. (b) Schematic showing forces experienced by the skyrmions in the two layers during steady state motion. Both the skyrmions move along the force direction when the transverse gyrocoupling and skyrmion-skyrmion coupling forces counteract each other. An equilibrium spatial separation between the skyrmion cores (|𝛿R|) is expected during motion.

Figure 3 . 6 :

 36 Figure 3.6: Skyrmion separation with force difference and radius. (a) Micromagnetic simulation of the skyrmion separation as a function of the SOT induced force repartition. The separation is calculated in the steady state regime for a given current 𝑗 𝜃 SH = 3 × 10 11 A/m 2 , as a function of the repartition between the two layers. The velocity (-60 m/s, not shown in the graphs) is independent of the repartition of the force.The skyrmion separation is in good agreement with Eq. 3.14, and only the separation along the applied force depends on the force repartition. (b) Scaled skyrmion separation as a function of the skyrmion radius for different interlayer coupling constants and equal force repartition (𝜂 = 0). The results are only given for 𝐽 AF ≤ 10 -2 J/m 2 since for larger coupling constant, the separation is too small to obtain a good accuracy. The line corresponds to the expected value from the model. The parameters used in the simulation are those of a CoFeB based SAF (Table3.1). In (a) the coupling constant is 0.2 mJ/m 2 and the skyrmion radius is 9.2 nm (𝐷 = 2.5 mJ/m 2 ). A rather large damping constant 𝛼 = 0.3 has been used to enhance the influence of the force difference than at more realistic values. In (b), the skyrmion radius is varied by changing the DMI from -1.4 to -2.8 mJ/𝑚 2 .
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 37 Figure 3.7: Maximum velocity of SAF skyrmions. Micromagnetic simulation of the maximum velocity for a skyrmion in a CoFeB based SAF, as a function of the antiferromagnetic coupling constant and for different skyrmion radius. The dots correspond to the simulations and the lines to the model (Eq. 3.16). The SOT induced force are identical in both layers.
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 38 Figure 3.8: SAF skyrmion motion and the transient regime. (a), (b) and (c)show time evolution of (x,y)-coordinate of skyrmion cores, x-velocity and radius of skyrmions in both the layers of SAF respectively. Micromagnetic parameters described in table3.1, with 𝐷 DMI = 2.8 mJ/m 2 and 𝐽 AF = 0.2 mJ/m 2 is used for simulations. Current pulses of increasing strength are applied to the system at 10 nanosecond intervals, generating a SOT force in the negative x-direction. The current density 𝐽𝜃 SH is specified for each interval. As the current density changes, starting from zero, a transient period highlighted by the blue shaded region becomes apparent where the y-position, x-velocity and the radius of the skyrmion in both SAF layers undergo changes before reaching a steady state, where they stabilize and remain constant. We have assumed, equipartition of force (𝜂 = 0). x-coordinate, x-velocity and radius remain same for skyrmions in both layers.
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 39 Figure 3.9: Transient regime for skyrmions in a CoFeB based SAF with AF coupling constant (parameters in Table3.1). (a) Skyrmion pair velocity and (b) separation vs. time after application of the current ( 𝑗 𝜃 SH = 5 × 10 9 A/m 2 ) for different interlayer coupling constants. The skyrmion radius is 9.2 nm (𝐷 = 2.5 mJ/m 2 ). The dotted line corresponds to the maximum skyrmion separation according to our model. For 𝐽 AF = 10 -4 J/m 2 , the skyrmion coupling is not sufficient to establish a steady state regime at this current density. Note that the velocity is negative since the skyrmion chirality is left-handed.
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 310 Figure 3.10: Transient time vs. the interlayer coupling constant for different skyrmion radius in a CoFeB based SAF (parameters in Table3.1). The points correspond to the simulation and the lines to the model (Eq. 3.21). The result is valid for any current densities, as long as the bound state is stable.
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 41 Figure 4.1: Variation of DW energy with thickness. DW energy as a function of thicknesses for 𝐷 𝑠 = 3 pJm -1 , 𝐴 = 12 pJm -1 , 𝐾 𝑠 = 1.6 mJm -2 , and 𝑀 𝑠 = 1.3 × 10 6 Am -2 . The transition points of 𝜎 DW = 0 and 𝐾 eff = 0, are shown with red and blue dotted vertical lines respectively.
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 42 Figure 4.2: Symmetric bilayer stack with energy considerations. (a) Shows the sketch of a symmetric bilayer stack with Néel DWs in both layers. Black arrows show the energetically favourable magnetization profile, red arrows show magnetostatic interaction opposing the DW orientation, blue and green arrows represent the DW-DW and domain-DW magnetostatic interactions respectively. (b) shows micromagnetically calculated DW energy as a function of the Au spacer thickness for a Co-Ni ferromagnetic layer [113].
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 4 Figure 4.3(a) illustrates the hysteresis loops observed in SL Co reference films (Ta/Pt/-Co/Au) with varying 𝑡 Co values of 1.55, 1.65, and 1.75 nm. These loops exhibit a gradual transition from a square loop to a tilted low-remanence loop, showing characteristic of a SRT seen in PMA samples. It reveals that this transition occurs within the thickness range of 1.65 to 1.75 nm. At this specific thickness, the interfacial magnetic anisotropy 𝐾 𝑠 /𝑡 Co and the shape anisotropy -1 2 𝜇 0 𝑀 2 𝑠 balance each other out. Based on a measured value of 𝑀 𝑠 = 1.55 × 10 6 A/m obtained from SQUID magnetometry, the estimated interfacial anisotropy constant is 𝐾 𝑆 = 2.55 ± 0.10 mJ/m 2 .
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 43 Figure 4.3: Hysteresis loops of the single layer samples. (a) Single layer Co samples with 𝑡 Co = 1.55, 1.65, 1.75 nm.

  Figure 4.4 (a) are obtained by gradually decreasing the amplitude of the sweeping field. The minor loops show that when the field sweep range is reduced, the remanent magnetization at zero field decreases, eventually reaching a demagnetized state (Figure 4.4 (b)).
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 44 Figure 4.4: Skyrmion observation with field. (a) Hysteresis of bilayer sample with 𝑡 Co = 1.6nm along with the minor hysteresis plots. (b -d) MFM images of the sample with the demagnetized state in (b), 49 mT field applied to the demagnetized state for skyrmion stabilization in (c) and zero field state upon removal of magnetic field in (d).
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 45 Figure 4.5: Hysteresis behaviour of symmetric bilayer with thickness. (a-f) OOP magnetic hysteresis with Co thickness varied between 1.55 nm to 1.3 nm (both inclusive) with 0.5Å difference.
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 46 Figure 4.6: Skyrmion-like texture observation at zero field. (a),(d) Hysteresis loops, (b),(e),(g) MFM images of field stabilized skyrmion states, and (c),(f),(h) the following relaxed state at zero-field (MFM images), for different Co thicknesses [(a)-(c) 𝑡 Co = 1.55 nm, (d)-(f) 𝑡 Co = 1.5 nm]. The hysteresis loops are taken for different maximum fields as shown in the legends, to display full and minor loops. The field-stabilized skyrmion images are taken close to the magnetic saturation, at approximately (b) 40 and (e) 32 mT respectively. They display skyrmions with approximately (b) (110-170)-nm, and (e) (150-300)-nm diameters, respectively. All images have the same size, indicated in (c). Images (g) and (h) correspond to a closer view of the 𝑡 Co = 1.5 nm sample, both taken at exactly the sample location and showing texture relaxation at zero field, from a field-stabilized state with skyrmion diameter expansion. (i), (j) shows images taken in 4 hour interval on 𝑡 Co = 1.5 nm sample to check stability over time.
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 47 Figure 4.7: Texture shape and density dependence of magnetic field history. MFM images are presented in (a)-(d) for the bilayer sample with 𝑡 Co = 1.50 nm. In (a), the image is captured after a conventional demagnetization process. Subsequently, images (b)-(d)showcase the sample at zero magnetic field, following a sequence of steps: saturation in negative magnetic field, and then application of 32, 28, and 24 mT, respectively. The magnetic field is removed before taking the images. These images offer insights into the changes in the magnetic configuration of the sample in response to varying magnetic field history.
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 48 Figure 4.8: Field control of magnetic states in thin samples. MFM images depict the evolution of magnetic textures within the 𝑡 Co = 1.45 nm bilayer sample as a function of applied magnetic field, at the same spatial location. (a) Magnetic state following demagnetization protocol. From (b) to (f), the applied OOP magnetic field is incrementally increased, eventually reaching magnetic saturation as shown in (f). This sequence of images provides insight into the transformation of magnetic configurations in response to changing field strengths.
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 49 Figure 4.9: Parasitic nucleation of skyrmions in low DW energy samples. Two series of MFM images perfrormed after application of one 0.4 ×10 12 A/m 2 , 5 ns pulses on 1 µm tracks of (a 1 -a 6 ): 𝑡 Co = 1.5 nm and (b 1 -b 6 ): 𝑡 Co = 1.45 nm samples at zero field starting from a uniform state.
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 410 Figure 4.10: Skyrmion nucleation at zero field. Skyrmion nucleation close to the sharp electrode in a 3 µm track. (a) -(c) Successive MFM images after application of one 0.77 ×10 12 A/m 2 , 4 ns current pulse.

Figure 4 .

 4 Figure 4.11: Proof of solitonic and topological nature of skyrmions at zero field. Successive MFM images showing skyrmion motion in a 3 µm track after application of one (a 1 -a 4 ) 0.85 ×10 12 A/m 2 , 4 ns (b 1 -b 4 ) 0.69 ×10 12 A/m 2 , 10 ns and (c 1 -c 4 ) 0.77 ×10 12 A/m 2 , 7 ns current pulse between each image. (d 1 ) and (d 2 ) shows MFM images starting from an homogeneous state with opposite polarity after application of 3 and 4 pulses of 0.85 ×10 12 A/m 2 , 4 ns respectively.

11 :

 11 Figure 4.11: Proof of solitonic and topological nature of skyrmions at zero field. Successive MFM images showing skyrmion motion in a 3 µm track after application of one (a 1 -a 4 ) 0.85 ×10 12 A/m 2 , 4 ns (b 1 -b 4 ) 0.69 ×10 12 A/m 2 , 10 ns and (c 1 -c 4 ) 0.77 ×10 12 A/m 2 , 7 ns current pulse between each image. (d 1 ) and (d 2 ) shows MFM images starting from an homogeneous state with opposite polarity after application of 3 and 4 pulses of 0.85 ×10 12 A/m 2 , 4 ns respectively.

Figure 4 . 12 :

 412 Figure 4.12: Skyrmion velocity with current density. (a)-(e) MFM images showing motion of skyrmions in a 1 µm track with a series of 1.13 ×10 12 A/m 2 , 4 ns current pulses. The dashed circles and lines represent the positions and movements of the skyrmions, respectively. (f) Plot of the average skyrmion velocity with the applied current density. Each point in (f) is calculated for several pulse widths and the error bar represents the maximum and minimum skyrmion velocity observed between two successive pulses.
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 51 Figure 5.1: Schematic representation of SAF multilayers: SAF1, SAF2 and SAF3 explored for skyrmion stabilization.

5 )Table 5 . 1 :

 551 Sample structure SAF1 (bot) Pt(5)/Ir(0.58)/Co(tCo)/Pt(0.7)/Ir(0.58)/Pt (5) SAF1 (top) Pt(5)/Ir(0.58)/Pt(0.7)/Ir(0.58)/Co(tCo)/Pt (5) SAF2 (bot) Pt(5)/Co(tCo)/Ir(0.58)/Pt(0.7)/Ir(0.58)/Ta (5) SAF2 (top) Pt(5)/Ir(0.58)/Pt(0.7)/Co(tCo)/Ir(0.58)/Ta (5) SAF3 (bot) Pt(5)/Co(tCo)/Ir(0.58)/Pt(0.7)/Ta (5) SAF3 (top) Pt(5)/Ir(0.58)/Pt(0.7)/Co(tCo)/Ta (Name of single layers prepared and their corresponding structure.

Figure 5 .

 5 Figure 5.2 (e) shows the RKKY coupling strength and coupling field as a function of Ir thickness. Note that, 𝐽 RKKY only depends on the spacer layer thicknesses. The saturation magnetization for Pt/Co/Ir multilayers as measured with SQUID magnetometry is 1.3×10 6 A/m. The red stars in Figure 5.2 (e) indicate the region of antiferromagnetic coupling. As the FM coupling region is not of interest in this work, the FM coupling strength has not been calculated. The black stars only represent the ferromagnetic coupling region and do not correspond to the coupling strength.
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 52 Figure 5.2: RKKY strength dependence on spacer Ir layer thickness. (a)-(d) show OOP hysteresis loops for SAF1 with 𝑡 Co = 0.8 nm, spacer Pt layer thickness 𝑡 Pt = 0.7 nm, with spacer Ir layer thickness 𝑡 Ir =0.24 nm, 0.65 nm, 1 nm, and 1.4 nm respectively. (e) AF RKKY coupling strength (left axis) and RKKY coupling field (right axis) calculated varying the Ir layer thickness is represented in red stars. The black stars only represent the region with FM coupling and do not represent the coupling strength. Inset of the figure provides a zoomed view of the second RKKY peak region.

Figure 5 . 3 :

 53 Figure 5.3: Effective anisotropy field determination. The figure shows normalized AHE signal variation for a PMA sample in presence of an IP magnetic field. An example of fitting for the effective anisotropy field is shown for the cases of (a) bottom (positive 𝐾 eff ) and (b) top layer (negative 𝐾 eff ) of SAF3 for 1.4 nm of Co thickness in both cases.

  Figure 5.4 (a), along with the definition of Δ 𝑓 . The handedness of DMI can be determined from the slope of Δ 𝑓 versus the wave vector 𝐾 SW . The extracted Δ 𝑓 versus 𝐾 SW values for different samples measured at a 1.4 nm Co thickness are presented in Figure 5.4 (b).

Figure 5 . 4 :

 54 Figure 5.4: DMI characterization of SAF multilayers. (a) shows an example of the BLS spectra showing the stokes and the anti stokes peak. (b) Stokes and anti-Stokes frequency difference versus incident light wave vector fitted to extract 𝐷 DMI . The DMI values obtained for the bottom and top layers of SAF1 are +0.225 ± 0.02 and +0.94 ± 0.03 mJ/m 2 , respectively, using 𝑀 𝑠 = 1.3 ×10 6 A/m (extracted from SQUID) and 𝛾 =1.88 ×10 11 rad/sT (extracted from BLS). Both the bottom and top layers of SAF1 consist of Ir/Co/Pt. The positive DMI obtained aligns with expectations from the Co/Pt interface[START_REF] Dhiman | Thickness dependence of interfacial Dzyaloshinskii-Moriya interaction, magnetic anisotropy and spin waves damping in Pt/Co/Ir and Ir/Co/Pt trilayers[END_REF], which serves as the primary contributor to DMI in this film. Additionally, the reduction in DMI in the bottom layer compared to the top layer can be attributed to the relatively small thickness of the Pt layer in the bottom layer, considering that DMI accumulates with the thickness of the heavy metal (HM) layer and saturates around 2-3 nm of Pt thickness[START_REF] Tacchi | Interfacial Dzyaloshinskii-Moriya interaction in Co/CoFeB films: effect of the heavy-metal thickness[END_REF].

Figure 5 . 5 :

 55 Figure 5.5: SOT efficiency characterization. Examples of second harmonic Hall measurements for an (a) OOP and an (b) IP sample. The applied field is along the current direction for (a) and along OOP direction for (b). The blue lines in (a) and (b) give a fit considering DL torque. (c) Variation of the DL effective field with applied current density fitted for different samples to determine 𝜉 DL .

Figure 5 . 6 :

 56 Figure 5.6: Hysteresis behaviour of single layer configurations and the full stack of SAF1 with the Co layer thickness (a) and (b) OOP field induced hysteresis behaviour of the bottom and top single layer configurations of SAF1 with varied Co layer thickness. The thickness of each hysteresis is depicted on the right side of the plot. (c) OOP field induced hysteresis of the complete SAF1 stack.

Figure 5 . 7 :

 57 Figure 5.7: MFM contrast comparison between a FM and SAF bilayer. (a) and (b) show MFM images taken with the same MFM-tip and lift height for a FM bilayer and a 1Å unbalanced SAF sample respectively (thicknesses indicated) over the same phase scale. The scale bar shows the MFM phase (in degrees). (c) same image as (b) with a magnified contrast (shown in red in the scale bar). (d) A zoomed image of (a) showing jumps and isolated textures indicating irreversible perturbation.

Figure 5 . 8 :

 58 Figure 5.8: As-grown states of SAF3 with Co thickness variation: (a) -(h) shows MFM images of the as-grown states of 8 SAF1 samples by progressively varying the thickness of both the Co layers. The thickness of the bottom and top Co layer of the samples are given on top of each image as 𝑡 Co bottom/top in nms.

  Figures 5.6(b)-(f) depict the magnetic configuration of the sample after exposure to different probing fields, with the corresponding field values indicated above the images.

Figure 5 . 9 :

 59 Figure 5.9: Field induced nucleation of skyrmions in SAF1. (a) OOP hysteresis loop for a SAF1 sample with bottom and top layer magnetic thickness of 1.6 nm and 1.5 nm respectively. (b) As-grown state of the sample. (c)-(f) MFM images taken at zero field after subjecting the sample to a saturation field along positive (negative) z direction, followed by probing field along negative (positive) direction. The magnitude of the probing field is provided on top of the images.

Figure 5 . 10 :

 510 Figure 5.10: Current induced nucleation of SAF textures in a low anisotropy sample. SAF1 with bottom and top Co layer thicknesses of 1.6 nm and 1.5 nm respectively. (a) and (b) MFM images after the application of a 5 ns, 6.5 ×10 11 A/m 2 , current pulse to a homogeneous state.

Fig 5 .

 5 [START_REF] Heinze | Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions[END_REF] shows the results of the nucleation experiment performed for a SAF1 with bottom and top Co layer thickness of 1.2 nm and 1.05 nm respectively. Starting from a homogeneous state, a 5 ns current pulse with J = 8 × 10 11 A/m 2 has been applied between successive images. Close to the sharp contact, the nucleation of a skyrmion is evident (Fig 5.11 (b)). Along with it, parasitic nucleation of skyrmions away from the sharp contact due to thermal heating of the track (Fig 5.11 (c) and (d)) were observed. The nucleated skyrmions have a radius of 100-300 nm.

Figure 5 . 11 :

 511 Figure 5.11: Current induced nucleation and motion of skyrmions in SAF1. MFM images were taken for SAF1 with bottom and top Co layer thicknesses of 1.2 nm and 1.05 nm respectively. (a)-(f) Successive images taken after the application of four 5 ns current pulses with J = 8 × 10 11 A/m 2 between images starting from a homogeneous magnetic state shown in (a). The current flows from left to right. The left electrical contact is a sharp contact, located close to the image border.

Figure 5 . 12 :

 512 Figure 5.12: Skyrmion nucleation from uniform magnetic state in SAF2. (a) and (b) MFM images taken before and after application of current pulses respectively. (a) A uniform state with no textures. (b) After the application of six 8 ns current pulses of 8.6 ×10 11 A/m 2 , shows nucleated skyrmions in the track.

Figure 5 .

 5 13 compares the moment per unit area (𝑀 𝑠 𝑡 Co ) as a function of Co thickness in the bottom and top layers, as measured with SQUID

Figure 5 . 13 :

 513 Figure 5.13: Moment per unit area vs the thickness of the two constituent FM layers of SAF3. The results show degraded properties at the top layer, due to the Co/Ta interface. Purple lines show an example to determine two thicknesses for the top and bottom layers with equivalent 𝑀 𝑆 𝑡, required to obtain for compensated SAF.

Figure 5 . 14 :

 514 Figure 5.14: Variation of OOP field induced magnetic hysteresis of SAF along with the corresponding FM layers with anisotropy and AF coupling. We systematically alter key parameters: (a1-d1) Increasing the anisotropy of the OOP bottom layer, (a2-d2) decreasing the anisotropy of the IP top layer, and (a3-d3) increasing the AF coupling strength. The red, green, and blue curves represent the hysteresis loops for the top layer, bottom layer, and the SAF stack, respectively. The shaded regions within each hysteresis curve correspond to a field variation from -3T to +3T, while the solid lines represent field changes from 3T to -3T. The corresponding effective field values are displayed alongside the graphs.

Figure 5 . 15 :

 515 Figure 5.15: OOP hysteresis and as-grown states of SAF3 samples. (a)-(c) OOP hysteresis loops of three SAF3 samples. The thickness of the bottom/top Co layer are shown in the plots. The Co thickness are chosen so that the 𝑀 𝑠 𝑡 Co is the same for both the Co layers. (d)-(e) MFM images of the as-grown state of the samples corresponding to (a)-(c) respectively.

Figure 5 .

 5 Figure 5.15 (d)-(e) presents MFM images of the as-grown states, corresponding to the hysteresis loops shown in (a)-(c). These images clearly depict the presence of magnetic textures in the samples. When the zero field state remains canted, the as-grown state exhibits a low periodicity and a high density of textures. However, in situations where the zero field state remains AF and OOP, there is a noticeable increase in the size of the textures and a decrease in their density. This observation suggests an increase in the

Figure 5 . 16 :

 516 Figure 5.16: Current induced nucleation of skyrmions in SAF3 at the vicinity of point contacts. (a) A MFM image of a SAF3 sample with Co thickness of 1/1.45 nm in the bottom/top layer after application of four 7ns, 6.5 ×10 11 A/m 2 current pulses. (b) MFM image of the same sample after application of four 4 ns, 6.5 ×10 11 A/m 2 pulses. The polarity of the homogeneous state before application of the current pulses has been reversed between (a) and (c).

Figure 5 . 17 :

 517 Figure 5.17: Current induced nucleation of skyrmions in SAF3 with flat contacts. (a)-(b) MFM image of a magnetic track with 5 µm width before and after application of three 4 ns, 6.5 ×10 11 A/m 2 pulses. (c) Image of the track after application of ten 4 ns, 6.5 ×10 11 A/m 2 pulses to a uniform state with reversed polarity compared to (a). Hot points at the interface of the contact and the track, from which skyrmions predominantly nucleate were identified and shown with white circles on the images.

Figure 5 . 18 :

 518 Figure 5.18: Image analysis protocol and extraction of skyrmion radius. (a)-(d) Protocol for skyrmion detection. (a) A typical MFM image of a 5 µm track with skyrmions. (b) The same image after binarization of the pixels following Otsu's thresholding algorithm. (c) Binarized image after gaussian blurring and filtering to remove noise. (d) Contours of the selected magnetic domains drawn on the MFM image. (e) Compiled histogram of skyrmion radius detected after a large number of nucleation events.

Figure 5 . 19 :

 519 Figure 5.19: Motion of skyrmions and analysis protocol. A 4 ns 6.5 ×10 11 A/m 2 current pulse is applied to the track between (a) and (b). Following the protocol for skyrmion detection, skyrmions have been identified and shown on both the images. (c) The image shown in (a) with the detected skyrmions in (b) drawn on it. White lines connecting the red and the green contours show displacement of skyrmions due to the current pulse.

Figure 5 . 20 :

 520 Figure 5.20: Current density vs velocity of skyrmions. Measured skyrmion velocity with the applied current densities. The average skyrmion velocity for each current density is marked by red points. The green error bars represent the standard deviation in skyrmion velocity for each current density value.

Figure 5 . 21 :

 521 Figure 5.21: Current induced deflection of SAF skyrmions. (a) Histogram compiled for skyrmion deflection angles for all detected skyrmion motion. A mean deviation angle of 0.4 • was observed. (b) Skyrmion deflection angle as measured for certain current densities. The red points show the mean skyrmion deflection angle and the error bars represent the standard deviation.

Figure 5 . 22 :

 522 Figure 5.22: Damping parameter extraction from motion and BLS. (a) Current density vs skyrmion velocity. The black lines are extrapolated onto the x-axis from the velocities at each successive current density. (b) Skyrmion radius and velocity obtained for the highest applied current density: 8 × 10 11 A/m 2 . The red line in (b) shows the result of a best fit by taking the damping parameter 𝛼 as a fitting parameter (obtained 𝛼 = 0.35). The red dotted line in (a) represents the velocity of skyrmions as a function of applied current density, as calculated from Eq. 3.12, with 𝛼 = 0.35 for both the layers. (c) Damping constant 𝛼 determination from the BLS spectral widths (see chapter 2).

Figure 5 . 23 :

 523 Figure 5.23: Proof of skyrmion topology. (a) and (b) MFM images after application of five 5 ns 6.9 ×10 11 A/m 2 pulses to uniform magnetic states in a 30% unbalanced SAF. The Co thickness of the bottom and the top layer of the sample are 10.6 and 11.5 nm respectively. The polarity of the uniform state was reversed between (a) and (b) before the application of the current pulses. The yellow lines in each image serve as a guide to the texture motion. The angle between the yellow lines and the track edge is ±17 • for the two images.

Figure 5 . 24 :

 524 Figure 5.24: Comparison between skyrmion velocities obtained for the SAF and FM symmetric bilayer sample. About an order increase in velocity is observed in the SAF system compared to the FM system.

3 . 19 )Figure 5 . 25 :

 319525 Figure 5.25: Independence of skyrmion displacement on transient time constant. (a) Skyrmion velocity and (b) skyrmion displacement in SAFs as a function of time for different transient time constants, showing same skyrmion displacement over a large time scale irrespective of the transient time constant.

  est telle que le couplage ne peut plus compenser les effets gyrotropiques. La paire est alors détruite et, soit les deux skyrmions deviennent indépendant, soit ils disparaissent, selon le détail des énergies en jeu. Enfin, notre modèle montre l'existence d'un régime transitoire entre la situation statique (vitesse nulle, skyrmions alignés) et le régime permanent (vitesse finie et colinéaire à la force appliquée, skyrmions légèrement séparés). Ce régime transitoire induit une accélération finie à la paire de skyrmions qui se comporte comme un objet inertiel, contrairement aux skyrmions dans les couches ferromagnétiques isolées. Nous dérivons ainsi une masse, inversement proportionnelle à l'intensité du couplage antiferromagnétique.

Figure A1 :

 A1 Figure A1: Principe de la dynamique de skyrmions dans les empilements antiferromagnétiques synthétiques (a) Représentation des forces agissant sur les skyrmions dans deux couches magnétiques couplées et vitesse résultante v. Les forces F 1 et F 2 correspondent à l'action du courant électrique appliqué, les forces 𝛼𝐷v à une dissipation visqueuse liée à l'amortissement magnétique, les forces G × v aux forces gyrotropiques (opposées dans l'une et l'autre couche en raison de l'orientation opposées des coeur de skyrmions) et les forces F 1/2 et F 2/1 au couplage entre skyrmions via l'interaction aniferromagnétique. A l'équilibre, les forces de couplages compensent exactement les forces gyrotropiques et la vitesse est colinéaire à la force appliquée. Noter dans ce cas la séparation 𝛿R entre les skyrmions. (b) Simulation micromagnétique de la dynamique de skyrmions dans un antiferromagnétique synthétique proche de ceux étudiés expérimentalement. Lorsque le courant électrique est augmenté, la séparation entre les deux skyrmions augmente et un régime permanent s'établit après un régime transitoire lié à l'inertie des skyrmions qui limite leur accélération.

  des textures observées.

Figure A3 :

 A3 Figure A3: Dynamique des skyrmions dans un empilement antiferromagnétique synthétique Pt/Co/Ir/Pt/Co/Ta (a) Schéma de l'empilement des couches dans l'échantillon. (b) Image de microscopie à force magnétique de skyrmions dans une piste magnétique. Les skyrmions sont nucléés au voisinage du contact de gauche et se déplacent vers la droite, dans le sens du courant électrique appliqué. Les contours rouges et verts indiquent la position des skyrmions avant et après l'application d'une impulsion de courant. (c) Distribution de l'angle de déflection des skyrmions, centrée autour de zéro, comme attendu d'après la théorie et (d) vitesse en fonction de l'intensité du courant électrique.

  

  

  

  Heisenberg exchange constant kept constant throughout to ensure a fixed domain wall width parameter (Δ = 4.43 nm).

	parameter	Representation	Unit	Value
	Landé factor	𝑔		2.22
	Magnetization	𝜇 0 𝑀 𝑠	T	1.3
	Angular momentum	𝐿 𝑠	×10 -6 Kgm -1 s -1	6.8
	Film thickness	𝑡	nm	1
	Damping factor	𝛼		0.01*
	Heisenberg exchange	𝐴	×10 -12 Jm -1	10
	DMI constant	𝐷 DMI	×10 -3 Jm -2	[-1.4 to -2.8]
	Effective anisotropy	𝐾 eff	×10 6 Jm -3	0.51
	Interlayer coupling	𝐽 AF	× Jm -2	[10 -4 to 1]
	DW width parameter	Δ	nm	4.43

Table 3 .1: Micromagnetic parameter employed for SAF simulation

 3 

. The parameters mimic a CoFeB based SAF. The two layers are kept identical. The intervals in brackets refer to the range of variables quantities. * Parameter(s) which are varied and will be specified during the specific scenario.

Table 5 .2: A summary of the experimentally determined parameters for the top and bottom layers of the three kinds of SAF samples

 5 . * Same values of 𝑀 𝑠 considered for Pt/Co/Ir stacks from SAF3 bottom layer study. ** Estimated values from SAF3 bottom layer study.

  /Co/Ir/Pt/Co/Ta

		SK	70-350	300	0.8×10 12 This work
	Pt/Co/Ru/Pt/Co/Ru	SK	215	900	0.9×10 12	[214]
	Co/CoFeB/Ir/Co/CoFeB	SK	1000	10	1.2×10 12	[150]
	[Pt/Co/Ru/Pt/Co/Ru]	SK	50	...	....	[148]
	Co/Pd/Ru/Co/Pd	SK	160	...	...	[200]
	Co/Pd/Ir/Pt/Co/Pd	SK	1000	...	...	[213]
	[Pt/Co/Ni/Co/Ru]	SK	100-350	...	...	[149]
	Co/Ni/Co/Ru/Co/Ni/Co	DW	...	750	3×10 12	[29]
	Co/Ni/Co/Rh/Co/Ni/Co	DW	...	550	2.2×10 12	

Nous décrivons enfin nos travaux sur les empilements antiferromagnétiques synthétiques. Après avoir identifié les éléments clés pour cette réalisation, nous présentons trois types d'empilement pour permettre une stabilisation de paires de skyrmions couplés antiferromagnétiquement et les contrôler (nucléation, déplacement) par l'application d'un courant électrique. Nous utilisons deux couches ultraminces de cobalt, couplées par un espaceur en Ir/Pt, qui permet d'atteindre des énergies de couplage de l'ordre de 1 mJ/m 2 . Les échantillons sont optimisés pour promouvoir une action du courant électrique via un couple de spin-orbite : un courant de spin est généré dans deux couches non magnétiques à fort couplage spin-orbite situées en dessous de la couche de cobalt du bas et au-dessus de celle du haut. Un tel effet étant lié à l'ordre d'empilement de la bicouche ferromagnétique/non ferromagnétique, nous montrons qu'il est indispensable d'utiliser respectivement deux couches présentant un couplage spinorbite de signe opposé (du platine et du tantale dans notre cas). En conséquence, les propriétés magnétiques des deux couches de cobalt, liées à la nature de leurs interfaces, sont relativement différentes, avec notamment une anisotropie perpendiculaire pour les couches en contact avec le platine, planaire pour les couches en contact avec le tantale. Néanmoins, grâce au fort couplage antiferromagnétique, nous montrons qu'il est possible de stabiliser un état uniforme antiferromagnétique avec les deux couches aimantées dans la direction perpendiculaire à leur plan, comme requis pour étudier des skyrmions. En optimisant les épaisseurs de couches, nous montrons que des skyrmions peuvent être stabilisés à champ magnétique nul. Dans des dispositifs nano fabriqués (pistes magnétiques de largeur micronique, connectées par des pistes en or), nous montrons qu'il est possible de nucléer des skyrmions et de les déplacer par l'application d'impulsion de courant (quelques 10 11 A/m 2 , quelques nanosecondes de durée). Nous montrons que les skyrmions ont les propriétés attendues pour un couplage antiferromagnétique : absence de déflection gyrotropique, vitesse indépendante de leur taille et vitesse accrue par rapport aux skyrmions ferromagnétiques. En revanche, nous n'avons pas pu mettre en évidence d'effet d'inertie tels que nous les avions prédits, à cause d'un trop grand couplage antiferromagnétique. Nous dégageons dans la fin du manuscrit des pistes pour une telle mise en évidence à l'avenir.

The sample corresponds to a finite resistance in series with the signal cable, which provokes locally an impedance mismatch. As a consequence, the current pulse arriving to the sample is partially reflected and do not participate to the experiment. For a sample

for ferromagnetic systems. However, in SAFs, this process was only accessible in one sample very close to the SRT. As we move away from the SRT, this small hysteresis diminishes, as illustrated in

Figure 5.6. This stands in contrast to the situation in ferromagnetic

7A. Hrabec, et al., "Current-induced skyrmion generation and dynamics in symmetric bilayers", Nat. Commun. 8, 15765 (2017).

10K. Litzius et al., "Skyrmion Hall effect revealed by direct time-resolved x-ray microscopy", Nat. Phys.13, 170-175 (2017).
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